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Abstract

This study bridges flooding correlations in vertical pipes and packed towers. It is shown that the frictional forces of the gas on the liquid
interface can either directly carry the liquid film upwards or induce droplet formation and, therefore, entrainment of the gas phase. A model
is presented that estimates the entrainment flood point. The model does not fully explain the flooding phenomena. However, as is shown
in this study, a total flooding explanation cannot be expected from any theory. Nevertheless, the model provides an estimation method that
describes the relative changes of flood point with the physical properties and the geometry. This is accomplished by taking into account
the lift force on entrained droplet. It is possible to estimate the flood point as function of the viscosity, density, surface tension, and the
geometry of the packing. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liquid flow reversal or flooding in counter-current falling
film operations has been a subject of experimental and
analytical study for over half a century. Perhaps the most
common counter-current flow situation where flooding is im-
portant is in packed towers. Despite many research activities,
there are still uncertainties on various aspects concerning the
influences on the flood point, e.g. equipment size, gas inlet
and outlet configurations, operating conditions, and physical
properties of the system. This is caused by the fact that the
physical mechanisms governing the process of flooding are
not completely understood even for the simplest geometry, a
vertical pipe. This study intends to bridge flooding correla-
tions in vertical pipes and the correlations for packed towers.
Although, it will not be possible to address all difficulties
related to the flooding mechanism, some influences con-
cerning physical properties and geometry will be elucidated,
by applying data analysis and theoretical considerations.

Flooding is induced by the frictional forces of the gas
phase on the liquid phase. [1], postulated that at least two
types of liquid-flow instability can occur to initiate flooding.
The first type, observed in conventional random packing and
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geometries with a small specific interface area, is due to the
interaction between the liquid hold-up and pressure gradient.
The pressure gradient and the forces on the liquid film are
such that the whole film starts to flow up-wards. This macro-
scopic flooding was discussed in an earlier paper [2,3] refers
to the macroscopic flooding mechanism as the system limit.
The second type of flooding is entrainment flooding. The
frictional forces cause waves on the interface. These waves
become unstable and droplets are formed which are carried
up-ward with the gas. The wave instabilities are considered
as the most plausible cause for flooding [4]. However, they
do not explain various aspects of packing behaviour, i.e. the
influence of the inclination angle of the packing surface, the
relative insensitivity of the flood point for surface tension,
etc. Although, the wave instability approach can predict a
point at which droplets can be created, this does not neces-
sarily mean that they are created. The instability requires a
certain pipe length, or residence time, to build-up. Besides,
when most droplets are deposited on the falling film, the
condition at which droplets are generated, does not mark
the flood point. An engineer would like to know the point at
which liquid is carried up against gravity with the gas flow.
It is for this reason that in the presented paper the definition
of flooding as defined by [5] is applied, flooding is the mo-
ment, when the whole liquid flow is disrupted and expelled
from the top of the equipment.

The capacity of a packed column is not directly related to
the mass transfer, but the flood point determines the upper
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Nomenclature

ap specific packing areaap = 2ε0/r0 (m2/m3)
Bo bond number Bo= 2r2

intg(ρG − ρL)/σ

C constant in Wallis correlation
Ccor correction factor for physical properties
CG capacity factor (m/s)
Ccrit

G critical capacity factor (m/s)
Ccrit

G,meas measured critical capacity factor (m/s)
Ccrit

G,model critical capacity factor calculated with
the model (m/s)

Cr relative capacity factor
Ct on position dependent parameter of

the lift force
de entrained drop diameter (m)
dmax maximum stable drop diameter (m)
Dcol column diameter (m)
f smooth pipe friction factor
fp friction factor of the packing
Fl lift force on entrained droplet (N)
Fd drag force on entrained droplet (N)
Fg gravitational force on entrained droplet (N)
g gravitational acceleration (m/s2)
G′′ gas load (kg/s/m2)
Gap packing Galileo number

Gap = 4ρ ρLg cosα/3η2
La

3
p

h liquid film thickness (m)
hL liquid hold-up (m3/m3)
Hcol column height (m)
KG gas Kutateladze number

KG = uSG
(
ρ2

G/g σ(ρG − ρL)
)0.25

L′′ liquid load (kg/s/m2)
m constant in Wallis correlation
m1 power constant for surface tension correction
m2 power constant for liquid viscosity correction
p1,2 pressure (Pa)
∂p/∂z pressure drop over equipment (Pa/m)
∂pf /∂z frictional pressure drop (Pa/m)
r radial co-ordinate
r0 hydraulic radiusr0 = 2ε0/ap (m)
r int interface radius (r int = θr0) (m)
ReG gas phase Reynolds number

ReG = ρG((uSG/θ
2ε0 cosα) − uint)2θr0/ηG

ReL liquid phase Reynolds number
ReL = 4ρLuSL/ηLap

ud drop velocity (m/s)
uint interface velocity (m/s)
uG gas velocity (m/s)
uSG superficial gas velocity (m/s)
ucrit

