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Predicting the Pressure Drop  
of Corrugated Sheet Structured Packings  
in Deep Vacuum Applications

Ý. Olujić*

Retired, the Netherlands

Advanced corrugated sheet structured packings are considered a natural choice for 
deep vacuum distillation. In many of these applications that occur at absolute pressures 
below 0.01 bar at the top of the column, the low density gas/vapor driven by pressure 
ascends through an irrigated packed bed under laminar flow conditions. This implies that 
the packing geometry features aiming to reduce the form drag of advanced packing may 
not be as effective, if at all, as experienced in common applications where turbulent flow 
prevails. To consider this appropriately, a theoretically founded expression for laminar 
flow friction factor has been incorporated into Delft model (DM). With this extension, 
the predicted pressure drop within laminar flow region approaches closely that estimated 
using well-established empirical model available in software package SULCOL. In ab-
sence of adequate experimental evidence, extended DM was validated using newest data 
obtained at FRI with an advanced wire gauze structured packing in total reflux experi-
ments carried out with paraxylene/orthoxylene system at 0.02 and 0.1 bar top pressure in 
a column with internal diameter of 1.22 m.
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Introduction

In a paper presented at AIChE Spring Meeting 
held in 2013 in San Antonio, TX, USA, Duss1 has 
indicated a number of industrially important deep 
vacuum applications of structured packing with gas 
or vapor phase ascending under laminar flow condi-
tions. To the most extreme operation in this respect 
belongs superheated steam stripping of free fatty 
acids (FFA) and other valuable impurities as well as 
some contaminants from raw edible oils (operating 
pressure: 0.001 – 0.003 bar at the top), and subse-
quent separations of various fatty acids and other 
valuable high-boiling chemicals by multistage frac-
tionation at top absolute pressures well below 0.01 
bar2. Although these pressures are considered rather 
high in terms of vacuum technology nomenclature, 
in technical literature these stripping and distillation 
operations are generally referred to as deep vacuum 
applications.

Indeed, performance of corrugated sheet struc-
tured packings in conventional absorption, distilla-
tion, and stripping applications is well understood 
and reliable methods exists to predict their perfor-
mance. However, nothing of existing knowledge is 
of direct use when a structured packing is consid-
ered for deep vacuum applications. An evaluation 

of predictive methods for pressure drop of struc-
tured packings, available in software packages of a 
number of packing manufacturers, reported recently 
by Duss1, has indicated that most of these purely 
empirical methods rely on constant values of an 
overall drag coefficient, usually determined from 
measurements conducted under turbulent gas flow 
conditions. As such, these tend to underpredict 
strongly the pressure drop when applied to laminar 
flow range.

An exception in this respect is the pressure 
drop estimation method available in Sulzer package 
SULPAK1,3. It makes a distinction between laminar 
and turbulent flow regions, and accounts for ob-
served packing-type- and size-related effects by us-
ing adequate, experimentally validated values of the 
characteristic drag coefficient. This is of crucial im-
portance, because under laminar flow conditions, 
the internal fluid friction is the governing factor, 
while a gas or vapor ascending through an irrigated 
packed bed under turbulent flow conditions experi-
ences a considerable amount of additional pressure 
loss due to various manifestations of form drag.

A more generic, insight-providing approach, is 
that based on Delft Model (DM)4,5, which requires 
no packing-specific parameter to predict pressure 
drop of a corrugated sheet structured packing in 
common applications. To improve model reliability 
and cover appropriately the process conditions as 
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encountered in deep vacuum, low gas or vapor den-
sity applications, a theoretically founded expression 
for laminar flow friction has been incorporated into 
DM. As shown in this study, with this extension, 
predictions of DM closely approach those of SUL-
COL within laminar and transition flow range, indi-
cating that pressure drop of corrugated sheet struc-
tured packings can be modelled with confidence and 
sufficient accuracy in a theoretically founded way.

Previous work

On predictive models side, pure empirics pre-
vail, in spite of the fact that firm theoretical founda-
tions for a physically sound approach to modelling 
the fluid dynamics and mass transfer in an irrigated 
packed bed had been laid shortly after industrial in-
troduction of corrugated sheet structured packing 
made of wire gauze by SULZER in mid 1960s6. In 
early 1970s, Zogg7,8 published the results of his flu-
id-dynamics studies carried out with Sulzer BX 
wire gauze packing with different corrugation incli-
nation angles, indicating that transition from lami-
nar to turbulent flow regime occurs at much lower 
gas Reynolds numbers than is the case with fluid 
flow through straight tubes (ReG ≅ 2300). According 
to Zogg7,8, the critical Reynolds number for packing 
with corrugation inclination angle of 60° with re-
spect to horizontal axis (30° or X packing according 
to Sulzer nomenclature) is around 300, while that of 
BX packing with common 45° is around 200. Out-
going from interpretation of experiments that have 
generated these numbers, Duss1 arrives at 250 as 
critical Reynolds number for all 45° packings, and 
450 for all 60° packings. Note that, in the case of a 
45° packing, the change in flow direction at transi-
tions between subsequent packing layers is much 
sharper (90° vs 120°), and this induces occurrence 
of turbulence at a lower vapor velocity than is the 
case with a smoother transition, like in the case of 
X packings and advanced packing forms (Mellapa-
kPlus and BXPlus) with smooth bends at both ends 
of corrugations. The aforementioned critical Reyn-
olds numbers are generally valid for industrial scale 
column diameters, i.e., those where the ratio of col-
umn diameter and the hydraulic diameter of the 
packing considered is larger than 10010.

SULCOL pressure drop model

All macro geometry related effects are account-
ed for accordingly in pressure drop model available 
in Sulzer’s software package SULCOL9 by using 
adequate, experimentally validated values of the 
characteristic drag coefficient, in conjunction with a 
simple general equation describing the pressure 
drop per unit bed height1,3:
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where Dp (mbar) is pressure drop or loss, Dz (m) 
represents the packed bed height or depth, cf (–) is 
the characteristic drag coefficient, ρG (kg m–3) is gas 
or vapor density, uGs (m s–1) is superficial gas veloc-
ity, and FGs (Pa0.5) is gas or vapor load, often called 
the F-factor, based on superficial gas velocity: FGs = 
uGsρG

0.5.
The hydraulic diameter of the V-shaped gas 

flow channel, dhG,V (m), corresponds with the length 
of the corrugation side, s (m):
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p
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where ap (m
2 m–3) is the specific geometric area of 

the packing.

Eq. (1) relates pressure drop to superficial gas 
velocity and the packed bed height, and the hydrau-
lic diameter is that of dry packing. Under common 
operating conditions, the gas ascends through an ir-
rigated packed bed along a flow path that is sub-
stantially longer than the bed height, and at an ef-
fective velocity that is significantly higher than the 
superficial gas velocity, in both cases to the extent 
depending on corrugation inclination angle. In other 
words, the pressure drop causing effects related to 
the effective gas velocity, actual gas flow path 
length and effective porosity, as well as all other 
form drag related losses are lumped together in the 
characteristic value of the packing type and size-de-
pendent specific drag coefficient. The latter is avail-
able for each type and size of Sulzer structured 
packings in SULCOL data bank as a function of gas 
or vapor Reynolds number, ReGs (–), based on su-
perficial gas or vapor velocity, defined as

 Gs G hG,V
Gs

   

G

u d
Re =

r

m
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In general, Eq. (1) with adequate drag-coeffi-
cient values captures correctly pressure drop trends 
and generates reasonable pressure drop values, and 
holds generally for column diameters above 1 m. 
Useful information and hints how to evaluate and 
ascertain that SULCOL will be used appropriately 
in cases where gas densities are below 0.1 kg m–3 

can be found in closing remarks of Duss paper1. A 
concise and consistent view on performance charac-
teristics of structured packings and auxiliary equip-
ment in general, including hydraulics, can be found 
in a book chapter written by Spiegel and Duss10.
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Base case and packings considered

Table 1 shows relevant information concerning 
the hypothetical operating conditions base case used 
by Duss1 to demonstrate usability of SULCOL pres-
sure drop method in deep vacuum applications cov-
ering laminar, transient, and turbulent regions of 
gas or vapor flow. A typical fixed specific liquid 
load was chosen, as well as vapor and liquid viscos-
ities. The chosen value of the vapor load or F-factor 
was constant, while densities and velocities of gas 
or vapor have been arranged accordingly to cover 
the whole range of operation, including deep vacu-
um distillation conditions.

This was done in conjunction with two Sulzer 
high performance structured packings, well estab-
lished in deep vacuum applications, i.e. BXPlus and 
MellapakPlus 252.Y1. To get a complete picture, the 
present study includes also two conventional coun-
terparts of the latter, Mellapak 250.Y (45°) and 
Mellapak 250.X (60°, with respect to horizontal)11.

Nominal specific geometric area of Mellapak-
Plus 252.Y is ~ 250 m2 m–3, and the hydraulic diam-
eter is 0.016 m, while the hydraulic diameter of the 
BXPlus packing with factor two larger specific geo-
metric area is a half of that of MellapakPlus 252.Y 
(ap ~ 500 m2 m–3, dhG = 0.008 m). MellapakPlus 
252.Y is the advanced version of conventional Mel-
lapak 250.Y, with corrugations inclined by 45° and 
both ends of corrugations smoothly bent to the ver-
tical. In addition, both ends of corrugations of the 
wire gauze BXPlus packing are bent to vertical, and 
the corrugation inclination angle of this packing as 
well as of its conventional counterpart BX is 60°.

