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Abstract

Amacroscopic approach is used to describe the hydrodynamics of a two-phase annular counter-current flow in inclined flow channels. This
type of flow is characteristic for gas—liquid contact equipment as applied in packed columns. In this study, a distinction is made between the
pressure drop caused by the geometry of the channels and the pressure drop caused by the friction on the gas—liquid interface. Itis shown tha
the frictional forces on the interface have two components that either influence the liquid interface velocity or induce waves on the interface.
Special attention is paid to the description of the gas—liquid interaction. The interaction is described using an additional term on a undisturbed
counter-current flow using a dimensionless expression. A set of three independent equation is derived, describing the liquid hold-up, the
interface velocity and the different contributions to pressure drop as function of physical properties of both phase. The description is demon-
strated on vertical pipes and packed columns containing either random or structured packing. Because of the general description, itis possible
to predict the by liquid hold-up and pressure drop induced flood point in this equipment. © 2001 Elsevier Science B.V. All rights reserved.

Keywords:Pressure drop; Gas-liquid interaction; Vertical tubes; Packed columns

1. Introduction pressure gradient, gave a somewhat different picture than
drawn previously [6]. Anyhow, new questions arose and
Due to the complicated nature of the counter-current other speculations concerning the gas-liquid interaction
gas-liquid-flow, earlier studies on packed column hydraulics appeared requiring further investigations.
have been mostly limited to correlating the experimental  Kaiser [7], who considered the liquid-flow in a packed
data. Newest correlations for the prediction of pressure bed as a free surface gravity flow influenced by the upward
drop, liquid hold-up, and flooding in packed columns are flowing gas, has demonstrated that a more phenomeno-
surveyed in Kister's book on the design of distillation logical approach to correlate experimental data could be
columns [1]. Although some of the described methods do rewarding, if fully explored. In response to this, we try to
incorporate sound physical basis, there exists little general-investigate the limits of a macroscopic approach to describe
ity among them. the hydrodynamics of a two-phase counter-current flow in
The interaction between a falling film and a counter-currenta packed bed consisting of a number of inclined flow chan-
gas stream, appearing in equipment as wetted wall columnsnels. In these channels, annular flow is assumed and inter-
falling film evaporators and reflux condensers, have beenface friction and form drag are taken into account. Closing
the subject of many thorough studies [2-4]. Zabaras andthe relations with the necessary boundary conditions a set of
Dukler [5] reported that the models proposed in literature four equations is obtained that permits prediction of liquid
for flooding have been not so successful, because of thehold-up and pressure drop in packed columns containing
lack of detailed measurements needed for the evaluationeither random or structured packing. Special attention is
of the physical mechanisms that control the process. Theirpaid to the determination of the gas-liquid interaction, since
experimental effort, which included measurements of the this has turned out to be the key to a successful description
liquid distribution at up- and down-flow along with the of the two-phase flow behaviour and the description of the
time-dependent measurements of local film thickness andmass transfer in a packed bed (see [8]).
The determination of the gas-liquid interaction is also
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Nomenclature

specific packing surface area3fm3)
column diameter (m)

coefficient describing the gas—gas interacti

laminar coefficient of the packing friction
smooth pipe friction factor
geometrical friction factor

friction factor of the packing

friction factor of packing corrected
for column diameter

friction factor of packing

at “infinite” flow rate

absolute gravitational acceleration (R)/s
packing Galileo number

Gap = 4 AppLg cosa/3ntas

column height (m)

film thickness (m)

liquid hold-up @ = aph) (M3md)
free falling film thickness (m)
effective channel length in structured
packing (m)

radial co-ordinate (m)

interface radius (m)

hydraulic radius (m)

gas phase Reynolds numiRe; =
((pc(usc/0%0 COSK) — uint)20r0) /NG
liquid phase Reynolds number

Ra =4 pLusL/nLap

packing Reynolds numbétg, = Res cosw
interface velocity (m/s)

gas velocity (m/s)

liquid velocity (m/s)

superficial gas velocity (m/s)
superficial liquid velocity (m/s)

axial co-ordinate (m)

