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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 geometries with a small specific interface area, is due to the
interaction between the liquid hold-up and pressure gradient.
Liquid flow reversal or flooding in counter-current falling The pressure gradient and the forces on the liquid film are
film operations has been a subject of experimental and such that the whole film starts to flow up-wards. This macro-
analytical study for over half a century. Perhaps the most scopic flooding was discussed in an earlier paper [2,3] refers
common counter-current flow situation where flooding isim- to the macroscopic flooding mechanism as the system limit.
portant is in packed towers. Despite many research activities, The second type of flooding is entrainment flooding. The
there are still uncertainties on various aspects concerning thefrictional forces cause waves on the interface. These waves
influences on the flood point, e.g. equipment size, gas inlet become unstable and droplets are formed which are carried
and outlet configurations, operating conditions, and physical up-ward with the gas. The wave instabilities are considered
properties of the system. This is caused by the fact that theas the most plausible cause for flooding [4]. However, they
physical mechanisms governing the process of flooding aredo not explain various aspects of packing behaviour, i.e. the
not completely understood even for the simplest geometry, ainfluence of the inclination angle of the packing surface, the
vertical pipe. This study intends to bridge flooding correla- relative insensitivity of the flood point for surface tension,
tions in vertical pipes and the correlations for packed towers. etc. Although, the wave instability approach can predict a
Although, it will not be possible to address all difficulties point at which droplets can be created, this does not neces-
related to the flooding mechanism, some influences con-sarily mean that they are created. The instability requires a
cerning physical properties and geometry will be elucidated, certain pipe length, or residence time, to build-up. Besides,
by applying data analysis and theoretical considerations. when most droplets are deposited on the falling film, the
Flooding is induced by the frictional forces of the gas condition at which droplets are generated, does not mark
phase on the liquid phase. [1], postulated that at least twothe flood point. An engineer would like to know the point at
types of liquid-flow instability can occur to initiate flooding.  which liquid is carried up against gravity with the gas flow.
The first type, observed in conventional random packing and 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
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specific packing area, = 2¢o/ro (M?/md)
bond number Be= 2r2,g(pc — pL) /o
constant in Wallis correlation

correction factor for physical properties
capacity factor (m/s)

critical capacity factor (m/s)

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

relative capacity factor

on position dependent parameter of

the lift force

entrained drop diameter (m)

maximum stable drop diameter (m)
column diameter (m)

smooth pipe friction factor

friction factor of the packing

lift force on entrained droplet (N)

drag force on entrained droplet (N)
gravitational force on entrained droplet (N)
gravitational acceleration (nfs

gas load (kg/s/f)

packing Galileo number
Gap=4AppLg COSa/3nEaS’
liquid film thickness (m)
liquid hold-up (m¥/m3)
column height (m)

gas Kutateladze number
Ke = usc(p3/g0(pc — pL))
liquid load (kg/s/m)
constant in Wallis correlation

power constant for surface tension correcti
power constant for liquid viscosity correctio
pressure (Pa)

pressure drop over equipment (Pa/m)
frictional pressure drop (Pa/m)

radial co-ordinate

hydraulic radiusg = 2¢p/ap (M)

interface radiusrnt = 6rg) (M)

gas phase Reynolds number

Res = pe((use/02e0 COSa) — uint)20ro/nG
liquid phase Reynolds number

Re. =4 pLusL/nLap

drop velocity (m/s)

interface velocity (m/s)

gas velocity (m/s)

superficial gas velocity (m/s)

critical superficial gas velocity (m/s)
superficial liquid velocity (m/s)
dimensionless superficial gas velocity
dimensionless superficial liquid velocity
velocity of turbulent eddies (m/s)

0.25

DN

>

Wegrit-1 critical Weber number Wgi-1 = pg
((usc/£06% COS) — uint)*dmax/o

Wegrit-2 critical Weber number Wgi-2> = 3 oG
(8dmax)2/3dmax/(7

Greek letters

o effective inclination angle®(

Ap density difference (kg//)

€ dissipated kinetic energy @fs°)

€0 void fraction (mf/m?3)

Y1 general turbulence constant (= 1.8)
nG dynamic gas viscosity (Pas)

nL dynamic liquid viscosity (Pas)

0 relative interface positioi = rint/ro
@ flow parameter

0G gas density (kg/f)

oL liquid density (kg/nf)

o surface tension (N/m)
Yo 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 consider ations