SULCOL pressure drop estimates for  
the base case

The drag coefficients for Mellapak 250.Y, Mel-
lapak 250.X, MellapakPlus 252.Y, and BXPlus for 
the conditions indicated in Table 1 are shown in 
Fig. 1 as a function of Reynolds number. All four 

curves exhibit similar trend, and tend to flatten with 
increasing Reynolds number, indicating a gradual 
transition from laminar to turbulent flow, but differ 
in absolute values to the extent depending on dis-
tinctive macro geometric features, i.e., corrugation 
inclination angle and hydraulic diameter. Since the 
Reynolds number depends on the hydraulic diame-
ter of the packing, the drag coefficient curve of BX-
Plus at the same operating conditions lies below 
that of the three Mellapak types with a specific geo-
metric area of 250 m2 m–3. Therefore, it is shifted to 
the left accordingly, indicating a pronouncedly 
steeper increase with decreasing Re-number within 
laminar flow region.

Corresponding pressure drop curves are shown 
in Fig. 2, indicating the same trend. Since the prod-
uct of density and the square of the superficial gas 
velocity in Eq. (1) is constant, the pressure drop 
curve reflects that of the characteristic drag coeffi-
cient, exhibiting a decreasing pressure drop with 
increasing Reynolds number. Due to a factor 2 
smaller hydraulic diameter, the position of BXPlus 
curve has changed with respect to that of the corre-
sponding drag coefficient (Fig. 1).

One should note here that the trend of the pres-
sure drop curves shown in Fig. 2 deviates from 
common pressure drop behavior, because the oper-
ating conditions used to create Fig. 2 were specifi-
cally adapted to keep the F-factor constant for all 
indicated points. Namely, in industrial applications, 
pressure drop is estimated for a number of relevant 
points along the column, most typically for top and 
bottom of the rectification and stripping sections. 
The operating conditions, including vapor and liq-
uid throughputs, are fixed at these positions and a 
change in diameter (during design phase) will result 

Ta b l e  1  – Fixed and variable parameters of the hypothetical 
operating conditions base case1 considered in this 
study

Fixed
 ρG

(kg m–3)
 uGs

(m s–1)
 ρG

(kg m–3)
 uGs

(m s–1)

ρL (kg m–3) 800  0.002  44.7  0.2  4.5

μL (Pa s) 0.0002  0.005  28.3  0.5  2.8

μG (Pa s) 0.00001  0.01  20.0  1  2

σ (N m–1) 0.02  0.02  14.1  2  1.4

uL (m
3 m–2 h–1) 2  0.05  8.9  5  0.9

FG (Pa0.5) 2  0.1  6.3

F i g .  1  – Drag coefficient as a function of gas or vapor Reyn-
olds number for four representative different types and sizes of 
Sulzer corrugated sheet structured packings in conjunction 
with hypothetical operating conditions base case, with fixed 
values of vapor load, liquid load, vapor viscosity, and liquid 
properties (see Table 1), considered in this study1,11
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in a change in pressure drop, because gas or vapor 
velocity will change accordingly. Experimental 
evaluation of the hydraulic performance of struc-
tured or random packings and trays for distillation 
purposes is usually carried out in columns with giv-
en diameter using air-water system at ambient con-
ditions or established binary organic mixtures in 
conjunction with total reflux distillation tests. In the 
former case, experiments are usually carried out for 
a fixed liquid load, starting from lowest reasonable 
gas load to that causing hydraulic flood of the test 
column. In these tests, increasing gas throughput re-
sults in correspondingly increasing gas velocity 
and, consequently, increasing Reynolds number. A 
similar situation is with total reflux distillation tests, 
where with increasing vapor and liquid throughput, 
corresponding superficial gas and liquid velocities 
as well as gas or vapor phase Reynolds number in-
crease accordingly. In other words, under common 
processing and equipment testing conditions, the 
pressure drop of structured packings tends to in-
crease with increasing gas or vapor phase Reynolds 
number.

However, the present case, using hypothetical 
operating conditions, where the vapor load (F-fac-
tor) is fixed and gas or vapor density and superficial 
velocity varied accordingly, allows indication of the 
behavior of pressure drop estimation method over 
the whole range of operating conditions, including 
the unexplored field of so-called deep vacuum appli-
 cations, characterized by very low gas or vapor den-
sity, which assumes values well below 0.05 kg m–3. 
The latter is a good indication of the upper limit for 
appearance of laminar flow under given processing 
conditions, while in common vacuum applications, 
vapor densities are usually above 0.1 kg m–3, and  
in typical industrial and test situations, often above 
1 kg m–3, with Reynolds numbers above 1000, gas 
or vapor flow is turbulent.

A closer look at the laminar flow region in the 
graph shown in Fig. 2, demonstrates the essence of 
the SULCOL empirical pressure drop model, which, 
for a packing with smaller hydraulic diameter and 
correspondingly smaller Reynolds number values, 
indicates a much stronger increase in pressure drop 
with decreasing Reynolds number compared to 
coarser packings. This is as expected, because, ac-
cording to theoretical background, under laminar 
flow conditions, the pressure drop is proportional to 
the inverse of the square of the hydraulic diameter 
of the closed conduit (Δp ≈1/dhG

2), while under tur-
bulent conditions, the hydraulic diameter effect is 
much less pronounced, i.e., Δp ≈1/dhG

1.25. However, 
one should note that absolute values of the estimat-
ed specific pressure drop at Reynolds numbers be-
low 500, going up to 3 mbar m–1, are rather high, 
i.e., beyond those that could be tolerated in deep 
vacuum applications. This is a consequence of the 
choice of given constant value for vapor load, i.e., 
F-factor (FG = 2 Pa0.5), which is approximately by a 
factor four larger than those encountered, for in-
stance, in edible oil stripping operations. Namely, 
chosen very low values for gas or vapor densities 
are realistic, and the wrongdoer in this hypothetical 
case are too high superficial gas or vapor velocities 
needed to maintain the value of given F-factor con-
stant.

On the other hand, if we consider the turbulent 
region, it appears that the pressure drop of BXPlus 
packing is lower than that of MP252.Y, a packing 
with factor 2 smaller specific geometric area, i.e., a 
factor 2 larger hydraulic diameter. This indicates 
that the pressure-drop reduction effect of corruga-
tion inclination-angle increase from 45 to 60 de-
grees in the present case outweighs the pressure 
drop increasing effect of a factor 2 reduction in the 
hydraulic diameter. As expected, in case of the same 
corrugation inclination angle (BXPlus vs. M250.X), 
the pressure drop of packing with larger specific 
geometric area is higher.

A comparison of M250.Y and M250.X data in-
dicates that the difference in estimated pressure 
drop is equal for both laminar and turbulent flow 
conditions, that of 45° packing being factor 1.62 
(on average) larger over the whole range of vapor 
phase Reynolds number than that of 60° packing 
with the same specific geometric area. This may be 
considered as anomalous, because under turbulent 
flow conditions, in addition to the frictional losses, 
a substantial amount of pressure drop is created by 
form drag, i.e., flow direction change and related 
phenomena, which strongly depends on corrugation 
inclination angle. This means that above number, 
which reflects a situation under laminar flow condi-
tions should be larger, i.e. factor 2 or more under 
turbulent flow conditions.

F i g .  2  – Specific pressure drop curves as estimated by SUL-
COL using drag coefficient values shown in F i g .  1
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Namely, if we assume that under laminar flow 
conditions the pressure drop is generated by friction 
only, then the given factor reflects the difference in 
the length of flow path and effective vapor velocity 
as imposed by the difference in corrugation inclina-
tion angle for the same bed height and operating 
conditions. Assuming that ascending vapor flows 
along V-shaped flow channel, the difference in flow 
path length corresponds with the ratio of sinuses of 
flow direction angles (sin45°/sin60° = 1.225). With 
both the effective flow path length and effective ve-
locity larger by factor 1.225, the pressure drop in 
case of Y packing should be within laminar flow 
region factor 1.5 larger than that of X packing. Giv-
en value (1.62) is some 8 % larger, which could be 
expected due to certain contribution of friction of 
crossing vapor flows along a flow channel within a 
packing layer, and entrance effects at transitions be-
tween packing layers where flow direction change 
occurs. Upon entering the turbulent flow region, the 
ascending vapor, as mentioned previously, experi-
ences direct losses due to flow direction change, 
which occurs at much sharper angle in case of Y 
packing (90°) than X packing (120°).

If we consider the relative performance of con-
ventional (Mellapak 250.Y) and advanced (Mel-
lapakPlus 252.Y) geometries, then it appears that 
the same packing with smooth bends on both ends 
of corrugations reduces the pressure drop from 7 to 
10 % within laminar region, and this difference 
tends to increase with increasing Re number to 
about 20 % within turbulent flow region. Indeed, an 
increased reduction in pressure drop may be expect-
ed within turbulent flow region, because at transi-
tions between packing layers, a sharp flow direction 
change is transformed into a smooth one. This also 
positively affects the transition from layer to layer 
under laminar flow conditions, but to a lesser extent 
than under turbulent flow conditions, and this is 
correctly reflected by SULCOL.