Greek symbols

effective inclination angle®)
effective inclination angle at infinite
column diameter<

density difference (kg/®)

pressure drop over packed bed
(dp/dz = dps/0z + dpg/dz) (Pa/m)
frictional pressure drop (Pa/m)
geometrical pressure drop (Pa/m)
irrigated bed porosity (fim?3)

void fraction (m/m?3)

dynamic gas viscosity (Pas)
dynamic liquid viscosity (Pas)
relative interface positiord(= rint/ro)
gas density (kg/)

liquid density (kg/nf)

surface tension (N/m)

gas—liquid interaction parameter

DN

effective voidage of the packed bed. The first type, ob-

served in conventional random packing, is due to inter-

action between the liquid hold-up and pressure gradient.
The second is entrainment flooding, that is caused by wave
type instability as encountered in wetted wall columns. In

an other study [10], this second type of flooding is anal-

ysed. In this paper, it is shown that when applying an ac-
curate model for the pressure drop, it is possible to predict
the flood point caused by the liquid hold-up and pressure
drop.

2. Macroscopic description of the flows

The geometry of a packed bed with a given porosity can
be considered as a multiplicity of flow ducts consisting of
a number, serially connected tubes. To keep the analysis
simple, it is assumed that the steady state is maintained
and that the liquid is residing in a laminar film of uniform
thickness, totally wetting the channel walls.

2.1. Solution of the equation of motion for liquid-flow

The flow model taken here as basis for the further de-
velopment is essentially that proposed by, e.g. Brauer [11],
Hikita and Ishimi [12], for wetted wall columns, with lam-
inar annular liquid-flow and a central gas flow. The average
velocity profile of a counter-current flow in a tube with ra-
diusrg is shown in Fig. 1.

The interface is located at a distangg, which is the
actual radius of the gas flow channel. Since the flow has
axial symmetry, the velocity vector is dependent on the ra-
dial component only. Then, the Navier Stokes momentum
equation for a Newtonian incompressible liquid with viscos-
ity n. and densityp. moving in the gravitational direction
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Fig. 1. Velocity profile of a counter-current liquid and gas flow in a tube.
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enclosed by a gas with densipy; reduces to The superficial liquid velocity, which normally is negative, is
ap 13 L used as an input condition. To solve the boundary condition
0=-— (Apg + —) cosa + ni [—— (r—>:| (1) at the interface, one uses a force balance over the core gas
9z ror\ or flow at the interface. This allows us to write the shear stress

whereu, is the velocity,Ap the density difference between of the gaseous phase at the interface as

the two phases and represents the angle of the flow with 1 dug apr Oro

the direction of gravity. In this study, the absolute gravita- 55, 5,7| = Bz 2 (7)

tional acceleration is useg@| and its direction is taken into "= int

account by using a negative sign. The pressure drop in theHere the frictional pressure drop is taken along the flow

axial directiondp/dz over an arbitrary structure, comprises direction. This choice increases the distance and, therefore,

frictional resistance and geometric resistance or form drag, the frictional pressure drop in the gravitational direction by a

factor of one over cas. Using Eq. (7) for the gas flow shear
= (2) stress and the derivative of the liquid velocity at the interface

9z 9z 0z (Eg. (5)), the shear stress interface condition (Eg. (3b)) can

and will be in general, but not necessarily negative as be solved, so that the interfacial velocity can be isolated as

well. The geometrical resistance is equal to zero when

d 0 0
p _ pr  Opg

only straight tubes are considered. However, it contributes uj = — [92 In(®) <Apg + 8_1)) COSw

substantially when there are obstructions or bends in the 9z

gas flow as in a packed bed. The boundary conditions for 1- 62 A ap rg 8

Eq. (1) are + ( pg + 8_z> COSa:| m (8)

for r=r9: u.=0 (3a) Here relation (2) between friction pressure drop, geometri-

cal and total pressure drop has been used to eliminate the

dug duy frictional pressure.