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]):
Ug +m, /U = C. (1)
Here,m andC are dimensionless constants and the dimen-
sionless superficial velocities are related to the superficial
gas velocityusg as

06 05
U = usc (—) , 1a
¢ 2rog(pL — pG) (12)
and the superficial liquid velocitys as
05
oL
U = us (—) . 1b
L= 208 (oL — p0) (1h)

Here, rgp represents the radius of the tube. The basic form
of Eqg. (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- understood. The most successful theoretical models de-
eter @), which is defined as scribing the flooding mechanism in vertical tubes are based
on the frictional forces on each phase (see [11]. However,

P
D = U—i _ st jer (2) given that liquid-liquid application can be written also in

Us uscV re the form of Eq. (1), the latter indicates that an approach

By isolating the dimensionless gas velocity of Eq. (1), based on droplet entrainment could also be effective. When
2 taking the view-point of liquid-liquid applications, for

U = ¢ i (3) gas-liquid application the dispersed phase is formed by the

(a4 m/®)2 entrained liquid droplets, while the continuous gas phase

and by multiplication with the root of the product of the should be taken relative towards the interface velocity.

pipe diameter and the gravitational constant, the relation
that generally is used for packed columns is found:
3. Theforceson the droplets

[ pG c?
Ce=usg,|—— = \/2rog—2- (4)
oL — PG (@ +mvo) Although, under some conditions the friction of the gas

Here, CG represents the gas Capacity factor. F|g 1 shows with the |IQUId itself can cause enough UpWard force to pre-
experimental flood points expressed as dimensionless gayent the liquid from flowing down (see, [2]), we believe that
velocities as function of the dimensionless liquid velocity the onset of flooding is in most cases due to entrainment
for vertical tubes and packing structures. For the packing Of droplets in the gaseous phase. Five entrainment mecha-

structures the hydraulic radius = 2e¢o/ap is applied, nisms are distinguished that could create droplets in a ver-
wherea, represents the specific surface area of the packingical pipe [12], i.e. roll wave shear off, wave undercut [13],
andeg represents the void fraction. bubble burst, liquid impingement, and liquid bulge disinte-

Fig. 1 shows the large difference between the capacity 9ration. Some of these mechanisms are not possible with thin
limits of the two vertical pipe configurations. Especially the films. Besides this, the structure of a packed bed will create
square-edged bottom configuration causes a local increase ofifoplets as well (see, e.g. [14]). In this study it is assumed
the liquid hold-up that promotes the flooding phenomenon that due to a mechanism that we will not address, droplets
[6,7]. The data show the sensitivity of flooding for subtle Will enter the gas phase. Fig. 2 illustrates that a droplet in
aspects of the flow configuration. It is likely that packed beds the gaseous phase is exposed to three forces. These are the
are sensitive to aspects as gas inlet and packing arrangemertravitational forcer,, the drag force=g, and the rotational
as well. or lift force Fy. In most present theories, only the gravita-

Several authors have attempted to justify the successtional and drag force are used to describe the flooding.

gradient of the gas phase and is always directed towards the

Mellapak 250Y

Berl Saddles (a_ =392, 8= 0.59)

Vertical pipe ( rbunded outlet and inlet)
Vertical pipe (square-edged outlet and inlet)
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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 Fig. 2. The three forces on the liquid film. Showing the lift force, the
random packing [37]. 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 Here, theug(r) represents the velocity of the gas compared
component opposite to gravity. However, the droplets cre- with the velocity of the droplet. Due to the product of the
ated in the upper half of the cross section have a net com-local velocity and the gradient of the velocity the force will
ponent directed along with gravity. In case droplets created have a maximum. To approximate the product of the local
at the bottom part of the gas flow, they will be exposed to velocity and the gradient of the local velocity in a turbulent
a lift force which has an upwards directed component. This flow, the universal velocity profile correlation of [19] is ap-
means that the droplets created at the bottom of the channeplied. Using the universal profile, the force in the bottom of
will be the first which will cause entrainment. For an ideal the tube is rewritten as

fluid the lift force can be calculated by determining the ro- " c

tation over the droplet (see, e.g. [15-17]. For real fluids the £ = pg} 7d3 <% — uim> —t

phenomenon is more complex and related to the formation €06~ COSer Tint
of an asymmetric wake at one side of the droplet as shown ( usc Md) @)
in Fig. 3 (see, e.g. [18]). We will not attempt to describe the £062 cosa ’