Summarizing, the practical strength of empiri-
cal pressure drop model employed within SULCOL 
lies in its simplicity, and the fact that the key pa-
rameter, the drag coefficient cf (–), can simply be 
back-calculated from measured pressure drop val-
ues using Eq. (1). The characteristic drag coefficient 
values are available in SULCOL for all types and 
sizes of Sulzer structured packings, and can only 
with approximation be applied to similar packings 
from other vendors.

Delft model extension

A more detailed and insight-providing approach 
is to make use of a generic type of predictive pres-
sure drop model, i.e., a model that relies on basic 

corrugation dimensions of structured packings and 
is capable of estimating pressure drop without using 
a packing-specific empirical parameter. This is the 
main characteristic and added value of the so-called 
Delft model (DM), which includes a number of fun-
damentally sound, and, where needed, experimen-
tally substantiated empirical expressions describing 
all relevant quantities and variables. It was intro-
duced more than 20 years ago, and in the mass 
transfer part, it includes the laminar flow related 
correlation, while the corresponding friction factor, 
at that time considered practically irrelevant, was 
omitted4. However, this was not at the cost of mod-
el reliability, because, as shown later, other provi-
sions built in the hydraulic part of the DM account 
for the steeper increase in pressure drop within lam-
inar flow regime, but as observed during evaluation 
of a few proprietary experimental deep vacuum data 
(ReG < 100), this appeared to be insufficient.

The present paper provides an appropriate solu-
tion in this respect. By adopting a theoretically 
founded model for frictional pressure drop of struc-
tured packings under laminar gas flow conditions, 
the validity of DM has been extended to cover fully 
the range of most extreme operating conditions en-
countered under deep vacuum conditions in indus-
trial practice. To avoid misunderstandings and erro-
neous use, the following section provides all 
relevant expressions, including laminar friction ex-
tension, with accompanying background descrip-
tions.

In order to refresh the related basic knowledge, 
Fig. 3 shows a photograph of a packed bed consist-
ing of five layers of a corrugated sheet structured 
packing. Each layer is rotated by 90° to the previ-
ous one. As illustrated in attached drawing, this ar-
rangement forces pressure difference driven ascend-
ing gas or vapor to follow a zig-zag flow path, with 
a sudden change in flow direction at each transition 
between packing layers. This causes pressure loss, 
to the extent depending on flow regime and flow 
channel inclination angle. Each packing layer or el-
ement consists of a multiplicity of short, inclined 
V-shaped flow channels open on crossings with 
channels from neighboring corrugated sheet orient-
ed in opposite direction. This basic flow channel 
structure is shown schematically in Fig. 4, including 
a drawing of a V-shaped gas or vapor flow channel 
cross-section with all pertinent flow channel geom-
etry and liquid film specific parameters indicated.

As indicated in the drawing, descending liquid 
driven by gravity tends to flow under a steeper an-
gle than the corrugation inclination angle, and sim-
ilar to ascending gas flow, its flow path length tends 
to decrease with increasing corrugation inclination 
angle. This means that the extent of gas-liquid inter-
action, i.e., friction at the interface (surface of the 
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liquid film) also depends on the corrugation inclina-
tion angle. Furthermore, the packing and liquid 
holdup occupy a certain amount of packed bed vol-
ume, and reduce the cross-sectional area available 
for gas, forcing it to flow at an effective velocity 
that is considerably higher than the superficial one, 
i.e., that based on cross-sectional area of the empty 
column.

Basic assumptions and working  
equations of DM

The DM makes a distinction between preload-
ing and loading flow regimes, with loading point as 
upper limit of preloading region and starting point 
of the loading region12. Within preloading region, 
the specific liquid load is uniformly distributed and 
complete wetting is assumed, implying a constant 
film thickness throughout an irrigated packed bed. 
Upon onset of loading, the liquid starts to build up 
firstly at transition of packings layers, and at higher 
gas or vapor loads, parts of descending liquids are 
blown up through the packing layer, chocking a 
large number of flow channels, which eventually 
leads to an inoperable situation, generally known as 
hydraulic flood.

Regarding the pressure drop behavior, within 
preloading region with gradually increasing vapor 
load, the pressure drop tends to increase monotoni-
cally, and upon onset of loading, the slope of pres-
sure drop curve becomes much steeper. Therefore, 
in DM, a distinction is made between preloading 
and loading regions, and the pressure drop within 
loading region is expressed by a pressure drop en-
hancement factor, Fload (–), accounting for pressure 
drop in excess to that corresponding to the preload-
ing region, i.e.:

 preload load p p FD D=  (4)

where Dp (Pa or mbar) is overall pressure drop, 
 Dppreload (Pa or mbar) is preloading region pressure 
drop. Pressure drop enhancement factor depends to 
different extents on gas or vapor load, liquid load, 
packing porosity, hydraulic diameter of gas flow 
channel, and corrugation inclination angle, and is 
estimated using following empirical expression12
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where αDC (o) is flow direction change angle,  
uLs (m s–1) is superficial liquid velocity, ε (–) is void 
fraction or porosity of dry packing, g (m s–2) is 
gravity acceleration, dhG (m) is hydraulic diameter 
of gas or vapor flow channel, and (FG/FG,lp) is the 
ratio of operating and loading point gas or vapor 
loads. As long as the value of this ratio is below 1, 
the liquid holdup is independent of the gas flow 
rate, and an irrigated packed bed operates under 
preloading conditions. When the value of this ratio 
is 1, then the operating gas or vapor load reaches a 
critical value effecting inception of loading, i.e., ini-
tiation of buildup or accumulation of the liquid due 
to drag exhibited by ascending vapor. Beyond this 
flow-regime transition point, an irrigated bed oper-
ates under fluid-dynamically much more complex 

F i g .  3  – Photograph of a packed bed consisting of five layers 
of corrugated sheet structured packing Montz-pak B1-250, and 
a sketch illustrating basic flow channel structure forcing the 
pres  sure-driven ascending gas or vapor to follow a zigzag flow 
path

F i g .  4  – Schematic illustration of gas or vapor flow channels 
formed between neighboring corrugated sheets with oppositely 
oriented corrugations, with a sketch illustrating basic dimen-
sions of a V-shaped flow channel, where α (o) is corrugation 
inclination angle, β (o) is apex or fold angle, b (m) is corruga-
tion base width (perpendicular to gas or vapor flow direction), 
h (m) corrugation height, s (m) corrugation side length, δ (m) 
liquid film thickness, δm (m) thickness of metal used to make 
corrugated sheets, and hpe (m) height of a packing element or 
layer, while G and L indicate direction of pressure-driven as-
cending gas or vapor flow and gravity-driven descending liquid 
film flow
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loading conditions, and to estimate related pressure 
drop, the calculation of pressure-drop enhancement 
factor in DM is activated. Note that in the case  
of conventional structured packings, the flow direc-
tion change angle is corrugation inclination angle 
(αDC = α).

The characteristic loading point gas or vapor 
load, FG,lp (Pa0.5), is estimated using a semi-empiri-
cal expression that was developed and validated in 
late 1990s using air/water and total reflux data 
available at that time in the data bank of Separa-
tions Research Program at the University of Texas 
at Austin5,12. For practical reasons, two slightly dif-
ferent expressions are used, one more suitable for 
fixed liquid load (L/G ≠ 1):
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and the other for total reflux (L/G =1) systems:
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where ρG (kg m–3) and ρL (kg m–3) are densities of 
gas or vapor and the liquid, and αDC (o) is angle of 
gas or vapor flow direction change at the transitions 
between packing layers. Since in deep vacuum ap-
plications very low gas or vapor densities are en-
countered in conjunction with rather low specific 
liquid loads, the preloading hydrodynamic condi-
tions prevail. Therefore, the above expressions en-
abling estimation of loading point and pressure drop 
enhancement within loading region12 are of no rele-
vance for considerations related to hypothetical 
base case mimicking the deep vacuum applications.

Preloading region pressure drop model

As mentioned previously, within preloading re-
gion, with the gas or vapor ascending in a zig-zag 
pattern through an irrigated packed bed consisting 
of a multiplicity of identical parallel and crossing 
V-flow channels with the walls covered by a thin 
liquid film flowing downwardly driven by gravity, 
there are three dominating sources or components 
of the total pressure drop, which are accounted for 
in working expression of Delft Model (DM) for 
preloading region:

 ( )
2

G Ge
preload GL GG DC  

2
upD = + +

r
z z z  (8)

where uGe (m s–1) is the effective gas or vapor veloc-
ity, and ζGL (–), ζGG (–), ζDC (–) are pressure loss co-
efficients representing major sources of pressure 
loss, i.e., those related to gas-liquid friction at the 
gas-liquid interface (GL), gas-gas interaction (GG), 
and to the sudden flow direction change (DC) at 
transitions between packing layers and at the col-
umn walls.

One should note, however, that there are also 
some other, minor sources of pressure loss depend-
ing on corrugation inclination angle, which, being 
relatively small, have not been included explicitly 
in DM. Namely, due to inclined corrugations, the 
width of the corrugation base in horizontal plane, 
i.e., at interface of two packing layers, is larger than 
the base (perpendicular to axial flow direction) of 
the triangular or V-shaped flow channel, to the ex-
tent depending on corrugation inclination angle 
(b’=b/sina). In both cases, gas flow expansion and 
contraction are gradual and the related loss is rela-
tively small. This occurs at transitions between 
packing layers and is accompanied by gas flow di-
rection change and related entrance effects. These 
are reduced significantly in case of advanced ver-
sions of corrugated sheet structured packings hav-
ing both ends, or only lower end of corrugations 
bent to vertical. Most importantly, the bends also 
make the transition of descending liquid from one 
layer to the next layer much smoother, and the va-
por load at which loading or liquid build up (accu-
mulation) sets on, is shifted to considerably higher 
values. In general, the gas flow direction change 
effect, as a manifestation of form drag, is strong un-
der turbulent flow conditions. Although it can be 
considered practically negligible under laminar 
flow conditions, the velocity and axial flow path 
length variations and velocity profile distortion, as 
well as more pronounced entrance effects induce 
certain, relatively small amount of additional pres-
sure loss.