for r =rint: ug = uL = ujny and nGa—r = HLW

(3b) 2.2. The liquid hold-up

whereuin; represents the interfacial velocity. The core and  Before describing the pressure drops, the approach based
annular flows are distinguished by the subscripts G and L. on pipe flow needs to be adapted for an arbitrary structure,
It is convenient to generalise the calculations by introducing a packed bed. Therefore, the specific surface ayead the

a dimensionless interface radius as porosity of the packingg are related to a hydraulic radius
g =" @ =
T &
° ro="=. 9)
Using the boundary condition (Eg. (3a)) in the differential ap
Eq (1), the ||qU|d VelOCity is found as function of the radial The relative ||qu|d h0|d-upm_) of a packed bed can be ex-
co-ordinate as pressed as the liquid film thickness multiplied by the specific
2,2 3 surface area. The liquid film thickness in a radial pipe is ex-
uL (r) = 0 (Apg + —p) coSu pressed ab = 0.5(1—62)r. Finally, the irrigated porosity is
4 0z equal to the normal porosity minus the relative liquid hold-up
1-06%r2 ap 1 ) )
+ “am Apg + P COSw + Uint girr=g0 — hL=e0 — aph = g0 — ap3(1 — 0%)ro = €06,
In(r/ro) 5 (10)
X Ino ) () and, therefore, is a simple function of the dimensionless

radius and the normal porosity of the packing.
After integration and dividing by the total arear@), this

yields the following expression for the superficial liquid ve- 2.3. Frictional pressure drop

locity ugy :
2.9 As already mentioned, in a packed bed, the pressure drop
1-62% ap 5 . L - :
usL = ————— | Apg + — | cosarg is generally caused by a combination of frictional resistance
8L 9z and the geometric resistance. The frictional pressure drop
(1-62)r2 9 can be expressed as function of a friction fadtor a tube
| T an < + _> COSr + uint and the velocity differences as

UsG

cof2cosa _ Yint

1—6? (e
X <02 —+ ) . (6) aﬂ__ f (3092 cosa in ) (ll)

2Ino 9z  cosu Org
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Fig. 2. The friction on the interface, illustrating that the area averaged

forces on the flow must equal zero. Fig. 3. The packing friction factor as function of the Reynolds number
for structured packing with different angles, for the Ergun relation and
for a smooth vertical pipe. The structured packing data are fitted with a
relation similar to the Ergun relation.

whereusg represents the superficial gas velocity, which is
also used as input condition. Here, as well as in the case
of the liquid phase, the superficial velocity is related to
the cross-section area of the column. In the column, the
actual gas velocity in the channels is obtained by divid-
ing the superficial gas velocity by the irrigated bed poros-
ity (e09%) and cost. For a smooth interface, the Blasius

all changes in flow directions and other kinds of form drag.
The Ergun equation relates the friction factor of a random
packed bed to it's Reynolds numbRe,. The relation can
be reformulated as

equation can be applied to estimate the friction factor of a 4f = Af+ =4 op Oro
turbulent flow p = Y70z pe((use/e002) — uing COSt)2
4f = 0.3168Rg;%%? (12) _ 600 nG L 28
9 £002) — uint COSw)frg 12
where the gas flow Reynolds number is defined as 133PG((MSG/ o0 = thint oo
|(usc/e002 COS) — ing| 207 = g T 2383 (14)
Res = PGIUSG/ €0 int O. (13) &
nG

where both the frictional and the geometrical term is in-
Both the gas load and the liquid load will influence the state cluded. The relation takes into account all possible pressure
of the interface, which will result in a wavy rather than a drops contributions, it is, therefore, likely that its general
smooth interface. The consequence of this wavy interfaceform can be used to describe other types of packed beds.
is an increase of the radially directed shear stresses (seeThe only difference in the Reynolds number for the tube and
Fig. 2), which are directed perpendicular to the flow. Since for the packing is the cosine term. They are simply related
the interface has to remain unbroken, every force on the in-asRg, = Res cosa.