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):

where C; 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-
eterC; will be in the range of 3—6. In Eq. (7)y represents
the droplet velocity andi,; the interface velocity, these ve-
2 locity are normally downwards and, therefore have a nega-
3 pc (uG(r) —u'(n3 de) 106 <uG(r) —u'(n} de) tive sign. The normalised interface positigh= rint/ro) is
used to express the liquid hold-ugg?), while the cosine

p1+%peué}r—%=p2+%peué‘r+%, (5)

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

= P2 hs P term corrects the velocity for the flow angle.
paic(Pu' (r)de = ﬁ =>HR=1n peuc(ru’ (r)ds. The drag force can be expressed in a number of ways,
(7 /Bdg which are related to the type of flow and the droplet size. A

(6)  constant friction factor of 0.44 can be applied for particles

. Re(} =20 000
of 7\
_ 7N
[ / Re(, =10 000
6L / y, A
i /’ / \& Re,, = 5000
o 3 [ ,/ / 5 NG 3
N / Ve . R
s A / -~ ; :
o ’_,—-:_/ _
04 =

0.001 0.01

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.
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in a turbulent stream (see, e.g. [18,20]), such that the drag4. The droplet size

force Fq on an entrained droplet can be expressed as

Fg = 0.0557d? pg ‘

UsG
X 2
2062 cosa

_use g
€062 cosu

).

(8)

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

Taking the pressure drop into account the gravitational force size of the droplets. In a packing the mechanisms for droplet

can be written as

lap
Fg=%ﬂd§<pL—pe+§§)g- )

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 angte the forces
balance in the direction along with gravity reads:

Fqcosa + Fisine = Fy. (10)
The boundary condition for flooding is defined as a critical
gas velocity at which the velocity of the droplet becomes
zero @Y% ug = 0). Eq. (10) can be rewritten using this
condition so that the balance reads:

, 2
crit
udg CoSx
€062 coSa

de

Lo (g (g sina
0.22 \ g9 62 cosu g002cosa | rint
— 1 ap/ad
_ 3, (PL pc(1/g)(dp/ z)> _ (11a)
PG

Substitution of an average coefficient & & 1.75), this

results in
crit 2 ; 2
uge COSa+85|na 1 Mint £0 6 COSw
re €062 cosa de Fint USG
(11b)

190
=3<pL—pG+——p>g
g 0z

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 diametdpax is used:

pc((usc/eo 62 cosa) — uint)zdmax
o

Wegrit-2 = (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 eddié} ¢n 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

v _/
d

-1
max

= 3(edman?3.

vk dke = 3 y1(edma®/®

(14)

In this equationg represents the dissipated energy and

the general turbulence constant, which is taken equal to 2.
[21,24] used this average velocity to obtain a critical Weber
number:

PG dmax -3 PG (edmax)? 3dmax
o o

Wegiit-2 = (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

This average value agrees with the lower cross section part ofgroplet diameterdy) is taken as one fourth of the maximum
the gas channel. Given the rough approach of the presente@ntrained droplet calculated with Eq. (15). The effective en-

model a more accurate determination of the coeffici€qx (

cannot be justified. By neglecting the interface velocity the

critical capacity factor is isolated as

PG

crit __  crit
CG =~ ¥sG PL — PG

3
= 062 cosa § .
(cosa/de) + (4ap/e00) sina

. |PLT P (1/g)(3p/0z)
oL — PG '

(12)

trained droplet is expressed as
0.6
0725 (o 04 _ 0.725
4 0G 4

< (i)% (_ (3p/02) (usc/0 02 —tin cosa))‘O"‘
oG

PG
B o.725< o >°~6
4 \pc

Oro
8 <fp(1 + Ye-L)|(usc/€0602) — uint cOS[3

1
de = zdmax =

>0‘4 6
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Expression (16) determines the entrained droplet size in5.1. Vertical pipe geometry
Eqg. (12). The choice of 1/4 of the maximum droplet diame-
ter is not crucial, but it appears a logical selection (see, e.g. When Eq. (18) is used for a vertical pipe the equation
[25]). Besides, it is in accordance with the flooding relation simplifies as
in a vertical pipe. A general relation for the total dissipated
N . . . 0.3
kinetic energy in the gas phase is found by using the pres- ¢t 2( O
Cg" =0.7376°| —

sure drop over the geometry. The packing friction factg)r ( 0G
is determined using dry-pressure drop measurements and 0.2
the gas—liquid interaction parametgrd— ) is expressed as « 9r0_
(see [2]): f A+ Y01 gE/6?) — uint®
0.5
34 x 10°15(1 — 627 pLnL « ( P (19)