Effective gas or vapor and liquid flow velocities

In an irrigated packed bed with the structure 
shown in Fig. 3, the gas or vapor phase ascends and 
the liquid phase descends at a velocity that is sig-
nificantly higher than the superficial velocity, i.e., 
that based on the cross-sectional area of an empty 
column.

Effective gas velocity is defined as

 ( )
Gs

Ge
L

   
sin

uu
h

=
−e a

 (9)

where uGs (m s–1) is superficial gas or vapor velocity, 
ε (m3 m–3) is porosity or void fraction of the dry pac-
 ked bed, hL (m

3 m–3) is the liquid holdup, and α (o) 
is corrugation inclination angle with respect to hor-
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izontal. While the effective porosity of the irrigated 
packed bed accounts for the increase in gas velocity 
due to reduction of cross-sectional area available 
for gas flow, the gas flow channel inclination angle, 
α (o), dictates the extent of increase in velocity 
needed to maintain given mean, i.e., superficial gas 
velocity.

Similarly for the liquid,

 Ls
Le

L L

   
 sin

uu
h

=
e a

 (10)

where uLs (m s–1) is superficial liquid velocity, and 
αL (o) is effective liquid flow angle which is always 
steeper than the corrugation inclination angle.

Assuming that only the gravity and corrugation 
shape and inclination affect the liquid flow, the ef-
fective liquid flow angle, aL (°), can be described 
by4,5,7:
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   ° −       

a
a

a
 (11)

where b (m) and h (m) represent corrugation base 
length and corrugation height, respectively. Accord-
ing to Eq. (11), for corrugated sheet structured 
packings with corrugation inclination angle of 45°, 
the liquid driven by gravity will flow under an an-
gle of 54o, while for a 60° packing, the effective 
liquid flow angle will be 67o.

The ratio (b/2h) indicates the effect of fold or 
apex angle, which is usually around 90° (e.g.: b = 
2h). Exception in this respect is corrugated sheet 
structured packing made of wire gauze, with an 
apex or fold angle close to 80°. Apex or fold angle 
(β in Fig. 4) can be determined easily from7:

     2 arctan
2
b
h

 =  
 

b  (12)

The porosity, i.e., void fraction of a dry struc-
tured packing bed depends on the thickness of the 
sheet, δm (m), and specific geometric area of the 
packing ap, (m

2 m–3), and can easily be determined 
from:

 m p   1 
2
aδ

= −e  (13)

Nowadays, the common sheet thickness used to 
manufacture Mellapak and similar packings of oth-
er vendors is 0.1 mm, while the average thickness 
of a corrugated sheet made of wire gauze is around 
0.35 mm.

The liquid holdup, hL (m
3 m–3), is defined, as-

suming ideal liquid distribution, i.e., constant liquid 
film thickness, as a product of the liquid film thick-
ness, δ (m), and the specific geometric area of the 
packing, ap (m

2 m–3)4:

 L p     h aδ=  (14)

This simple basic expression appeared to hold 
well in practice, in conjunction with well-known 
Nusselt falling film thickness expression adapted 
for inclined walls4,5:
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where g (m s–2) is gravity acceleration, µL (Pa s) is 
the liquid dynamic viscosity, uLs (m s–1) is superfi-
cial liquid velocity, and aL (°) is the effective angle 
of the liquid film flow.

Gas-liquid and gas-gas friction losses

Basic assumption of Delft Model is that the 
characteristic gas flow channel has a form of an 
isosceles triangle with (corrugation) sides covered 
by flowing thin liquid film, while the open side 
overlaps with open side of the gas flow channel 
from neighboring corrugated sheet oriented in op-
posite direction. The open sides of crossing gas 
flow channels form a rectangular or a diamond-like 
plane, where crossing gas streams exhibit shear on 
each other. Relying on this fact, the necessary con-
dition is fulfilled that allows the “open” side of 
V-shaped flow channel to be considered as a closed 
one, which implies that cross-sectional area of the 
gas or vapor flow channel is that of an isosceles 
triangle.

The total energy loss due to frictional shear is 
composed of gas-liquid and gas-gas interaction con-
tributions:
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where φ (–) is the fraction of the perimeter of trian-
gular flow channel covered by liquid film, ξGL (–) is 
gas-liquid friction factor, ξGG (–) is gas-gas friction 
factor, dhG,Δ (m) is hydraulic diameter of the triangu-
lar gas flow channel, lG (m) is gas or vapor flow 
path length. The latter (lG = hpb/sinα) depends on 
packed bed height or depth, hpb (m), and corrugation 
inclination angle, α (o). Assuming that gas or vapor 
flow path will be equal to the total length of in-
clined flow channels, the latter will be factor 1.225 
larger for a conventional packing with corrugation 
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inclination angle of 45° than that of a packing with 
corrugation inclination angle of 60° with respect to 
horizontal.

The fraction of the triangular flow channel pe-
rimeter covered by liquid film, φ (–) is:

 
2     

2
s

s b
=

+
j  (17)

where s (m) is the length of corrugation side, and b 
(–) is the width of the corrugation base (see Fig. 4).

In the Delft Model, as mentioned previously, 
the hydraulic diameter is based on a (closed) trian-
gular channel. For a dry triangular channel:

 ( )hG,
4 2     

2
A bhd

P s bD = =
+

 (18)

where A (m2) is cross-sectional area, and P (m) is 
wetted perimeter of gas or vapor flow channel. 
Namely, rigorously speaking, the so-called wetted 
perimeter includes all surfaces acted upon by the 
shear stress13,14, and this, as recognized long ago by 
Zogg7, also occurs at the crossings of gas flow 
channels oriented in opposite direction to the extent 
depending on corrugations inclination angle.

One should note that, in deep vacuum applica-
tions, the specific liquid load is rather low, and the 
corresponding value of film thickness is so small 
that it can be considered negligible. However, in a 
theoretically founded approach, all relevant param-
eters need to be included accordingly. Assuming 
uniform liquid distribution, i.e., constant film thick-
ness, following expression4,5 describes hydraulic di-
ameter of a wetted triangular flow channel:
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This definition of hydraulic diameter of an irri-
gated triangular gas flow channel has been adopted 
and used with confidence from first publication on 
DM in 19974. Namely, in practically all applications 
considered, particularly those concerning design 
point conditions, gas or vapor ascended through an 
irrigated bed under turbulent flow conditions. More-
over, practical experiences with various noncircular 
ducts have confirmed that hydraulic diameter for-
mulation approach, as generally adopted in practice 
(dh = 4A/P), is surprisingly accurate, within ± 15 %, 
for turbulent flow13.

However, this hydraulic diameter approxima-
tion is considered by fluid dynamics theoreticians 
as relatively crude in laminar flow (± 40 %)13. For-

tunately, for a number of noncircular ducts of com-
mercial interest, including an isosceles triangle, 
laminar friction constants have been derived analyt-
ically, and these ensure best achievable accuracy.

Gas-liquid friction factor

In original DM, only the turbulent flow friction 
factor was considered4,5. Presently, extended version 
also includes laminar flow region friction, and over-
all gas-liquid friction factor is expressed as geomet-
ric mean of individual, laminar and turbulent flow 
friction factors:

 2 2
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with

( )

( )

2

hG,

Grv
GL,t

hG,

Grv

/ 5.02 
3.7  

2 log
/ 14.5 log
3.7  

d
Re

d
Re

ξ

δ

δ

−

D

D

  
 − ⋅ 
   = −     ⋅ +    

    

 (21)

and

 GL,l
Grv

52.7
Re

ξ =  (22)

where ξGL,t (–) is the turbulent gas or vapor flow 
friction factor, with the relative roughness repre-
sented by the ratio of film thickness, δ (m), and the 
hydraulic diameter of closed triangular gas flow 
channel, dhG,Δ (m), and ξGL,l (–) is the laminar gas 
flow friction factor. The given laminar friction con-
stant value of 52.7 is an average value covering the 
range of interest, expressed in terms of apex (fold) 
angle, ranging from 53.0 at low end (75°) to 52.3 at 
high end (95°), as taken from a table covering whole 
apex angle range (0 to 180°)13.

Both turbulent and laminar friction factors are 
expressed as a function of Reynolds number based 
on relative gas velocity: 
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where uGe (m s–1) and uLe (m s–1) are the effective 
velocities of the gas and liquid, as defined by Eqs. 
(9) and (10), respectively.

Gas-gas friction factor

Experiments carried out with air-water and un-
der total reflux with first generation of corrugated 
sheet structured packings, have indicated that the 
gas-gas interaction related pressure drop is so 
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strongly affected by corrugation inclination angle 
that effects of gas and liquid loads can be neglected. 
Therefore, in DM, a simple empirical correlation 
was adopted4.