terface has to be compensated with a reaction force. There- Zogg [13] measured the pressure drops of corrugated
fore, the average of the radially directed shear stresses aresheets with smooth unperforated surfaces and different incli-
when integrated over time or when integrated over the total nations of the flow channels and extrapolated his results for
surface area, necessarily equal to zero. As a consequencdimited geometries to an infinitely wide geometry to elim-
there is no other force directed parallel with the liquid-flow inate wall effects. Fig. 3 shows these extrapolated results
than the force described by smooth pipe flow. However, as friction factors, together with the Ergun relation and the
since the energy losses are related to the square of the acfriction factor of a smooth pipe. The characteristic coeffi-
tual velocities, the wavy interface will cause an additional cients were obtained by fitting the experimental data using
pressure drop in the gas phase. This additional pressure drofa Ergun type relation

will be analysed in the section describing the gas-liquid 4F,

interaction. 4fo=——+4fx (15)
R&

2.4. Geometrical pressure drop where f,, represents the friction coefficient at infinite

Reynolds number andF; represents the laminar coeffi-
The geometrical component of the pressure drop doescient of the friction. Fig. 3 shows that the friction fac-
not affect the liquid film directly and is largely a term that tor of a packed bed can in general be represented by
expresses the amount of work done by the gas to overcomeEq. (15).
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Fig. 4. Schematic view of the gas flow in corrugated sheets. Indicated are the contact area of the flow and the velocity components.

2.5. The effective inclination angle average value of 83.5 is found for this coefficient and that
the data points are within the given boundaries.

To generalise the results on the inclination angle of the  The infinite friction coefficient,, covers the fully turbu-
flow, it is necessary to interpret the obtained coefficients lent flow region, and is strongly effected by the open con-
shown in Fig. 3. Therefore, we have illustrated the macro- tact area of the gas flows within the packing structure. In
scopic gas flows within corrugated sheets in Fig. 4. this area, the radial component of the meeting gas flows is

If first, the friction losses in a laminar flow are considered, opposite, causing a rotation in the flow with a subsequent
it is noticed that they are fully caused by the shear stress withincrease of the turbulence. Since the friction is related to the
the walls. This means that the geometrical influence in the square of the velocity component the friction factor should
laminar coefficient is caused by the increase of the distancebe proportional to the square of the tangent of the inclination
that the fluid travels through the packing. By multiplying the angle (see, Fig. 4). It is again noticed that the flow path for
laminar coefficient by cos, a channel friction factor should  the gas in the corrugated sheets, and so the friction, is still
result, which is independent of the inclination angle. This is increased by the increased path length as one over.dés
indeed the case as is shown in Fig. 5A. nally, the infinite friction factor for a single phase flow can

The laminar friction coefficient has two natural boundaries be expressed as
given by the poss[ble gxtreme values for a cIoseq geometry, 0.6556 tark  + 0.0142
which are the cylindrical geometry, corresponding with a 4 f,, = .
value of 64, and a rectangular or parallel plate geometry,
corresponding with a value of 96. Fig. 5A shows that an Here the constant 0.0142 represents the infinite friction

COSu (16)

O  Structured Packing

4, = (F, an’a + 0.0142)/coscx
®  Random Packing

Value Eiror

200 .
: 7/ Ve F, | 06556 0.0046

O
Pa

L 4FI =83.5/cos a /
15(\ [ / 1 f/‘

0.1
e 3 A £
T p— T4y T
r A T A I/
— 4F, cos a = (83.5 = 4.8) GY/
50— ; b O XY PR EAPRPI SV SRR SRR
15 30 45 60 75 90 15 30 45 60 75 90
eg a (deg)
(A) @ (deg) (B) ©

Fig. 5. (A) The laminar part of the packing structure as function of the effective packing angle, with its natural boundaries for a cylindReal (64/

and parallel plate (986 geometry. (B) The graph shows the friction factor at infinite Reynolds number as function of the effective packing angle. The

random packing parameters are obtained from the Ergun relation.
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factor for a smooth pipe geometry, which value is derived
by fitting the smooth pipe friction with relation (15). The
constant 0.6556 is fitted with the data points. Fig. 5B shows
that the behaviour of the infinite friction factor is described
well by relation (16). The pressure drop over a non-irrigated
packed bed, therefore, can be written as

pG(usc/eo)|usc/ ol
ro

—=—/ (17a)

9z

where the packed bed friction factor is expressed as
835 0.6556 tak a + 0.0142

4fp= :

R, cosu Cosu
This equation defines an effective inclination angle for a
packing geometry relative to the Zogg data. The effective
inclination angle is found by using dry pressure drop data.
When Eq. (16) is applied using the value of 2.33 as given
by the original type Ergun coefficient, a characteristic effec-
tive inclination angle of 54.9is found for random packing.
When the laminar part of the friction factor is used, an ef-
fective inclination angle of 51°1is found. Since the friction
factor at large, Reynolds numbers is much more sensitive
to the inclination angle, the best procedure to determine
the effective inclination angle is by measuring the infinite
friction factor.