SG critical superficial gas velocity (m/s)
uSL superficial liquid velocity (m/s)
U∗

G dimensionless superficial gas velocity
U∗

L dimensionless superficial liquid velocity
v̄ velocity of turbulent eddies (m/s)

Wecrit-1 critical Weber number Wecrit-1 = ρG

((uSG/ε0θ
2 cosα) − uint)

2dmax/σ

Wecrit-2 critical Weber number Wecrit-2 = 3ρG

(εdmax)
2/3dmax/σ

Greek letters
α effective inclination angle (◦)
ρ density difference (kg/m3)
ε dissipated kinetic energy (m2/s3)
ε0 void fraction (m3/m3)
γ 1 general turbulence constant (γ1 = 1.8)
ηG dynamic gas viscosity (Pa s)
ηL dynamic liquid viscosity (Pa s)
θ relative interface positionθ = r int/r0
Φ flow parameter
ρG gas density (kg/m3)
ρL liquid density (kg/m3)
σ surface tension (N/m)
ψG–L gas–liquid interaction parameter

limit for good inter-phase mass transfer in a counter-current
column. Therefore, it is of crucial importance for the col-
umn designer to know precisely the capacity limits of a
given case. Here, a model is developed to predict flooding
in packed columns, which is initiated by entrainment.

2. General flooding considerations

The vertical pipe geometry is a starting point to inves-
tigate flooding in more complex geometries. The work of
[6] and a recent experimental study of [7] showed the de-
pendence of the flood point in vertical pipes on inlet and
outlet geometry, pipe length and gas entrance. These studies
showed that the onset of flooding in a vertical pipe is very
sensitive to the test-section geometry. Flooding data ob-
tained in vertical pipes is often correlated using the Wallis
type equation (see, e.g. [8]):

U∗
G + m

√
U∗

L = C. (1)

Here,m andC are dimensionless constants and the dimen-
sionless superficial velocities are related to the superficial
gas velocityuSG as

U∗
G = uSG

(
ρG

2r0g(ρL − ρG)

)0.5

, (1a)

and the superficial liquid velocityuSL as

U∗
L = uSL

(
ρL

2r0g(ρL − ρG)

)0.5

. (1b)

Here, r0 represents the radius of the tube. The basic form
of Eq. (1) also is applied for liquid–liquid extraction cor-
relations (see, e.g. [9,10]). The capacity in counter-current
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equipment is usually showed as function of the flow param-
eter (Φ), which is defined as

Φ = U∗
L

U∗
G

= uSL

uSG

√
ρL

ρG
. (2)

By isolating the dimensionless gas velocity of Eq. (1),

U∗
G = C2

(a + m
√
Φ)2

, (3)

and by multiplication with the root of the product of the
pipe diameter and the gravitational constant, the relation
that generally is used for packed columns is found:

CG = uSG

√
ρG

ρL − ρG
=
√

2r0g
C2

(a + m
√
Φ)2

. (4)

Here,CG represents the gas capacity factor. Fig. 1 shows
experimental flood points expressed as dimensionless gas
velocities as function of the dimensionless liquid velocity
for vertical tubes and packing structures. For the packing
structures the hydraulic radiusr0 = 2ε0/ap is applied,
whereap represents the specific surface area of the packing
andε0 represents the void fraction.

Fig. 1 shows the large difference between the capacity
limits of the two vertical pipe configurations. Especially the
square-edged bottom configuration causes a local increase of
the liquid hold-up that promotes the flooding phenomenon
[6,7]. The data show the sensitivity of flooding for subtle
aspects of the flow configuration. It is likely that packed beds
are sensitive to aspects as gas inlet and packing arrangement
as well.

Several authors have attempted to justify the success
of Eq. (1), but its general shape is still not completely

Fig. 1. Maximum square root of the dimensionless superficial gas velocity
as function of the square root of the dimensionless superficial liquid
velocity, in a vertical one meter tube [7], structured packing [29] and
random packing [37].

understood. The most successful theoretical models de-
scribing the flooding mechanism in vertical tubes are based
on the frictional forces on each phase (see [11]. However,
given that liquid–liquid application can be written also in
the form of Eq. (1), the latter indicates that an approach
based on droplet entrainment could also be effective. When
taking the view-point of liquid–liquid applications, for
gas–liquid application the dispersed phase is formed by the
entrained liquid droplets, while the continuous gas phase
should be taken relative towards the interface velocity.