= sinh Rq Rek® , 8 _ ’

Ve |: (Cosr)"R& G2 & oG (oL — pL) 0z
(17) where the packing friction factor is replaced by the friction

factor of a smooth pipe. Fig. 5 shows measured and esti-
whereGay, is the packing Galileo number. The gas-liquid mated flood points over the full liquid flow range. Here, two
interaction parameter only becomes noticeable when bothmeasured geometries [7] are compared with the estimated
the gas and liquid flows are substantial. 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
5. Results and discussion model uses idealised flow conditions and the square edged

configuration causes an additional liquid hold-up due to

Eq. (16) can be used in combination with Eq. (12), so that

the critical capacity factor can be written as

cgt = 3(e0 6% cosa)(g +[1/(pL — pa)](@p/02) " (18)
° (4/0.725) fopap(1 + Y1) uSE/£062) — uint cose|3/260 £0]O4(pc/0)%8 cosa + (4ap/6 o) sinar |

Unfortunately, it cannot be justified to neglect terms in gen-

eral, so that it is not possible to obtain an explicit expression contraction of the gas flow. Secondly, as indicated in the
for the critical capacity factor. However, given the physical graph a relative smooth transition to macroscopic flooding
properties of the system and the liquid flow the critical is found. The liquid film can no longer flow downwards
superficial gas velocity simply is solved by iteration. The due to the frictional forces and the pressure drop over the
macroscopic properties regarding the frictional and total internals.

pressure drop$(;/92), (0p/02), the interface velocitylnt), For thin films, the interface velocity, the pressure drop and
the relative interface positio®) and macroscopic flooding, the gas-liquid interaction parameter in relation (19) can be
are solved with the model presented in our earlier study [2]. neglected. The critical capacity factor then can be written in

Entrainment Flooding Curve

r, = 15.0 mm, Roundedout- and inlet
Ih= Macroscopic Flooding Curve

15.0 mm, Square-edgedout- and inlet

i
Ty T ™ T TTTTY T ™ T T TTTT

{(m/'s)

Ca

0.01 0.1 1 10

Fig. 5. The critical capacity factor as function of the flow parameter. The data points are measured by [7]. The thin line represents the curde calculate
with Eq. (19), while the bold line indicates the macroscopic flood point due to frictional forces.
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a more explicit form as The packing characteristics for the calculations are based
3 on the Mellapak series of Sulzer. The used inclination angle
/16 ) :
o 20 is determined from dry pressure drop. Although, the shapes
92r§g(pL—pG) - (20) of the calculated curves are approximately identical for all
packing sizes, the slopes of the measured and estimated
Here, use has been made of the Blasius friction factor for curves are quite different. The measured critical capacity
smooth pipes. The equation enables a direct comparisonfactor curve can be represented in analogy with Eq. (4) by:
with existing explicit correlations, especially in regard to cot o 0.173 (21)
the influence of physical properties of the flows. When the ~G.meas™ f(1_|_ 1.2/®)2’
equation is rewritten as a Kutateladze number (see [26]), it N _ )
becomes close to the empirical relation given by [27] and While the critical capacity curve up to the macroscopic flood-

C=1.13562 /g 6ro Re!* (

modified by [11]. ing area as calculated with the model can be correlated
The above analysis once again shows the sensitivity of the&S
flooding phenomenon. Its initiation in a vertical pipe is al- ~crit 0.122 22)

=C——————.
ready influenced by the length of the pipe [6] and the in-and ~ ©™M%! ™ "1 { 015/%)2
outlet conditions [7]. Due to the fact that flooding exhibits a The capacity of a different qeometry is represented by the
large hysteresis [28], the subsequent theoretical difficulties pactty g Y P y

even deteriorate. The hysteresis means that after the start O*elatlve cap_acny factdCy, which compares the packing with