(17b)

2.6. The influence of the column diameter
on the pressure drop

Especially for small columns with a diameter less than
1m, it has been observed that pressure drop varies with col-
umn diameter [1]. In randomly packed columns, it increases
and in regularly packed columns it decreases with increas-

ing diameter. Since the diameter can have a large influence
on the pressure drop and, therefore, on the determined ef- ;.

fective inclination angle, it is necessary to address this effect
and adjust the main equations.

The pressure drop decrease with increasing diameter in
structured packing is due to the channel endings at the wall.
When the gas flow reaches the wall, it has to change its
direction by an angle of @ This effect can be compared
with a bend or elbow in the gas flow and it can, therefore,
be expressed as an apparent increase of the channel lengt
This increase depends on the shape and angle of the tur
and on the Reynolds number of the flow and is generally
expressed in equivalent pipe diameters. By analysing, the
standard tables on the pressure drop increase of bends an
turns (see, e.g. [14]), it is found that the apparent pipe
length increase, caused by a smooth turn in the flow direc-
tion can be approximated as By4imes the angle of flow
direction change. In a column with given diamefegg and
heightHcg, a total effective channel length for the fluig
is expressed as (see, Fig. 6)

lo = <—(2/”)D°°' + O.4r02a> <

sina

Hco| tana

—_— 18
(2/7) Deo (18)

h
n

eering Journal 84 (2001) 367-379

~a 2 Dy
% % Dool
--------- T tan o
Hcol
""f>o.4roza
a
Y — v
‘/’i‘ Dcol
sin o

Fig. 6. The flow path in a with structured packing filled column. The
average sizes used to calculate the column diameter influences on pressure
drop are indicated.

Here the inclination angle is expressed in degrees, which
varies from 0 to 90. The diameter of the column is mul-
tiplied by the factor 2¢, representing the average channel
length within the column. This factor takes into account
that the channels that are not going trough the centre of the
column are shorter. The first right hand side term of Eq. (18)
represents the unit length of a channel to the wall and the
additional apparent length caused by the bend at the wall
of the column. The second right hand side term represents
the number of such channels over the height of the column.
The apparent flow path length for the gas phase within the
column per unit height can be expressed as

1 ( 2.5¢0a Sina)
— = 1+
Heol COSw apDeol
2.5¢0a Sina
== (1+—), (19)
P P apDcol

so that the structured packing friction factor can be cor-
rected for the column diameter effects. The cosine term is
the increase in length for the gas phase and is taken already
into account in Eq. (7) for the frictional pressure drop and
in the relation (17) for the geometrical pressure drop. The
right hand factor, therefore, remains as correction for the
Sffect of the column diameter.

Since in random packing, there is no well defined flow
channel, the flow is not exclusively forced to turn direc-
tion at the end of the wall, but it will consider the wall
as just another, in this case, vertical packing element. In
smaller diameter columns, the presence of the wall is felt
more, causing a more vertical directed flow and, therefore,
a smaller effective inclination angle for the packing. The
effective angle of the column will become the ratio of avail-
able packing area and the total area, including the wall of
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the column. Adding the two area weighted angles leads to found, expressing the undisturbed liquid hold-up

2
o a@/YDy 1 20)  aho —a ( 3p.  pulust )0'33
o ap(m/4) D§0| + 7w Deol 1+ (4/apDcor) prO P\ oL Apg cosa ap

0.33
wherewy is the effective inclination angle at infinite column _ 377508 4o lusy|
diameter. With Egs. (19) and (20), the effect of the column ~ \4pLApg cosu apnL
diameter can be estimated. . 0.33
= (Gg, "Re )" (22)
2.7. Gas-liquid interaction HereRe_is the liquid Reynolds number ai@h, represents a