3. The forces on the droplets

Although, under some conditions the friction of the gas
with the liquid itself can cause enough upward force to pre-
vent the liquid from flowing down (see, [2]), we believe that
the onset of flooding is in most cases due to entrainment
of droplets in the gaseous phase. Five entrainment mecha-
nisms are distinguished that could create droplets in a ver-
tical pipe [12], i.e. roll wave shear off, wave undercut [13],
bubble burst, liquid impingement, and liquid bulge disinte-
gration. Some of these mechanisms are not possible with thin
films. Besides this, the structure of a packed bed will create
droplets as well (see, e.g. [14]). In this study it is assumed
that due to a mechanism that we will not address, droplets
will enter the gas phase. Fig. 2 illustrates that a droplet in
the gaseous phase is exposed to three forces. These are the
gravitational forceFg, the drag forceFd, and the rotational
or lift force Fl . In most present theories, only the gravita-
tional and drag force are used to describe the flooding.

The lift force on the droplets is caused by the velocity
gradient of the gas phase and is always directed towards the

Fig. 2. The three forces on the liquid film. Showing the lift force, the
gravitational force and the drag force.
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Fig. 3. A droplet in a gradient velocity field (left hand side) and the by this field caused flow pattern and force on the droplet (right hand side).

centre of the tube. The lift force as drawn in Fig. 2 has a
component opposite to gravity. However, the droplets cre-
ated in the upper half of the cross section have a net com-
ponent directed along with gravity. In case droplets created
at the bottom part of the gas flow, they will be exposed to
a lift force which has an upwards directed component. This
means that the droplets created at the bottom of the channel
will be the first which will cause entrainment. For an ideal
fluid the lift force can be calculated by determining the ro-
tation over the droplet (see, e.g. [15–17]. For real fluids the
phenomenon is more complex and related to the formation
of an asymmetric wake at one side of the droplet as shown
in Fig. 3 (see, e.g. [18]). We will not attempt to describe the
full lift phenomenon, but apply a simple method to quantify
its size. With Bernoulli’s relation a balance over an entrained
droplet is given by (see Fig. 3):

p1 + 1
2 ρGu2

G

∣∣∣r − de
2 = p2 + 1

2 ρGu2
G

∣∣∣ r + de
2 , (5)

from the pressure difference resulting over the droplet the
lift force can be approximated as

1
2 ρG

(
uG(r) − u′(r)1

2 de

)2 − 1
2 ρG

(
uG(r) − u′(r)1

2 de

)2

= p2 − p1,

ρGuG(r)u′(r)de = Fl

(π/4)d2
e

⇒ Fl = 1
4 π ρGuG(r)u′(r)d3

e.

(6)

Fig. 4. The coefficient as defined in Eq. (7) for zero droplet and interface velocity as function of the dimensionless radius and the Reynolds number.

Here, theuG(r) represents the velocity of the gas compared
with the velocity of the droplet. Due to the product of the
local velocity and the gradient of the velocity the force will
have a maximum. To approximate the product of the local
velocity and the gradient of the local velocity in a turbulent
flow, the universal velocity profile correlation of [19] is ap-
plied. Using the universal profile, the force in the bottom of
the tube is rewritten as

Fl = ρG
1
4 πd3

e

(
uSG

ε0 θ2 cosα
− uint

)
Ct

rint

×
(

uSG

ε0θ2 cosα
− ud

)
, (7)

where Ct represents a dimensionless parameter. This pa-
rameter depends on the relative position in the gas flow
and the gas Reynolds number. Fig. 4 shows the dependence
of the coefficient on the Reynolds number and radial posi-
tion. Given the gas Reynolds numbers normally applied in
a packed bed the value of the maximum value of the param-
eterCt will be in the range of 3–6. In Eq. (7),ud represents
the droplet velocity anduint the interface velocity, these ve-
locity are normally downwards and, therefore have a nega-
tive sign. The normalised interface position (θ = r int/r0) is
used to express the liquid hold-up (ε0θ

2), while the cosine
term corrects the velocity for the flow angle.

The drag force can be expressed in a number of ways,
which are related to the type of flow and the droplet size. A
constant friction factor of 0.44 can be applied for particles
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in a turbulent stream (see, e.g. [18,20]), such that the drag
forceFd on an entrained droplet can be expressed as

Fd = 0.055πd2
e ρG

∣∣∣∣ uSG

ε0 θ2 cosα
− ud

∣∣∣∣
×
(

uSG

ε0 θ2 cosα
− ud

)
. (8)

Taking the pressure drop into account the gravitational force
can be written as

Fg = 1
6 πd3

e

(
ρL − ρG + 1

g

∂p

∂z

)
g. (9)

When the gas flow is upwards, the pressure drop is negative,
so that in that case the effective gravitational force decreases.
Taking the gas flows at an inclination angleα, the forces
balance in the direction along with gravity reads:

Fd cosα + Fl sinα = Fg. (10)

The boundary condition for flooding is defined as a critical
gas velocity at which the velocity of the droplet becomes
zero (ucrit

SG; ud = 0). Eq. (10) can be rewritten using this
condition so that the balance reads:

(
ucrit

SG

ε0 θ2 cosα

)2
cosα

de

+ Ct

0.22

(
ucrit

SG

ε0 θ2 cosα
− uint

)(
ucrit

SG

ε0 θ2 cosα

)
sinα

rint

= 3g

(
ρL − ρG(1/g)(∂p/∂z)

ρG

)
. (11a)

Substitution of an average coefficient as (C̄t = 1.75), this
results in

ρG

(
ucrit

SG

ε0 θ2 cosα

)2(
cosα

de
+8 sinα

rint

(
1−uint ε0 θ

2 cosα

uSG

))

= 3

(
ρL − ρG + 1

g

∂p

∂z

)
g. (11b)

This average value agrees with the lower cross section part of
the gas channel. Given the rough approach of the presented
model a more accurate determination of the coefficient (Ct)
cannot be justified. By neglecting the interface velocity the
critical capacity factor is isolated as

Ccrit
G = ucrit

SG

√
ρG

ρL − ρG

= ε0 θ
2 cosα

√
3g

(cosα/de) + (4ap/ε0 θ) sinα

×
√

ρL − ρG + (1/g)(∂p/∂z)

ρL − ρG
. (12)

4. The droplet size

The capacity factor relation (12) includes a characteris-
tic droplet diameter. Several approaches can be applied to
determine a droplet diameter. Again much will depend on
the view one has on how the droplets are formed. However,
it is assumed that the droplets have entered the gas phase
and, therefore, the gas phase behaviour will determine the
size of the droplets. In a packing the mechanisms for droplet
break-up could either be caused by velocity gradients or by
the turbulence of the flow. Both mechanisms were discussed
by [21]. When it is assumed that the drop size is determined
by the velocity gradients, a critical Weber number related to
the maximum stable drop diameterdmax is used:

Wecrit-2 = ρG((uSG/ε0 θ
2 cosα) − uint)

2dmax

σ
. (13)

In most applications, a typical critical Weber numbers of
10–22 is found [12,21,22].

The second mechanism for droplet break-up is caused by
the turbulent flow. Assuming isotropic homogeneous turbu-
lence, the average velocity of the eddies (v̄) on the scale of
the droplet can be obtained by integrating the general Kol-
mogorov energy distribution law up to the maximum size of
the droplets (see, e.g. [23]) as

v̄2 =
∫ ∞

d-1
max

γ1 ε
2/3k−5/3 dk = 3

2 γ1(εdmax)
2/3

= 3(εdmax)
2/3. (14)

In this equation,ε represents the dissipated energy andγ 1
the general turbulence constant, which is taken equal to 2.
[21,24] used this average velocity to obtain a critical Weber
number:

Wecrit-2 = ρGv̄2dmax

σ
= 3

ρG(εdmax)
2/3dmax

σ
. (15)

Applying experimental data he found a critical Weber num-
ber that was a little larger than unity for the maximum sta-
ble droplet. The sizes of the droplets are distributed and the
maximum stable droplet size needs to be connected with an
effective entrained droplet size. Here, an effective entrained
droplet diameter (de) is taken as one fourth of the maximum
entrained droplet calculated with Eq. (15). The effective en-
trained droplet is expressed as

de = 1
4dmax = 0.725

4

(
σ

ρG

)0.6

ε−0.4 = 0.725

4

×
(

σ

ρG

)0.6(
− (∂p/∂z)((uSG/ε0 θ

2)−uint cosα)

ρG

)−0.4

= 0.725

4

(
σ

ρG

)0.6

×
(

θr0

fp(1 + ψG–L)|(uSG/ε0 θ2) − uint cosα|3
)0.4

(16)
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Expression (16) determines the entrained droplet size in
Eq. (12). The choice of 1/4 of the maximum droplet diame-
ter is not crucial, but it appears a logical selection (see, e.g.
[25]). Besides, it is in accordance with the flooding relation
in a vertical pipe. A general relation for the total dissipated
kinetic energy in the gas phase is found by using the pres-
sure drop over the geometry. The packing friction factor (fp)
is determined using dry-pressure drop measurements and
the gas–liquid interaction parameter (ψG–L) is expressed as
(see [2]):

ψG–L = sinh

[
34× 10−15(1 − θ2)7

(cosα)9Re2LGa−2
p

ReLRe1.5G
ρL ηL

ρG ηG

]
,

(17)

whereGap is the packing Galileo number. The gas–liquid
interaction parameter only becomes noticeable when both
the gas and liquid flows are substantial.