 ( )3.14
GG 0.722 cosξ = a  (24)

It is based on experiments carried at that time 
with imperforated Montz B1 type packings with 
corrugation inclination angles of 45° and 60°, and 
reflects observed difference in pressure drop that 
over the whole range of operating conditions was 
approximately factor 312. Note that, in the case of 
imperforated corrugated sheets, there is no possibil-
ity for ascending gas than to follow the V-shaped 
channels, while in case of perforated packings with 
common 45°, the gas can ascend under an effective 
angle larger than 45°, to the extent depending on 
the form and void fraction of perforations.

Gas flow-direction change losses

Gas flow ascending through a dry or irrigated 
bed experiences pressure losses due to flow direc-
tion change that occurs at transitions between pack-
ing layers (bulk), as well as additional pressure loss 
due to change in flow direction for all channels end-
ing at column walls. Relative magnitude of bulk 
and wall zone contributions depends on column di-
ameter, packing element height, and corrugation in-
clination angle. A detailed elaboration on this com-
ponent of pressure drop can be found in a paper 
addressing experimental characterization and mod-
elling of column diameter effect15.

The characteristic pressure loss coefficient is 
defined as:

 ( )pb
DC bulk wall

pe

 
 

h
h

ζ ξ ψ ξ= +  (25)

where hpb (m) is packed bed height, hpe (m) is packing 
element or layer height, while ξbulk (–) and ξwall (–) 
represent pressure loss due to direction change re-
lated losses at transition between packing elements 
(bulk of the packing), and in the wall zone, respec-
tively. The fraction of gas flow channels ending at 
the column walls, ψ (–), depends on the packing 
element height, corrugation inclination angle, and 
the column diameter, dc (m):
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According to this analytically derived expres-
sion, the fraction of flow channels ending at column 
walls becomes 1 for a 45° corrugation inclination 
angle when the internal column diameter is equal to 
packing element height, which is approximately 0.2 

m for corrugated sheet metal structured packings 
manufactured in Europe. In case of the same pack-
ing but a steeper corrugation inclination angle, i.e., 
60° with respect to horizontal, the wall zone is 
 narrower, i.e., the fraction of flow channels ending 
at column walls becomes 1 at a column diameter  
of 0.15 m. These values set the lower limit of the 
validity of Eq. (26) with respect to column diame-
ter.

For bulk flow, the dominating effect is due to 
angle of change in flow direction at the transition 
between packing elements or layers,

 ( )1.63
bulk DC1.76 cosξ = a  (27)

The characteristic angle for the bulk flow is the 
flow direction-change angle, which, in case of ad-
vanced packings with a bend on the ends of corru-
gations, may be taken as arithmetic mean of corru-
gation inclination angle and the vertical:
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For the wall zone, the characteristic flow direc-
tion-change angle is simply the corrugation inclina-
tion angle, α (o). In the wall zone, where wall wip-
ers facilitate buildup of liquid, the pressure drop is 
also affected by the specific liquid load, uLs (m s–1), 
as well as the gas velocity and the flow channel hy-
draulic diameter, the latter two contained in the 
Reynolds number based on effective gas velocity, 
ReGe (–):
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Contribution of wall zone expression depends 
on the fraction of flow channels ending at column 
walls, and this, according to Eq. (26), tends to de-
crease with increasing column diameter.

With this, all working expressions of the DM 
have been reviewed and explained in detail where 
needed. The specific pressure drop, i.e., the pressure 
drop per unit bed height, can simply be obtained by 
dividing the value estimated by Eq. (4) or Eq. (8) 
by the bed height:
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p p
z h

D D

D
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Division by 100 delivers estimated pressure 
drop in mbar m–1, which is a more convenient unit.

Since experimental data for deep vacuum ap-
plications (vapor densities below 0.05 kg m–3) are 
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not available in public domain, the extended DM 
will be validated using SULCOL predictions as a 
reference.

DM validation

To demonstrate reliability and predictive accu-
racy of extended DM, using SULCOL predictions 
for given Mellapaks and BX packings as reference, 
the nominal specific geometric areas of these pack-
ings have been used to determine characteristic di-
mensions of corrugation base length, corrugation 
side length, and corrugation height, assuming that 
the apex or fold angle for Mellapak packings is 90°, 
while that for BXPlus is 79o. The characteristic 
numbers are given for generic counterparts of these 
packings denoted M250.45, MP250.45, M250.60, 
and BXP in Table 2. Note that actual dimensions of 
Mellapaks and BXPlus may differ from given num-
bers, but not significantly. Although different to a 
lesser extent, packing element heights are taken 
uniform, as well as porosity for Mellapaks, and the 
numbers concerning BXPlus also do not differ sig-
nificantly from the actual ones. Note that all these 
parameters are required, i.e., taken explicitly into 
account in DM.

To avoid misunderstandings, the SULCOL pre-
dictions are related to Mellapak 250.Y, Mellapak-
Plus 252.Y, Mellapak 250.X, and BXPlus as con-
tained in SULCOL database, while DM predictions 
are related to generic counterparts of these packings 
denoted in what follows as M250.45, MP250.45, 
M250.60, and BXP.

Before making any comparisons, it should be 
noted that validity of drag coefficients and SUL-
COL pressure drop model predictions is generally 
set to column diameters from 1 m onward. Spiegel 
and Duss10 mention that, in SULCOL, the column 
diameter effect is accounted for by a correction. Be-

ing proprietary, this information, however, is not 
readily available to public domain.

DM accounts for diameter effect by the com-
plex empirical expression, i.e., Eq. (25), including 
Eqs. (26), (27), and (29), developed and validated 
using experimental pressure drop data obtained with 
air/water at ambient conditions using columns with 
internal diameters from 0.2 m to 1.4 m, indicating 
that observed column diameter effect is evident and 
needs to be accounted for properly in columns with 
diameters below 1 m15. However, when applied to 
the hypothetical case reflecting deep vacuum opera-
tion conditions considered in present work, DM ex-
hibited some peculiar behavior indicating a much 
stronger column diameter effect than anticipated 
within the range of low Reynolds numbers (ReG < 
1000). This is illustrated, using M250.45 as an ex-
ample of most conventional structured packing ge-
ometry, in a graph shown in Fig. 5 for original mod-
el (no laminar friction included). Indeed, as shown 
in Fig. 5, the effect is rather strong within laminar 
flow region, and with increasing Re number tends 
to diminish and fades away at a diameter of 4 m. 
For this reason, i.e., to have the same basis for com-
parison with SULCOL results, DM verification cal-
culations have been performed for a column with a 
diameter of 4 m.

Such a strong column diameter effect within 
laminar region, which, as shown later, is further en-
larged by inclusion of laminar friction expression, 
could be considered as a kind of anomalous behav-
ior, due to the reasons mentioned previously, i.e., an 
excessive gas or vapor velocity, which exceeds 
largely those encountered at same gas or vapor den-
sities in deep vacuum applications. As mentioned 
previously, industrial columns in such applications 
operate at F-factors that are factor four lower than 

Ta b l e  2  – Geometric features of structured packings consid-
ered in this study

Geometry
 Packing type

 M250.45  M250.60 MP250.45  BXP

b (m) 0.0226 0.0226 0.0226 0.0103

h (m) 0.0113 0.0113 0.0113 0.0062

s (m) 0.0160 0.0160 0.0160 0.0080

ap (m
2 m–3) 250 250 250 500

ε (m) 0.98 0.98 0.98 0.94

α (o) 45 60 45 60

hpe (m) 0.2 0.2 0.2 0.16

β (o) 90 90 90 79

F i g .  5  – Effect of column diameter on specific pressure drop 
of original DM for most conventional type and size of corrugat-
ed sheet structured packing, over the whole range of Reynolds 
numbers for the hypothetical operating conditions base case
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that employed in present hypothetical base case. 
The “wrongdoer” in this case of particular hypo-
thetical operating conditions is the empirical ex-
pression on the left hand side of Eq. 29, including 
rather small values of Reynolds number in the de-
numerator (ReG < 100) that delivers unrealistically 
high values of the correction factor for the wall 
zone effect, ξwall (–). Namely, in database used to 
validate original DM, there were experimental data 
for air/water and some well-established organic test 
mixtures available that cover common applications 
of structured packings where turbulent vapor flow 
conditions prevail. In all these applications, gas or 
vapor Reynolds numbers were above 1000, and the 
extent of increase in pressure drop with decreasing 
column diameter was experimentally validated15. 
An evaluation of most recent experimental evi-
dence, considered further in this paper, has con-
firmed that observed strongly exaggerated diameter 
effect is an artefact of the hypothetical base case, 
i.e., of no practical relevance.

To understand properly the extent of change in-
troduced into DM by incorporating a theoretically 
founded expression for laminar friction, i.e., Eq. 22, 
Fig. 6 shows comparison of total and individual 
pressure loss coefficients for original (DM-old) and 
extended (DM-new) Delft model. Note that, in the 
case of original model, the contribution of gas-liq-
uid friction (“GL”) at lowest Reynolds numbers is 
lower than that of gas-gas interaction or friction 
(“GG”) and flow direction change (“DC”). While 
under laminar flow conditions, gas-gas friction 
plays a significant role7, there is no form drag, and 
consequently the direction change losses do not ex-
ist as such, but flow direction change under laminar 
flow conditions, as mentioned previously, induces 
some other minor losses.