. - a well-studied geometry. In principle we can only specu-
flooding one has to decrease the liquid or gas flows substan- . :
. . . . late on the difference between the estimated curves and the
tially to obtain de-flooding. Flooding, therefore, occurs over

) ; e . measured curves, but it could be explained by the fact that
a wide flow range. A full theoretical description of flooding in packed beds several locations in the geometry can cause
would require the prediction of both the flood point and the P 9 Y

de-flood point. Although, it is already practice to measure a local increase of the liquid hold-up. These obstructions for

both flood and de-flood point in vertical pipes, it is not yet the gas ﬂO.W cause an increase of the gas vglocny, pressure
: : drop and liquid entrainment. Due to these disturbances the
common in packed bed studies.

flooding phenomenon starts sooner than predicted with the
model of Eq. (18), that is related to an undisturbed flow.
5.2. Packed bed This is similar to the much lower capacity of a vertical with
square edge in- and outlet, as shown in Fig. 5. These the-
Despite the theoretical difficulties, relation (18) contains oretical difficulties cannot be solved in principle. However,
much information on the behaviour of packed beds. This when the disturbed capacity factor remains proportionally
regards the geometrical packing characteristics and physicalconnected with the undisturbed capacity factor, a relative
properties of the flow system. Fig. 6 shows the comparison capacity factor C;) can be estimated via a comparison of
of the calculated curves for several packing geometries with the undisturbed capacity model. The relative capacity factor
an effective inclination angle of 38&nd the correlation of  of a packing geometry with specific area, void fraction and
[29] for Mellapak 250Y. effective inclination angle, applying a gas-liquid system can

—%—a =125m3/m3; ¢ = 0.988
o =250 my/my; g, =0.975
9 aP=500 m5/m3; g, =0.950
2— aP=750 m“/m”; g, =0.925
e Mellapak 250Y
C:?—Q__Q__o__ H H H HEE R
'? —— OO I~ 4 Macroscopic Floodin
= 0.1 LELL R :rea &
E siat Sk
i Y 3
Y — I
O@ e -, <
N
N . Nm
: AN
\
0.01 0.1 10
L]

Fig. 6. The critical capacity factor as function of the flow factor for packing with an inclination angle°ofa@8ulated with the Egs. (12) and (16) and
the correlation given by [29].
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Table 1 Table 2

The estimated relative critical capacity factors for various packing sizes Characteristic parameters of various types of random packing. Indicated
using Egs. (18) and (23), compared with the data given by the supplier are the element size, the void fraction and the specific?area

(28]

Type ap (mZ/mS) €0 (mS/mS) a(?) G Cr,model AC (%)

Size (mm) o (M/M®)  a, (M?m®) G Crmodel ACr (%)

Berl Saddles (ceramic)

Mellapak
6 0.60 899 0.17 0.18 8
125X 125 0.988 26 150 1.54 2.9 13 0.63 466 033 0.28 _14
125Y 125 0.988 38 125 121 -31 19 0.66 269 039 0.40 1
170X 170 0.983 26 151 143 -52 25 0.69 249 049 044 _10
170Y 170 0.983 38 1.14 112 -14 38 0.75 144 063 0.61 _4
M2X 200 0.980 26 141 137 -31 50 0.72 105 0.76 0.68 11
M2y 200 0.980 38 1.09 107 -16
250X 250 0.975 26 125 1.27 1.8 Raschig rings (metal)
250Y 250 0.975 38 1.00 100 -04 6 0.69 774 019 018 =7
350X 350 0.965 26 110 112 21 13 0.84 420 029 033 13
350Y 350 0.965 38 0.85 0.87 2.8 19 0.88 274 041 043 6
500X 500 0.950 26 1.00 0.96 -—4.1 25 0.92 206 048 0.52 9
500Y 500 0.950 38 0.70 0.74 5.9 Pall rings (metal)
750Y 750 0.925 38 0.63 059 -59 16 0.93 341 061 059 _3
aThe estimated values are obtained using a water—air system in a 25 0.94 206 0.74 0.75 3
column with a diameter of 0.5m. Also indicated are the specific surface 38 0.95 128 096 0.90 —6
areas, void fractions and the effective inclination angle as determined 50 0.96 102 114 107 —6
from the pressure drop. Pall rings (plastic)
16 0.87 341 0.52 0.53 2
25 0.90 206 0.71 0.69 -3
38 0.91 128 081 0.82 2
then be expressed as 50 0.92 102 1.02 0.95 -7
" 89 0.92 85 127 1.00 -21
cri
Cr = i C(5Jﬂ<961£type 0, PL,AG,NL,TIG) aThe relative capacity parameter [30] is compared with the relative
C(C;nrtnea§250Y’ Otef, PL -ref, OG-ref, L -ref, G-ref) capacity paramet_er estlmat_ed with Eq. (23) at a'flom_/ pa}rarrjeter of 0.03.
’ ) In these calculations use is made of an effective inclination angle of
Cg'fnodel(type o, PL,, PG, ML, NG) 55° and a column diameter of 0.5m. For the Raschig ring an effective
= ot : - (23) inclination angle of 65 is applied.