5. Results and discussion

Eq. (16) can be used in combination with Eq. (12), so that
the critical capacity factor can be written as

Ccrit
G =

(
3(ε0 θ

2 cosα)2(g + [1/(ρL − ρG)](∂p/∂z))

(4/0.725)[fpap(1 + ψG–L)|(ucrit
SG/ε0 θ2) − uint cosα|3/2θ ε0]0.4(ρG/σ)0.6 cosα + (4ap/θ ε0) sinα

)0.5

. (18)

Unfortunately, it cannot be justified to neglect terms in gen-
eral, so that it is not possible to obtain an explicit expression
for the critical capacity factor. However, given the physical
properties of the system and the liquid flow the critical
superficial gas velocity simply is solved by iteration. The
macroscopic properties regarding the frictional and total
pressure drops (∂pf /∂z), (∂p/∂z), the interface velocity (uint),
the relative interface position (θ ) and macroscopic flooding,
are solved with the model presented in our earlier study [2].

Fig. 5. The critical capacity factor as function of the flow parameter. The data points are measured by [7]. The thin line represents the curve calculated
with Eq. (19), while the bold line indicates the macroscopic flood point due to frictional forces.

5.1. Vertical pipe geometry

When Eq. (18) is used for a vertical pipe the equation
simplifies as

Ccrit
G = 0.737θ2

(
σ

ρG

)0.3

×
(

θr0

f (1 + ψG–L)|(ucrit
SG/θ

2) − uint|3

)0.2

×
(
g + 1

(ρL − ρL)

∂p

∂z

)0.5

, (19)

where the packing friction factor is replaced by the friction
factor of a smooth pipe. Fig. 5 shows measured and esti-
mated flood points over the full liquid flow range. Here, two
measured geometries [7] are compared with the estimated
curve of Eq. (19).

Firstly, it is noticed that the estimation is for a pipe with
rounded inlet and outlet. This is not surprising since the
model uses idealised flow conditions and the square edged
configuration causes an additional liquid hold-up due to

contraction of the gas flow. Secondly, as indicated in the
graph a relative smooth transition to macroscopic flooding
is found. The liquid film can no longer flow downwards
due to the frictional forces and the pressure drop over the
internals.

For thin films, the interface velocity, the pressure drop and
the gas–liquid interaction parameter in relation (19) can be
neglected. The critical capacity factor then can be written in
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a more explicit form as

Ccrit
G =1.135θ2

√
g θr0 Re1/32

G

(
σ

θ2r2
0g(ρL−ρG)

)3/16

. (20)

Here, use has been made of the Blasius friction factor for
smooth pipes. The equation enables a direct comparison
with existing explicit correlations, especially in regard to
the influence of physical properties of the flows. When the
equation is rewritten as a Kutateladze number (see [26]), it
becomes close to the empirical relation given by [27] and
modified by [11].

The above analysis once again shows the sensitivity of the
flooding phenomenon. Its initiation in a vertical pipe is al-
ready influenced by the length of the pipe [6] and the in- and
outlet conditions [7]. Due to the fact that flooding exhibits a
large hysteresis [28], the subsequent theoretical difficulties
even deteriorate. The hysteresis means that after the start of
flooding one has to decrease the liquid or gas flows substan-
tially to obtain de-flooding. Flooding, therefore, occurs over
a wide flow range. A full theoretical description of flooding
would require the prediction of both the flood point and the
de-flood point. Although, it is already practice to measure
both flood and de-flood point in vertical pipes, it is not yet
common in packed bed studies.

5.2. Packed bed

Despite the theoretical difficulties, relation (18) contains
much information on the behaviour of packed beds. This
regards the geometrical packing characteristics and physical
properties of the flow system. Fig. 6 shows the comparison
of the calculated curves for several packing geometries with
an effective inclination angle of 38◦ and the correlation of
[29] for Mellapak 250Y.

Fig. 6. The critical capacity factor as function of the flow factor for packing with an inclination angle of 38◦ calculated with the Eqs. (12) and (16) and
the correlation given by [29].

The packing characteristics for the calculations are based
on the Mellapak series of Sulzer. The used inclination angle
is determined from dry pressure drop. Although, the shapes
of the calculated curves are approximately identical for all
packing sizes, the slopes of the measured and estimated
curves are quite different. The measured critical capacity
factor curve can be represented in analogy with Eq. (4) by:

Ccrit
G,meas= Cr

0.173

(1 + 1.2
√
Φ)2

, (21)

while the critical capacity curve up to the macroscopic flood-
ing area as calculated with the model can be correlated
as

Ccrit
G,model = Cr

0.122

(1 + 0.15
√
Φ)2

. (22)

The capacity of a different geometry is represented by the
relative capacity factorCr, which compares the packing with
a well-studied geometry. In principle we can only specu-
late on the difference between the estimated curves and the
measured curves, but it could be explained by the fact that
in packed beds several locations in the geometry can cause
a local increase of the liquid hold-up. These obstructions for
the gas flow cause an increase of the gas velocity, pressure
drop and liquid entrainment. Due to these disturbances the
flooding phenomenon starts sooner than predicted with the
model of Eq. (18), that is related to an undisturbed flow.
This is similar to the much lower capacity of a vertical with
square edge in- and outlet, as shown in Fig. 5. These the-
oretical difficulties cannot be solved in principle. However,
when the disturbed capacity factor remains proportionally
connected with the undisturbed capacity factor, a relative
capacity factor (Cr) can be estimated via a comparison of
the undisturbed capacity model. The relative capacity factor
of a packing geometry with specific area, void fraction and
effective inclination angle, applying a gas–liquid system can
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Table 1
The estimated relative critical capacity factors for various packing sizes
using Eqs. (18) and (23), compared with the data given by the supplier
[28]a