However, with a constant gas-gas friction coef-
ficient and an appropriate trend in curves represent-
ing direction change and gas-liquid friction losses, 
the total (“TOT”) pressure loss coefficient exhibits 
expected trend capturing properly laminar and tur-
bulent flow region related behavior. Namely, the 
trend is similar to that of the SULCOL pressure-drop 
model drag coefficient, represented by a curve 
shown as dashed line in Fig. 6. However, the in-
crease in characteristic values is pronouncedly 
steeper within laminar region than is the case with 
the curve obtained by original Delft model (DM-
old).

The insufficiency of original DM in this respect 
is mended by including the laminar friction into the 
model. The triangles connected by solid line show 
the trend and absolute value of gas-liquid friction 
coefficient, which start to diverge from original 
curve at Reynolds number value of 1000, and ex-
hibit much steeper increase than the original one 

with decreasing Reynolds number. With this, the 
laminar friction becomes dominating source of 
pressure loss within laminar flow region, and this is 
reflected also in the curve representing total pres-
sure loss coefficient. Differences in characteristic 
values indicate the extent of expected increase in 
predicted pressure drop within laminar flow region, 
which is largest at lowest Reynolds number value 
(70 %) and tends to decrease steadily, becoming 
negligible within transition region, and diminishing 
fully upon entering the turbulent region.

Regarding the fact that the trend of the new 
line is the same as that of drag coefficient line of 
SULCOL, we may consider extended DM as prop-
erly validated qualitatively. This was the case with 
all other packings considered, and, as shown in Fig. 
7, the predicted pressure drop curves exhibit same 
trend as those estimated using SULCOL (see Fig. 
2). Note that pressure drop is shown as a function of 
gas or vapor Reynolds number, which differs de-
pending on the type and size of the packing, i.e., 
hydraulic diameter of gas flow channel. In the case 
of DM, the characteristic Reynolds numbers are 
equal for M250.Y and MP252.Y, somewhat lower 
for M250.X due to a reduced effective gas velocity, 
and lowest for BXPlus, because of a factor 2 lower 
value of hydraulic diameter. In the case of SUL-
COL, the corresponding Reynolds numbers are 
somewhat larger, due to larger hydraulic diameters 
employed. They are equal for M250.Y, M250.X, 
and M252.Y, because hydraulic diameters are equal 
and superficial velocity is used in definition of 
characteristic Reynolds number. Due to the differ-
ences in the values of hydraulic diameter, there is a 
certain shift in characteristic Reynolds number 

F i g .  6  – Individual and overall pressure loss coefficients for 
original (symbols with dashed lines) and extended DM (sym-
bols with solid lines), and the corresponding drag coefficient 
curve of SULCOL (dotted line) for hypothetical base case and 
M250.45 packing
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points in all graphs comparing predictions of DM 
with SULCOL results.

Indeed, qualitatively, the predictions of extend-
ed DM agree perfectly with SULCOL; however, 
quantitatively, there are some pronounced discrep-
ancies. If we consider the spread of four curves, the 
width of the band within turbulent flow region, re-
flecting the corrugation inclination angle effect, is 
considerably larger according to DM than SUL-
COL. This, as well as other quantitative aspects of 
extended DM (DM-new) using SULCOL results for 
Mellapak 250.Y, Mellapak 250.X, MellapakPlus 
252.Y, and BXPlus as reference, are discussed in 
detail in following section.

Results and discussion

Hypothetical base case results

Fig. 8 compares predictions of original (DM-
old) and extended (DM-new) Delft model with 
SULCOL curve for Mellapak 250.Y (M250.Y). In 
this, as well as in other graphs, the original and ex-
tended DM curves overlap within turbulent region, 
and divergence starts roughly at a Reynolds number 
of 2000, and increases steadily with decreasing 
Reynolds number. At lowest Reynolds number, the 
original DM matches perfectly with SULCOL, and 
extended DM overpredicts SULCOL by nearly 70 
%. With increasing Reynolds number, the DM 
curves exhibit a strong converging trend, overlap 
upon entering turbulent region, and tend to come 
closer to that of SULCOL. At highest Reynolds 
number, the predictions of DM are some 12 % high-
er than SULCOL values.

MellapakPlus 252.Y (MP250.45) has the same 
specific geometric area and corrugation inclination 
angle as Mellapak 250.Y (M250.Y), and its charac-
teristic feature is a short bend at lower and upper 
end of corrugations. Fig. 2 indicates that, according 
to SULCOL, the reduction of pressure drop with re-
spect to conventional counterpart ranges from 7 % 
in laminar- to 19 % in turbulent region, making 
proper distinction with respect to magnitude of flow 
regime-related gas-flow direction change contribu-
tion.

Comparison of SULCOL curve with those pre-
dicted using original and extended DM is shown in 
Fig. 9. It is amazing to see that the original DM 
(DM-old) matches nearly perfectly with SULCOL. 
Extended DM (DM-new) generates much higher 
pressure drop within laminar region, and at lowest 
Reynolds number the deviation with respect to 
SULCOL and DM-old is approximately 75 %, 
which, however, diminishes fast with increasing 
Reynolds number, and fades away fully upon reach-
ing turbulent flow region. However, one should 
mention here that, in addition to proper flow-direc-
tion change angle, in the present case, the contribu-
tion of gas-gas friction has also been reduced by 20 
%. Dotted line represents pressure drop values ob-
tained in case of extended DM without this correc-
tion, indicating that, without the gas-gas friction 
reduction, the pressure drop would be significantly 
higher, and the discrepancy within laminar (~5 %) 
and turbulent (~15 %) regions would be somewhat 
higher. Similar to SULCOL, for this packing, ex-
tended DM predicts a smaller pressure drop differ-
ence within laminar flow region (9 %) that grows 
up to 30 % in turbulent region, compared to con-
ventional M250.Y packing. The latter is for largest 
part due to reduction in pressure drop imposed by a 
20 % reduction in contribution of gas-gas interac-
tion.

F i g .  7  – Specific pressure drop as estimated by extended DM 
(DM-new) for four structured packings considered in present 
study in conjunction with given hypothetical base case

F i g .  8  – Specific pressure drop as estimated by original 
(DM-old) and extended DM (DM-new) for conventional corru-
gated sheet structured packing (M250.45) in conjunction with 
given hypothetical base case, compared with SULCOL esti-
mates for Mellapak 250.Y
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Now, the question is whether such a simple in-
tervention (multiplying Eq. 20 by an appropriate 
factor) is justified in this case. The reply is yes, be-
cause the smooth bend at lower end of corrugations 
eliminates the first two to three crossings of neigh-
boring flow channels, and these are in case of con-
ventional 45° packings responsible for most inten-
sive interaction of crossing gas flow streams. In that 
case, the neighboring flow channels are oriented 
perpendicular to each other, and at the plane where 
two gas flows come into contact with each other 
under the same angle, they exhibit a strong shear 
stress on each other. This affects both flows and by 
superimposing motion perpendicular to axial flow 
direction, both flows start to transform from axial 

into a swirling motion. Therefore, at each next 
crossing plane, the impact angle decreases as well 
as the amount of shear stress, so that the amount of 
shear stress and related pressure drop tend to de-
crease progressively from a maximum at the bottom 
to a minimum at the top of a flow channel.

In other words, by a delayed start of gas-gas 
interaction in a packing with smooth bends, total 
contribution of this pressure loss component reduc-
es to a certain extent. In the present, 45° (worst) 
case, this has been taken to be 20 %, but this is an 
arbitrary choice, and someone may consider another 
percentage more appropriate or better fitting own 
situation. Such a correction may appear unneces-
sary in the case of packings with specific geometric 
areas of 500 m2 m–3 or more, because of much larger 
channel length to hydraulic diameter ratio than in 
the case of common size packings. In any case, 60° 
packings with smooth bends on both, like BXPlus, 
or only lower end of corrugations, like Montz A3-
500M, will not be affected significantly in this re-
spect. Therefore, in the case of BXP packing, the 
GG interaction reduction correction was not uti-
lized.

As illustrated in Fig. 10, in the case of the com-
mon size packing with a much steeper corrugation 
inclination angle (M250.60), the original DM ap-
proaches closely SULCOL values within laminar 
region. Here, the overprediction at lowest Reynolds 
number of extended DM is even larger, but it reduc-
es strongly and in transient region the two methods 
overlap. However, within turbulent region, the un-
derprediction tends to increase, reaching some 70 % 
on high end of Reynolds numbers.

Indeed, as demonstrated in Fig. 10, SULCOL 
and DM differ strongly with respect to the effect of 
corrugation or gas flow channel inclination angle. 
As mentioned previously, the 45° and 60° values 
differ in the case of SULCOL by a factor 1.62 over 
the whole range of Reynolds numbers, including 
both laminar and turbulent flow regions. This, as 
mentioned previously, is questionable, because 
within turbulent region, the form drag, particularly 
that due to sudden direction change at each transi-
tion between packing layers, generates a substantial 
amount of pressure drop in addition to frictional 
one. This physically more sound picture is reflected 
by predictions of DM, and in given case, the differ-
ence in pressure drop between packings with corru-
gation inclination angles of 45° and 60° is lower in 
laminar region (factor 1.45) than within turbulent 
region (up to factor 3.5). The latter was based on 
air/water experiments and cyclohexane/n-heptane 
total reflux experiments carried out with imperfo-
rated Montz B1-250 and B1-250.60 packings5,12. 
Experiments utilizing perforated packings have in-
dicated a less pronounced corrugation inclination 

F i g .  9  – Specific pressure drop as estimated by original 
(DM-old) and extended DM (DM-new) for advanced corrugat-
ed sheet structured packing (MP250.45) in conjunction with 
given hypothetical base case, compared with SULCOL esti-
mates for MellapakPlus 252.Y

F i g .  1 0  – Specific pressure drop as estimated by original 
(DM-old) and extended DM (DM-new) for conventional struc-
tured packing with a steep corrugation inclination angle 
(M250.60) in conjunction with given hypothetical base case, 
compared with SULCOL estimates for Mellapak 250.X
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angle effect (up to factor 2.5). This reduction was 
attributed to the fact that in the case of perforated 
packings with common 45°, the gas can partly use 
the perforations and ascend under an effective angle 
larger than 45°, while in the case of imperforated 
packings, ascending gas or vapor is forced to flow 
strictly along the V-shaped flow channel.