CG, model(250Y’ Ovef, PL-ref, OG-ref, L -ref, NG-ref)

In this study, Mellapak 250Y and the water—air system are
used as a reference. Hypothesis (23) can be tested by compaye similar effective inclination angles, it is not a general
paring flooding data for different geometries and systems gt [31] for instance, increased the capacity for a packed

with other physical properties. column by a factor 2.3 using stacked rings. This means a re-
duction of the effective inclination angle by approximately
5.3. Geometrical influences on the flood point 30°.

As mentioned before, flooding is influenced by a number
Table 1 shows a comparison of the measured relative of parameters and one that is often neglected is the influence
capacity factors, reported by [29] for the Mellapak se- of the column diameter. In the presented model the column
ries and the estimated relative capacity factors applying diameter mainly affects the pressure drop and, therefore,
Eqg. (18) in hypothesis (23). No substantial deviations from the dissipated energy. As a consequence the dissipated en-
the reported values are found, so that hypothesis (23) ap-ergy will affect the maximum droplet size and, therefore,
pears valid. The principle should remain valid for random the flood point. Fig. 7 illustrates the influences on the flood
packing. Table 2 shows a list of random packing elements point caused by the column diameter for structured and
and their characteristic parameters [30]. The effective in- random packing. The change in capacity factor is compared
clination angles are taken as °58xcept for the raschig  with the relative capacity factor obtained for infinite column

rings were an effective inclination angle of 6%as ap- diameter C; ). Although, the changes are not substantial,
plied. The bold values in this table indicate macroscopic the figure again illustrates the dependence of the flood point
flooding. for various parameters. The opposite effect of the column

The estimated relative capacity parameters for random diameter on structured and random packing is caused by
packing show more deviations than those calculated for the decrease of the effective inclination angle for random
structured packing, but they still agree reasonably well with packing with decreasing column diameter, so that the to-
the measured values. When flooding is caused by the macro+tal pressure drop reduces, while for structured packing the
scopic mechanism one should double check the outcome ofpressure drop increases with decreasing column diameter
the critical capacity factor. Although, most random packings (see also [2]).
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Fig. 7. The relative influence of the column diameter on the critical capacity factor for structured packing and random packing. The influenaalis obtain
by comparing them with the indicated critical capacity factor at infinite column diameter.

6. Influence of physical properties on the flood point comparison the estimated points are fitted using the power
correlation (24). The figure shows that influence of the sur-
In addition to the packing characteristics, the physical face tension can be described reasonably well by using a
properties will influence the critical capacity factor. Since all power term. Interesting enough it also shows that the power
properties are covered by Eq. (18), the described influencecoefficient depends on both the surface area and the incli-
of the physical properties should agree with those found in nation angle of the packing geometry. This effect was also
literature, so that the prediction of the relative capacity factor observed by [36] for liquid—liquid extractions in randomly
as function of the physical properties is possible. In litera- packed columns. When applying a large specific area for
ture, these influences on the capacity are often described bythe application, the flood point is hardly influenced by the
applying a relative power function. The influence of the lig- surface tension. Because of the large effective inclination
uid viscosity and the surface tension on the relative capacity angle, the surface tension influence on the critical capacity

parameter is described using a correctiGgof) factor as factor for random packing is limited. The calculations were
_ _ carried out at a flow parameter of 0.03, but the choice of
o C&o.m)  CEmodel@. ML) the flow parameter does not significantly affect the surface
cor — 0 - i H H H H
Cg't(ﬁref,m-ref) Cccar,':n ool Oref. NL-ref) tension influence on the estimated capacity factor.
o mi n m2
=C C =|— , 24 iquid vi i
cor.o Coornt <0ref) <77L_ref) (24) 6.2. The liquid viscosity