Type
Mellapak

ap (m2/m3) ε0 (m3/m3) α (◦) Cr Cr,model C (%)

125X 125 0.988 26 1.50 1.54 2.9
125Y 125 0.988 38 1.25 1.21 −3.1
170X 170 0.983 26 1.51 1.43 −5.2
170Y 170 0.983 38 1.14 1.12 −1.4
M2X 200 0.980 26 1.41 1.37 −3.1
M2Y 200 0.980 38 1.09 1.07 −1.6
250X 250 0.975 26 1.25 1.27 1.8
250Y 250 0.975 38 1.00 1.00 −0.4
350X 350 0.965 26 1.10 1.12 2.1
350Y 350 0.965 38 0.85 0.87 2.8
500X 500 0.950 26 1.00 0.96 −4.1
500Y 500 0.950 38 0.70 0.74 5.9
750Y 750 0.925 38 0.63 0.59 −5.9

a The estimated values are obtained using a water–air system in a
column with a diameter of 0.5 m. Also indicated are the specific surface
areas, void fractions and the effective inclination angle as determined
from the pressure drop.

then be expressed as

Cr = Ccrit
G,meas(type, σ, ρL,ρG,ηL,ηG)

Ccrit
G,meas(250Y, σref,ρL-ref,ρG-ref,ηL-ref,ηG-ref)

= Ccrit
G,model(type, σ, ρL,, ρG,ηL,ηG)

Ccrit
G,model(250Y, σref,ρL-ref,ρG-ref,ηL-ref,ηG-ref)

. (23)

In this study, Mellapak 250Y and the water–air system are
used as a reference. Hypothesis (23) can be tested by com-
paring flooding data for different geometries and systems
with other physical properties.

5.3. Geometrical influences on the flood point

Table 1 shows a comparison of the measured relative
capacity factors, reported by [29] for the Mellapak se-
ries and the estimated relative capacity factors applying
Eq. (18) in hypothesis (23). No substantial deviations from
the reported values are found, so that hypothesis (23) ap-
pears valid. The principle should remain valid for random
packing. Table 2 shows a list of random packing elements
and their characteristic parameters [30]. The effective in-
clination angles are taken as 55◦ except for the raschig
rings were an effective inclination angle of 65◦ was ap-
plied. The bold values in this table indicate macroscopic
flooding.

The estimated relative capacity parameters for random
packing show more deviations than those calculated for
structured packing, but they still agree reasonably well with
the measured values. When flooding is caused by the macro-
scopic mechanism one should double check the outcome of
the critical capacity factor. Although, most random packings

Table 2
Characteristic parameters of various types of random packing. Indicated
are the element size, the void fraction and the specific areaa

Size (mm) ε0 (m3/m3) ap (m2/m3) Cr Cr,model Cr (%)

Berl Saddles (ceramic)
6 0.60 899 0.17 0.18 8
13 0.63 466 0.33 0.28 −14
19 0.66 269 0.39 0.40 1
25 0.69 249 0.49 0.44 −10
38 0.75 144 0.63 0.61 −4
50 0.72 105 0.76 0.68 −11

Raschig rings (metal)
6 0.69 774 0.19 0.18 −7
13 0.84 420 0.29 0.33 13
19 0.88 274 0.41 0.43 6
25 0.92 206 0.48 0.52 9

Pall rings (metal)
16 0.93 341 0.61 0.59 −3
25 0.94 206 0.74 0.75 3
38 0.95 128 0.96 0.90 −6
50 0.96 102 1.14 1.07 −6

Pall rings (plastic)
16 0.87 341 0.52 0.53 2
25 0.90 206 0.71 0.69 −3
38 0.91 128 0.81 0.82 2
50 0.92 102 1.02 0.95 −7
89 0.92 85 1.27 1.00 −21

a The relative capacity parameter [30] is compared with the relative
capacity parameter estimated with Eq. (23) at a flow parameter of 0.03.
In these calculations use is made of an effective inclination angle of
55◦ and a column diameter of 0.5 m. For the Raschig ring an effective
inclination angle of 65◦ is applied.

have similar effective inclination angles, it is not a general
result. [31] for instance, increased the capacity for a packed
column by a factor 2.3 using stacked rings. This means a re-
duction of the effective inclination angle by approximately
30◦.