While the extent of pressure drop overpredic-
tion in the case of conventional perforated corrugat-
ed sheet structured packings with corrugation incli-
nation angle of 45° (M250.Y) can be considered 
comfortable (it is on safe side and the amount is 
within common safety margins), the demonstrated 
underprediction in the case of 60° packing (M250.X) 
is too strong to be considered acceptable. This is a 
point of concern, but in the present case, the ob-
served discrepancy is with respect to values esti-
mated by SULCOL, which suggests that the corru-
gation inclination angle effect is half of that which 
has been established in aforementioned experiments 
with imperforated and perforated Montz packings.

Interestingly, in the case of another 60° packing 
considered in present study, i.e., BXP (see Fig. 11), 
the underprediction of DM is much less pronounced, 
up to 33 % at largest Reynolds number. The over-
prediction on lowest Reynolds number is around 35 
% and diminishes strongly, and within laminar and 
transient range the curves nearly overlap, indicating 
a very good agreement between extended DM and 
SULCOL for this type of structured packing. Note 
that in this case, the original DM was insufficient, 
and by incorporating the laminar friction term, the 
pressure drop estimates have been brought to the 
level attainable by SULCOL.

For practitioners, it may appear worrying that 
at lowest Reynolds number considered here, the ex-

tended DM exceeds SULCOL and generates a pres-
sure drop well above 3 mbar m–1 for BXP packing. 
However, as mentioned previously, this is an anom-
aly of no practical consequence, related to the 
choice of fixed value of F-factor (FG = 2 Pa0.5) for 
this hypothetical operating conditions base case. To 
keep pressure drop within tolerable limits, the di-
ameters of industrial columns for deep vacuum ap-
plications are chosen to be large enough to reduce 
superficial gas or vapor velocity accordingly. Such 
columns usually operate at F-factors of around 0.5 
Pa0.5. Owing to their favorable wetting characteris-
tics at lowest specific liquid loads that facilitate 
achieving highest separation efficiency at lowest 
pressure drop, conventional as well as advanced 
forms of wire gauze corrugated sheet structured 
packings are a natural candidate for deep vacuum 
distillation. This has been proven in numerous in-
dustrial applications. What is still missing, to enable 
proper validation of theoretically founded predic-
tive models for these purposes, is availability of ad-
equate experimental evidence in public domain.

Large-scale total reflux tests data

Unfortunately, there is no experimental evi-
dence available in public domain on performance of 
structured packings in deep vacuum applications 
where laminar flow prevails, such as, steam strip-
ping of edible oils. Nevertheless, there is some 
scarce experimental evidence available in open lit-
erature that could be revealing in this respect to a 
limited extent. Namely, lowest vapor loads em-
ployed in total reflux distillation tests, carried out at 
Bayer TS with Montz A3-500 and A3-500M wire 
gauze corrugated sheet structured packings16, pro-
vide experimental evidence on performance of con-
ventional and advanced geometries under same op-
erating conditions, including a few points where, 
according to characteristic Reynolds number, the 
ascending vapor flow ought to be laminar. These 
data were used to validate original Delft Model, 
and, most interestingly, shed some light on the ef-
fect of smooth bend in the bottom of corrugations 
on pressure drop within laminar and turbulent flow 
regions.

Fig. 12 shows preloading region pressure drop 
as a function of vapor load, as determined for A3-
500M, an advanced wire gauze packing with a long 
smooth bend in bottom part of corrugations (a 
Montz equivalent of Sulzer BXPlus), and its con-
ventional counterpart A3-500 in total reflux distilla-
tion experiments carried out at BTS using a column 
with internal diameter of 0.59 m and chloroben-
zene-ethylbenzene as test system at 0.1 bar16. With-
in the laminar region (ReGs < 400, i.e. FGs < 0.75 
Pa0.5), the pressure drop curves overlap, and in tran-
sient region, a divergent trend sets up that tends to 

F i g .  11  – Specific pressure drop as estimated by original 
(DM-old) and extended DM (DM-new) for advanced wire 
gauze corrugated sheet structured packing (BXP) in conjunc-
tion with given hypothetical base case, compared with SUL-
COL estimates for BXPlus
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grow further within turbulent flow region, with con-
ventional packing pressure drop on higher side. 
This indicates that advanced geometry with a 
smooth bend on bottom end of corrugations is not 
effective within laminar region where only friction-

al pressure drop counts, while within the turbulent 
region, it minimizes the flow-direction-change re-
lated form drag, and reduces the overall pressure 
drop to a greater extent compared to that of the con-
ventional counterpart. Regarding the fact that in this 

F i g .  1 2  – Effect of a bend in bottom part of corrugations on the pressure drop of a 
well-established wire gauze corrugated sheet structured packing, as measured in total 
reflux tests carried out at Bayer Technology Services, using chlorobenzene/ethylbenzene 
system at 0.1 bar16. Dotted and dashed lines are predictions by original DM, and laminar 
flow should prevail at F-factors below 0.75 Pa0.5.

F i g .  1 3  – Comparison of the specific pressure drop as estimated by original (DM-old) 
and extended DM (DM-new) for advanced wire gauze corrugated sheet structured pack-
ing A3-500M compared with experimental data (BTS, 0.1 bar). SULCOL estimates are 
related to BXPlus. Inserted graph demonstrates that pressure drop predicted by extended 
DM utilizing two correction factors, which reflect the extent of deviation in this case, 
perfectly matches with experiment.
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case the corrugation inclination angle is rather steep 
(60°), the extent of reduction in pressure drop as 
observed with A3-500M within turbulent region is 
quite impressive. However, a part of it can be  
attri buted to somewhat lower specific geometric 
area (478 m2 m–3) compared to that of A3-500  
(490 m2 m–3)16.

It is interesting to mention here that, in these 
low specific liquid load cases, no visible capacity 
gain was observed; however, if one takes a fixed 
pressure drop as design criterion, then a column of 
the same diameter, equipped with A3-500M, can be 
operated at 10 % higher vapor throughput.

As illustrated in Fig. 12, original DM reproduc-
es very closely the observed trends, but predicted 
pressure drop values within preloading region are 
on the low side, practically speaking, too optimistic.

In Fig. 13, predictions of original (DM-old) 
and extended DM (DM-new) for A3-500M, and 
those obtained by SULCOL for BXPlus, are com-
pared with experimental pressure drop curve for 
A3-500M. This graph is of particular importance, 
because it demonstrates that incorporation of lami-
nar friction enhances predicted pressure drop at 
lowest Reynolds numbers significantly with respect 
to that obtained using original model (dotted lines). 
However, the predicted values are still well below 
experimental ones, obtained using a test column 
with an internal diameter of 0.59 m. This indicates 
that a very strong column diameter effect exhibited 
in the hypothetical case (see Fig. 5) within laminar 
region appears to be unrealistic, i.e., of no conse-
quence for performance of DM in common applica-
tions.

Interestingly, the curve obtained using original 
DM, which follows the trend of the measured curve, 
overlaps within preloading region with that predict-
ed by SULCOL for BXPlus packing. This is not a 
coincidence, as shown later, and may be considered 
as quite convincing proof that incorporation of lam-
inar friction has resulted in a physically sound 
amount of pressure drop enhancement within lami-
nar flow region, leading to improvement in overall 
pressure drop estimation performance of DM within 
preloading region.

Unfortunately, comparison of predicted and ex-
perimental pressure drop curves shown in Fig. 13, 
indicates a worrying degree of underprediction of 
loading point. Therefore, the pressure drop enhance-
ment expression in DM (Eq. 5) accounting for ob-
served, much steeper increase in pressure drop with 
increasing vapor load within loading region, is acti-
vated at a too low vapor load, which leads to a 
strong overpediction of pressure drop within load-
ing region. To indicate the extent of enhancement in 
pressure drop with increasing vapor load within 
loading region, the preloading curve for original 

DM extends into loading region. This curve follows 
that of SULCOL valid for BXPlus until the point of 
departure in pressure drop according to SULCOL, 
which is more realistic than that predicted by DM.

Most importantly, the trends in predicted pres-
sure drop by original and extended DM for both 
preloading and loading regions are correct, and with 
a properly predicted loading point, the deviation in 
predicted pressure drop within loading region would 
be similar to that of SULCOL on lower side but 
within the acceptable limits. As demonstrated in 
small graph inserted into main graph in Fig. 13, us-
ing another single correction factor, for underpre-
dicted pressure drop within preloading region, 
would ensure a perfect match between predicted 
and measured pressure drop curves.