wheremy andm, are constants. Eq. (24) is applied to com-  The viscosity affects the critical capacity factor mainly
pare known correlations for physical properties with the pre- through the square of the reduced hydraulic diamei#y. (
sented model. As in the present study, in most cases theThis factor, describing the irrigation of the bed, reduces the

ambient water—air system is taken as reference. total void fraction and, therefore, increases the gas velocity.
Some reported power values for packed columns are: [29]:
6.1. The surface tension not reported; [37]my = —0.05; [31]: mp = —0.1; [34]:

my = —0.11; [32]: m2 = —0.17. Fig. 9 shows the influence
Eq. (20) shows that the surface tension influence on the as estimated by our model over a wide viscosity range.

critical capacity factor for a vertical pipe as; = 3/16 = The normalised power term for the viscosity describes
0.1875. This value is well in agreement with the predicted the influence not as well as the power function for the in-
dependencies using other theoretical consideration, whichterfacial tension. This could explain the large deviations
normally leads to a value oft; = 0.25 (see, e.g. [12,22,32]) for the reported correlations. The viscosity in the presented
and published correlations ([11,2#]) = 0.155). Forpacked = model affects the critical capacity parameter in another way
columns the reported influence of the surface tension on theas well. In addition to the effect on the irrigation, an op-
critical capacity varies considerably. Most studies neglect the posite influence on the capacity is caused by the interface
influence [29,31,33], but surface tension effects are reportedvelocity. A larger viscosity decreases the interface velocity
by for instance [34],/#1 = 0.16) and for liquid—liquid ex- and, therefore, reduces the pressure drop over the packing.
traction by [35],m1 = 0.125 and [9] z1 = 0.20). The The smaller pressure drop allows larger droplets the gas
results of the presented model are shown in Fig. 8. For 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 physicaes @m®perti
calculated with Egs. (24) and (18). Indicated are the on the calculated data points fitted powers.
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Fig. 9. The relative influence of the liquid viscosity on the capacity factor for three packing types with inclination angke ®h&8ndicated power
terms are fitted on the calculated relative values gf & The points are obtained at a flow parameter of 0.1.

specific area. The effective inclination angle hardly affects major influence on the critical capacity factor only for rela-
the viscosity influence, so that an estimated value for a pack-tive small specific area and effective inclination angle. The
ing with identical specific surface area, but different inclina- decrease of the curves at “low” gas densig200 kg/n¥)

tion angles, nearly coincide. The effect of the viscosity on is caused by the interface velocity. The interface velocity
the critical capacity factor is also shown in Fig. 10A and B. relatively increases towards the gas velocity when the gas
Fig. 10A shows the measured critical capacity factors, while density is increased.

the right graph shows the normalised critical capacity fac- The dissipated kinetic energy depends on the third power
tors. Although, the surface tension also has some influenceof the velocity, this parameter decreases at “large” gas den-
in this case, the differences are mainly caused by irrigated sities, so that the maximum stable drop size and the critical

bed correctionq?). gas velocity will increase. Only limited data are reported
on the change of the flood point with increasing gas den-
6.3. The gas density sity. [38] measured pressure drops and flood points at high

pressures for various random packing systems. They did not
At elevated pressures one of the main considerations isfind any change of the critical capacity factor for pressures
the influence of the gas density on the capacity. Fig. 11A up to 100 bar in packed columns for ceramic Berl Saddles
and B show the relative change of the critical capacity fac- (ap = 386,09 = 0.59) and for ceramic Raschig ringsp(=
tor in comparison with a gas of density 1.2 kg/fior two 309, g = 0.68). They used a methanol-nitrogen flow sys-
flow parameters. The figure shows that the gas density has dem. When the critical capacity factors are estimated using
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Fig. 10. (A) The measured critical capacity factors of ceramic Berl Saddigss B03m?2/m3, €o = 0.59, a = 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].
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Fig. 11. (A) The relative influence of the gas density on the critical capacity factor for a series of structured packing at constant flow parantedd)(
(B) The relative influence of the gas density on the critical capacity factor for a series of structured packing at constant flow parametey. (