Galileo number for the packing. Eq. (22) has the advantages
As stated above, it can be assumed that the increasingihat the film thickness is represented by a dimensionless
velocity difference of the two phases, leads to a number of humber depending on the liquid-flow and a dimensionless
effects on the liquid film. The interface will first become number that is depending only on the geometry and physical
increasingly wavy, after which the gas entrains droplets and properties of the system.
finally forces the liquid film upwards. These effects will ~ The interaction of the gas and the liquid phase, is de-
lead to an increase of the pressure drop, which representscribed using flow related dimensionless groupe ( Res,
the extra energy dissipation in the gas phase. Therefore, theé?) and dimensionless groups that are related to physical
pressure drop of the packed bed is written as a non-disturbederoperties of the systen®gy, pL/pc, nL/nc). By analysing
pressure drop multiplied with a correction for the gas-liquid literature data [15,16], own data and comparing the results

interaction with pressure drop correlations given in literature (e.g. Feind
[2], Teutsch [17], Hetsroni [6], Billet and Schultes [18]), the
o = —fol+VG-L) gas-liquid interaction parameter in counter-current flow was
0z correlated as
PG (@ — Uint COSO() E — Ujnt COSx 34 x 10—15(1 _ 92)7
62e0 02eg @ VoL = sinh|: — RQR%SM}
6ro (cosa)°R€ G, PGNG
Herey g— represents the change of the friction factor due to — sinh 34 x 10—15@ <£)6 ReR 5PLIL )
the interaction of the gas and liquid phase. The liquid hold-up (cosw)® ¢f \ho PGNG
has an important influence on the gas-liquid interaction. (23)

To describe the hold-up influence it is compared with the

undisturbed situation for the liquid-flow. When a free falling The sinus hyperbolic form is used because the friction factor
film with a thickness ffo) is multiplied with the specific ~ ina pipe flow increases exponentially with increasing surface
surface area, two characterise dimensionless numbers argoughness (see, e.g. [19]). When either the gas or liquid-flow

Initial Calculations Main Calculations
Dry pressure drop a Geometry Data Flows Property Data
Equation (17) ap, €9 usp, UsG nL, M6 PL, PG
' L Initial Guess J
op 9

By, s,

. 0z 9z g
Column Diameter B
Influence ] %
Random packing; fp Liquid flow condition (6) g §’,
determine a and g o Interface relation () o3
Relation (20) Frictional pressure drop (11) E E
Q
X
. £ | e
Structured packing; p é 2

determine fp to t";, Ll ) o

Relation (19)
9p 9pr 9. u
9z’ 9z° ™

Fig. 7. Block diagram showing the calculation method for the implicit flow parameters and the secondary parameters as column diameter corrections
and the effective inclination angle.
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gets small, the gas-liquid interaction parameter of Eq. (23) film. Since this assumption, stated in Egs. (11) and (12),
becomes small as well and the undisturbed situation remainsdirectly affects the interfacial velocity, the assumption is
In Section 2.8, the correlation will be tested using pressure verified by measuring the behaviour of the liquid hold-up as
drop in both random and structured packing. In an other function of the gas velocity. The simplest geometry in which
study on mass transfer [8], it is shown that relation (23) this can be verified, is the vertical pipe. Fig. 8 shows the pre-
can be connected with both the gas and liquid mass transferdicted and measured [16] film thicknesses, as function of the

coefficients. gas load in a vertical pipe with inner diameter of 50.8 mm.
The graph shows that the liquid hold-up is well predicted
2.8. Calculation procedure over the whole gas load range. The model predicts a small

increase of the film thickness with increasing gas load.