Impressions gained from the comparisons 
shown in Fig. 13, have been strengthened upon val-
idation of extended DM using experimental evi-
dence on A3-500M performance, obtained most re-
cently in Fractionation Research Inc. (FRI) total 
reflux distillation tests carried out with p-xy-
lene/o-xylene system at absolute pressures of 0.1 
bar and 0.02 bar in a column with internal diameter 
of 1.22 m17. As illustrated in Figs. 14 and 15, inclu-
sion of laminar fraction term has increased the esti-
mated pressure drop within preloading region sig-
nificantly with respect to original method; however, 
the predicted values are still well below the mea-
sured ones.

In these cases, a nearly perfect match is ob-
tained between extended DM and SULCOL within 
preloading region, and, regrettably, DM exhibited 
an even larger extent of underprediction of loading 
point compared to that experienced in BTS test. 
SULCOL provided correct estimates for loading 
point, and a tendency to approach the measured 
pressure drop within loading region from lower 
side. Again, utilizing correct value for loading point, 
the pressure drop curve predicted by extended DM 
would be similar to that of SULCOL, and similar to 
the situation shown in Fig. 13, only one additional 
correction factor for preloading region pressure 
drop is required to obtain nearly perfect match over 
the whole range of vapor loads. This is demonstrat-
ed in small graphs inserted in main graphs shown in 
Figs. 14 and 15, respectively.

The comparison of predicted and measured 
pressure drops shown in Figs. 13, 14 and 15, indi-
cates that existing empirical correlations are incapa-
ble of identifying properly the loading point of 
structured packings with a smooth bend on lower 
part of corrugations. Another point of concern is re-
lated largely to underprediction of preloading re-
gion pressure drop of packings with corrugation 
inclination angle of 60°. Simple empirical correla-
tion accounting for corrugation inclination angle ef-
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F i g .  1 4  – Comparison of the specific pressure drop as estimated by original (DM-old) 
and extended DM (DM-new) for advanced wire gauze corrugated sheet structured packing 
A3-500M compared with experimental data (FRI, 0.1 bar). SULCOL estimates are related to 
BXPlus. Inserted graph demonstrates that pressure drop predicted by extended DM utilizing 
two correction factors, which reflect the extent of deviation in this case, perfectly matches 
with experiment.

F i g .  1 5  – Comparison of the specific pressure drop as estimated by original (DM-old) 
and extended DM (DM-new) for advanced wire gauze corrugated sheet structured packing 
A3-500M compared with experimental data (FRI, 0.02 bar). SULCOL estimates are related 
to BXPlus. Inserted graph demonstrates that pressure drop predicted by extended DM utiliz-
ing two correction factors, which reflect the extent of deviation in this case, perfectly match-
es with experiment.
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fect on gas-gas interaction at the open interface of 
crossing gas flow channels appears to be inadequate 
for packings with steep corrugation inclination an-
gle. A simple check, i.e., reduction of exponent of 
Eq. 24 by one third, has indicated that, in all cases 
considered here, the resulting increase in contribu-
tion of gas-gas interaction would bring predicted 
preloading pressure drop at the level of the mea-
sured one. However, this is not a solution, because 
utilizing the same exponent for 45° packings would 
force gas-gas interaction contribution to rise beyond 
that considered sound. To arrive at proper solutions 
in this respect, empirical correlations used in DM 
for establishing the loading point and the extent of 
corrugation inclination angle effect need to be thor-
oughly reevaluated and improved.

Regarding usability, one should mention that 
corrugation inclination angles of 45° and 60° con-
sidered in present study are a manufacturing stan-
dard. However, other angles can be considered if 
there is a need to balance properly the efficiency, 
pressure drop, and capacity of a packing for a spe-
cific application. Corrugation inclination angles as 
low as 40° have been commercialized, and an inter-
mediate angle found most favorable for structured 
packings used in air distilling applications18. In ad-
dition, there are corrugated sheet structured pack-
ings around utilizing two different angles within the 
height of a packing layer19. Note that DM is the 
only predictive model capable of providing a reli-
able estimate of pressure drop in such cases, based 
on form, dimensions, and the inclination angle(s) of 
gas or vapor flow channel. On higher end, the natu-
ral limit is the vertical line, i.e., an angle of 90°, 
when a corrugated sheet structured packing trans-
forms into a falling film device. DM accounts for 
this, i.e., the flow direction change and gas-gas in-
teraction contributions drop to zero, and the total 
pressure drop is equal to frictional pressure drop. 
Indeed, DM is highly versatile and can easily be 
adapted or extended to include variations in charac-
teristic geometric features of corrugated sheet struc-
tured packings.

Conclusions

Delft model has been extended in a physically 
sound way to cover the range of lowest vapor and 
liquid loads, where gas or vapor ascends through an 
irrigated structured packing bed under laminar flow 
conditions.

In absence of any experimental data in public 
domain, a hypothetical base case reflecting closely 
the deep vacuum distillation conditions, served as 
basis for validation of extended DM using a well-es-
tablished empirical pressure drop model available 
in SULCOL software package as reference.

Four well-known and widely utilized Sulzer 
corrugated sheet structured packings have been 
chosen to demonstrate effects of variations in spe-
cific geometric area and the corrugation angle, as 
well as of smooth bends at both ends of corruga-
tions, as encountered in case of high performance 
versions of conventional corrugated sheet structured 
packings.

By incorporating a theoretically based formula-
tion of laminar flow friction factor, the predictions 
of DM approach closely those of SULCOL, both 
qualitatively and quantitatively in laminar and flow 
regime transition regions. Trends are also identical 
within turbulent region; however, discrepancy be-
tween two models is more pronounced. DM tends 
to overpredict the pressure drop in case of 45° pack-
ings to an acceptable (safety margin) extent, while 
the extent of underprediction in case of 60° pack-
ings appears to be beyond tolerable limits.

Validation of extended DM using results of 
large-scale total reflux tests carried out at absolute 
top pressures of 0.02 and 0.1 bar with Montz A3-
500M packing, including few points in laminar flow 
regime, has indicated a certain extent of underpre-
diction of pressure drop within preloading region, 
reflecting that observed during hypothetical case 
evaluations for packings with steep corrugation in-
clination angle. This confirms the impression that 
gas-gas interaction related losses in case of 60° pac-
kings must be significantly larger than anticipated.

Another point of concern is a pronounced un-
derprediction of loading point for this packing, i.e., 
wire gauze corrugated sheet structured packings 
with a smooth bend at the lower end of corruga-
tions, resulting in large overprediction of pressure 
drop within loading region. With this in mind, the 
appropriateness of empirical correlations account-
ing for loading point identification and gas-gas in-
teraction developed in the time before introduction 
of advanced packings with bends at lower and up-
per ends of corrugations, will be addressed soon.

Regarding the fact that SULCOL predictions 
for BXPlus packing match very well with extended 
DM predictions for A3-500M within preloading re-
gion, and reflect both the trend of measured pres-
sure drop within loading region, this evidence con-
firms reliability of SULCOL as predictive model, 
and justifies its choice as reference in absence of 
experimental data in public domain adequate for 
DM model validation.
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N o t a t i o n

ap – specific geometric area, m2 m–3

A – cross-sectional area, m2

b – corrugation base, m
cf – drag coefficient, – 
dc – (dc) column diameter, m
dhG – hydraulic gas flow channel diameter, m
FG – gas (vapor) load factor, Pa0.5

FG,lp – loading point gas load factor, Pa0.5

Fload – loading effect factor, – 
g – gravitational acceleration, m s–2

h – corrugation height, m
hL – liquid holdup, m3 m–3

hpb – height of packed bed, m
hpe – height of packing element or layer, m
lG – length of gas flow path, m
P – wetted perimeter, m
p – operating pressure, Pa or bar
ReGe – effective gas phase Reynolds number, – 
ReGrv – relative velocity Reynolds number, – 
ReL – Reynolds number for the liquid, – 
s – corrugation side, m
uGe – effective gas velocity, m s–1

uGs – superficial gas velocity, m s–1

uLe – effective liquid velocity, m s–1

uLs – superficial liquid velocity, m s–1

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

a – corrugation inclination angle, o

aDC – gas flow direction change angle, o

aL – effective liquid flow angle, o

b – apex or fold angle, o

δ – liquid film thickness, m
δm – sheet thickness, m
Dp – pressure drop or loss, Pa or mbar
Dp/Dz – pressure drop per unit bed height, Pa m–1 or 

mbar m–1

ε – packing porosity, – 
j – fraction of the triangular flow channel occu-

pied by liquid, – 
mG – viscosity of gas, Pa s
mL – viscosity of liquid, Pa s
rG – density of gas, kg m–3

rL – density of liquid, kg m–3

s – surface tension, N m–1

ζDC – overall coefficient for direction change losses, 
– 

ζGG – overall coefficient for gas-gas friction losses, 
– 

ζGL – overall coefficient for gas-liquid friction loss-
es, – 

ξTOT – (ζGL+ζGG+ζDC) total pressure loss coefficient, 
– 

ξbulk – direction change factor for bulk zone, – 
ξGG – gas-gas friction factor, – 
ξGL – gas-liquid friction factor, – 
ξwall – direction change factor for wall zone, – 
Y – fraction of gas flow channels ending at col-

umn walls, – 

S u b s c r i p t s

G – gas or vapor
L – liquid
l – laminar
rv – relative velocity
s – superficial
t – turbulent
v – V-shaped flow channel
Δ – triangular flow channel
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