Eq. (18), a change of less than 1% is found over the appliedexpected. If we use a laminar friction factor instead of
density compared with the relative critical capacity factor the Blasius friction factor, the exponent of the “gaseous”
for an ambient water—air system. The model, therefore, re- Reynolds number in Eq. (20) increases form 1/32-1/8. Al-

mains consistent with the reported results. though, [39] report a dependence of the bulk phase viscosity
as (ic/ne-ref) %33, it is identical with the dependence re-
6.4. The gas viscosity ported by [40], fc/nc-ref) ~*12°. However, most correlation

do not include a bulk phase viscosity [9], f&; > 50,

Since the flow of the gas is turbulent the influence of [35,36].

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 7. Concluding remarks

constant other properties is limited and it seldom causes a

change in the critical capacity factor over 5%. The presented model provides an estimation method that
Because in liquid—liquid contactors the flow is often describes the relative changes of flood point with the phys-

laminar, an influence of the continuous phase viscosity is ical properties and geometry of the packing. This has been
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accomplished by taking into account the lift forcg; ~
d3pcuc(r) (dug(r)/dr), on entrained droplet. Using this
additional force, it is possible to predict several observed h ) e i

12] M. Ishii, M.A. Grolmes, Inception criteria for droplet entrainment

phenomenqn concerning physical prqurtles and ge_ometr in two-phase concurrent film flow, AIChE J. 21 (1975) 308-317.
of the packing. More elaborate descriptions concerning all (13] G.F. Hewitt, N.S. Hall-Taylor, Annular Two-Phase Flow, Pergamon
influences on a droplet in a velocity field, distinguish even Press, New York, 1970.
more forces on the drop|et (See, e.g. [41] However, most of [14] J.R. _Fair, J.L. Bravo, Distillation columns containing structured
these forces include a gas velocity and a gas velocity gradient___ Packing, Chem. Eng. Progr. 86 (1990) 19-29. _

. e . [15] R.H. Sabersky, A.J. Acosta, E.G. Hauptmann, Fluid Flow, 3rd
and can be wrme_n_ similar to the expression used. It, ther<_a— Edition, MacMillan. New York, 1989.
fore, appears justified to conclude that the presented descrip{ie] R.p. Feynman, R.B. Leighton, M. Sands, Lectures on Physics,
tion provides a more fundamental basis for the flooding phe- Addison-Wesley, Reading, MA, 1963.
nomenon than correlations reported earlier and consequently{17] L. Rayleigh, On the instability of jets, Proc. Lond. Math. Soc. 10

[11] K.W. McQuillan, P.B. Whalley, A comparison between flooding and
experimental flooding data for gas-liquid flow in vertical circular
tubes, Chem. Eng. Sci. 40 (1984) 1425-1440.

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

(1878) 4-13.

[18] R. Clift, J.R. Grace, M.E. Weber, Bubbles, Drops, and Particles,
Academic Press, New York, 1978.

[19] R. Datta, Eddy viscosity and velocity distribution in turbulent pipe
flow revisited, AIChE J. 39 (7) (1993) 1107-1112.

[20] J.M. Coulson, J.F. Richardson, Chemical Engineering, Vol. 2, 3rd
Edition, Pergamon Press, Oxford, 1978.

[21] J.0. Hinze, Fundamentals of the hydrodynamic mechanism of
splitting in dispersion processes, AIChE J. 1 (1954) 289-295.

disturbed capacity factor remains proportionally connected (2] v. Taitel, D. Barnea, A.E. Dukler, Modelling flow pattern transitions

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.

for steady upward gas-liquid flow in vertical tubes, AIChE J. 26 (3)
(1980) 345.

[23] J.0. Hinze, Turbulence, 2nd Edition, McGraw-Hill, New York, 1975.

[24] D.C. Batchelor, Proc. Cambridge Phil. Soc. 47 (1951) 359.

[25] M.H.I. Baird, S.J. Lane, Drop size and hold-up in a reciprocating
plate extraction column, Chem. Eng. Sci. 28 (1972) 947-957.

Experimentally, it is necessary to research the hysteresis 0f[26] O.L. Pushkina, Y.L. Sorokin, Breakdown of liquid film motion in

the flooding phenomenon. It is likely that the de-flood mech-

anism is a less sensitive phenomenon, so that it can be use

as lower limit for flooding.
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