As mentioned before, flooding is influenced by a number
of parameters and one that is often neglected is the influence
of the column diameter. In the presented model the column
diameter mainly affects the pressure drop and, therefore,
the dissipated energy. As a consequence the dissipated en-
ergy will affect the maximum droplet size and, therefore,
the flood point. Fig. 7 illustrates the influences on the flood
point caused by the column diameter for structured and
random packing. The change in capacity factor is compared
with the relative capacity factor obtained for infinite column
diameter (Cr,∞). Although, the changes are not substantial,
the figure again illustrates the dependence of the flood point
for various parameters. The opposite effect of the column
diameter on structured and random packing is caused by
the decrease of the effective inclination angle for random
packing with decreasing column diameter, so that the to-
tal pressure drop reduces, while for structured packing the
pressure drop increases with decreasing column diameter
(see also [2]).



G.F. Woerlee, J. Berends / Chemical Engineering Journal 84 (2001) 355–366 363

Fig. 7. The relative influence of the column diameter on the critical capacity factor for structured packing and random packing. The influence is obtained
by comparing them with the indicated critical capacity factor at infinite column diameter.

6. Influence of physical properties on the flood point

In addition to the packing characteristics, the physical
properties will influence the critical capacity factor. Since all
properties are covered by Eq. (18), the described influence
of the physical properties should agree with those found in
literature, so that the prediction of the relative capacity factor
as function of the physical properties is possible. In litera-
ture, these influences on the capacity are often described by
applying a relative power function. The influence of the liq-
uid viscosity and the surface tension on the relative capacity
parameter is described using a correction (Ccor) factor as

Ccor = Ccrit
G (σ, ηL)

Ccrit
G (σref,ηL-ref)

= Ccrit
G,model(σ, ηL)

Ccrit
G,model(σref,ηL-ref)

= Ccor,σCcor,ηL =
(

σ

σref

)m1
(

ηL

ηL-ref

)m2

, (24)

wherem1 andm2 are constants. Eq. (24) is applied to com-
pare known correlations for physical properties with the pre-
sented model. As in the present study, in most cases the
ambient water–air system is taken as reference.

6.1. The surface tension

Eq. (20) shows that the surface tension influence on the
critical capacity factor for a vertical pipe asm1 = 3/16 =
0.1875. This value is well in agreement with the predicted
dependencies using other theoretical consideration, which
normally leads to a value of:m1 = 0.25 (see, e.g. [12,22,32])
and published correlations ([11,27]m1 = 0.155). For packed
columns the reported influence of the surface tension on the
critical capacity varies considerably. Most studies neglect the
influence [29,31,33], but surface tension effects are reported
by for instance [34], (m1 = 0.16) and for liquid–liquid ex-
traction by [35],m1 = 0.125 and [9] (m1 = 0.20). The
results of the presented model are shown in Fig. 8. For

comparison the estimated points are fitted using the power
correlation (24). The figure shows that influence of the sur-
face tension can be described reasonably well by using a
power term. Interesting enough it also shows that the power
coefficient depends on both the surface area and the incli-
nation angle of the packing geometry. This effect was also
observed by [36] for liquid–liquid extractions in randomly
packed columns. When applying a large specific area for
the application, the flood point is hardly influenced by the
surface tension. Because of the large effective inclination
angle, the surface tension influence on the critical capacity
factor for random packing is limited. The calculations were
carried out at a flow parameter of 0.03, but the choice of
the flow parameter does not significantly affect the surface
tension influence on the estimated capacity factor.

6.2. The liquid viscosity

The viscosity affects the critical capacity factor mainly
through the square of the reduced hydraulic diameter (θ2).
This factor, describing the irrigation of the bed, reduces the
total void fraction and, therefore, increases the gas velocity.
Some reported power values for packed columns are: [29]:
not reported; [37]:m2 = −0.05; [31]: m2 = −0.1; [34]:
m2 = −0.11; [32]:m2 = −0.17. Fig. 9 shows the influence
as estimated by our model over a wide viscosity range.

The normalised power term for the viscosity describes
the influence not as well as the power function for the in-
terfacial tension. This could explain the large deviations
for the reported correlations. The viscosity in the presented
model affects the critical capacity parameter in another way
as well. In addition to the effect on the irrigation, an op-
posite influence on the capacity is caused by the interface
velocity. A larger viscosity decreases the interface velocity
and, therefore, reduces the pressure drop over the packing.
The smaller pressure drop allows larger droplets the gas
phase. This effect is most pronounced for packing with small
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Fig. 8. The relative influence of the surface tension on the critical capacity factor for various types of packing for constant other physical properties as
calculated with Eqs. (24) and (18). Indicated are the on the calculated data points fitted powers.

Fig. 9. The relative influence of the liquid viscosity on the capacity factor for three packing types with inclination angle of 38◦. The indicated power
terms are fitted on the calculated relative values of Ccor,η. The points are obtained at a flow parameter of 0.1.

specific area. The effective inclination angle hardly affects
the viscosity influence, so that an estimated value for a pack-
ing with identical specific surface area, but different inclina-
tion angles, nearly coincide. The effect of the viscosity on
the critical capacity factor is also shown in Fig. 10A and B.
Fig. 10A shows the measured critical capacity factors, while
the right graph shows the normalised critical capacity fac-
tors. Although, the surface tension also has some influence
in this case, the differences are mainly caused by irrigated
bed correction (θ2).

6.3. The gas density

At elevated pressures one of the main considerations is
the influence of the gas density on the capacity. Fig. 11A
and B show the relative change of the critical capacity fac-
tor in comparison with a gas of density 1.2 kg/m3 for two
flow parameters. The figure shows that the gas density has a

major influence on the critical capacity factor only for rela-
tive small specific area and effective inclination angle. The
decrease of the curves at “low” gas density (<200 kg/m3)
is caused by the interface velocity. The interface velocity
relatively increases towards the gas velocity when the gas
density is increased.

The dissipated kinetic energy depends on the third power
of the velocity, this parameter decreases at “large” gas den-
sities, so that the maximum stable drop size and the critical
gas velocity will increase. Only limited data are reported
on the change of the flood point with increasing gas den-
sity. [38] measured pressure drops and flood points at high
pressures for various random packing systems. They did not
find any change of the critical capacity factor for pressures
up to 100 bar in packed columns for ceramic Berl Saddles
(ap = 386,ε0 = 0.59) and for ceramic Raschig rings (ap =
309, ε0 = 0.68). They used a methanol–nitrogen flow sys-
tem. When the critical capacity factors are estimated using
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Fig. 10. (A) The measured critical capacity factors of ceramic Berl Saddles, (ap = 303m2/m3, ε0 = 0.59, α = 55) as reported by [38]. (B) The corrected
critical capacity factors of ceramic Berl Saddles, for various liquids with different viscosities and surface tensions as reported by [38].

Fig. 11. (A) The relative influence of the gas density on the critical capacity factor for a series of structured packing at constant flow parameter (Φ = 0.01).
(B) The relative influence of the gas density on the critical capacity factor for a series of structured packing at constant flow parameter (Φ = 0.1).

Eq. (18), a change of less than 1% is found over the applied
density compared with the relative critical capacity factor
for an ambient water–air system. The model, therefore, re-
mains consistent with the reported results.

6.4. The gas viscosity

Since the flow of the gas is turbulent the influence of
the gas viscosity in Eq. (18) is incorporated by making use
of the smooth pipe friction factor. The relative effect of
this parameter on the estimated critical capacity factor with
constant other properties is limited and it seldom causes a
change in the critical capacity factor over 5%.

Because in liquid–liquid contactors the flow is often
laminar, an influence of the continuous phase viscosity is

expected. If we use a laminar friction factor instead of
the Blasius friction factor, the exponent of the “gaseous”
Reynolds number in Eq. (20) increases form 1/32–1/8. Al-
though, [39] report a dependence of the bulk phase viscosity
as (ηG/ηG-ref)−0.33, it is identical with the dependence re-
ported by [40], (ηG/ηG-ref)−0.125. However, most correlation
do not include a bulk phase viscosity [9], forReG > 50,
[35,36].

7. Concluding remarks

The presented model provides an estimation method that
describes the relative changes of flood point with the phys-
ical properties and geometry of the packing. This has been
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accomplished by taking into account the lift force:F1 ∼
d3

eρGuG(r) (∂uG(r)/∂r), on entrained droplet. Using this
additional force, it is possible to predict several observed
phenomenon concerning physical properties and geometry
of the packing. More elaborate descriptions concerning all
influences on a droplet in a velocity field, distinguish even
more forces on the droplet (see, e.g. [41]. However, most of
these forces include a gas velocity and a gas velocity gradient
and can be written similar to the expression used. It, there-
fore, appears justified to conclude that the presented descrip-
tion provides a more fundamental basis for the flooding phe-
nomenon than correlations reported earlier and consequently
predicts several of the observed flooding phenomenon.

The presented model predicts and explains some of phe-
nomenon concerning flooding. However, it does not explain
the total flooding phenomenon. As is shown in this study,
this total explanation cannot be expected from any theory.
However, by comparing two undisturbed capacity factors a
relative capacity factor can be estimated provided that the
disturbed capacity factor remains proportionally connected
with the undisturbed capacity factor. This is a necessary
“calibration” with a well-known geometry. The dependence
of the critical capacity factor on subtle factors as the pipe
length and a smooth gas and liquid entrance [7,11] in a ver-
tical pipe geometry strengthens the concept of calibration.
Experimentally, it is necessary to research the hysteresis of
the flooding phenomenon. It is likely that the de-flood mech-
anism is a less sensitive phenomenon, so that it can be used
as lower limit for flooding.
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