At given liquid load, specified by Eq. (6), and given gas  Fig. 9A and B show the total liquid hold-up as function
load, specified by Eq. (11), the film thickness, interface ve- Of the gas load for a column with structured gauze pack-
locity, frictional pressure drop and total pressure drop have ing. The shape of the curve is predicted well over the whole
to be determined. These quantities can be solved using theange of gas throughput, validating the assumption that the
velocity at the interface, expressed in Eq. (8), and the rela- parallel shear on the liquid film is approximately identical
tions for the friction factor (12) and the total pressure drop to the shear of a gas flow in a smooth pipe. The absolute
(23). However, except for the liquid interface velocity, the deviations in these cases are most likely caused by the fact
parameters cannot be expressed exp|icit|y, so that the re|a.that a relatively small column diameter was used in combi-
tions are to be solved using an iteration procedure. The cal-nation with a gauze packing. This last fact could simply lead
culation is started using initial estimates for the variables to an additional static hold-up in the packing structure and
mentioned and continues until a satisfactory agreement be-t0 a different flow angle for the gas and for the liquid-flow.
tween the subsequently calculated values is reached. The Finally, Fig. 10 shows the measured and predicted liquid

calculation procedure, including the initial calculations, is hold-up for two commercial structured packings (Montz B
shown in Fig. 7. series) as function of the superficial liquid mass velocity at

zero gas velocity. The measurements were carried out on the
test rig of the packing manufacturer at ambient conditions
3. Results and discussion using water as liquid phase. The results support the idea
of the laminar falling film within a packing structure. The
Following the above strategy, it is possible to calculate all lower hold-up values found at low liquid-flows are probably
flow parameters. This is subsequently done for a number of caused by insufficient wetting of the packing.
different systems of which experimental data is available.
Literature data are used to investigate and develop the model3.2. Specific area and column diameter
while mainly own measurements are used for the validation.
The physical properties and the properties of the packing |n the presented model, information on specific surface
structure are given in Appendix A for all configurations used. area, column diameter, etc. has been transformed to a chan-
nel diameter and an effective inclination angle for gas and
liquid-flow. When the corrections for diameter influence are
3.1. The liquid hold-up carried out an identical effective inclination angle should be
found for similar packing types. Tables 1 and 2 show the
One of the key assumptions is the use of the smooth piperesults for the Montz B1 series as function of the specific
interfacial friction to calculate the axial effects on the liquid surface area and column diameter.
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Fig. 8. The calculated and measured [16] liquid film thickness in a vertical pipe as function of the gas throughput for four liquid loads.
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Fig. 9. (A) The measured (this study) and calculated hold-up for glycol-air system, as function of the gas throughput for structured gauze packing. (B

The measured (this study) and calculated hold-up for water—air system, as function of the gas throughput for metal sheet structured packing.

packing and column wall, non-careful installation of the

Montz B1-250 . .
N one packing elements, etc. can ruin the effect of scale-up rules

A Montz B1-200.60

O‘IOT STy easily.
o~ 008t —
B A ;//é’ 3.3. Vertical pipe pressure drop
e':-E 0.06 - ¢ /,—?
Y /é/,x//f The model is developed to predict pressure drops in
ﬁé’ * packed beds. However, the model is based on the vertical
4 00, AT pipe geometry and it, therefore, also should predict the
ooolEr . T i correct pressure drop in this geometry. Besides this, it is an
0 5 ugp Lm k gjlssm,z) 20 25 30 important test for the model, since the gas—liquid interaction

parameter {g—_ ) in this geometry is most directly influ-

Fig. 10. A comparison of the measured (this study) and predicted relative encing the pressure drop. Fig. 11 _ShOWS a compgnsop of
volumetric liquid hold-up at zero gas load in a bed with corrugated sheet the pressure drops as calculated with the correlation given

packing as function of the liquid load. by Feind [2] and the pressure drop as calculated with the
presented model. Taking into account that pressure drops
Table 1 are normally presented on a double logarithmic scale, the

The effect of the specific area of the packing on the effective inclination model results of this study compare reasonable well with
angle for a Montz B1 packing constructed at 4thd a 30 . . . . .
the Feind correlation. The correlation of Feind is based on

ap (M?/md) o (45 construction) {) a (30° construction) () gas Reynolds numbers which are not taken relative towards
110 39.8 27.0 the interface velocity, while the presented model takes the
123 39.7 26.9 gas velocity relative to the interface velocity. The gas—liquid
190 38.2 271 interaction parameter becomes close to zero for small lig-
258 39.9 26.3 uid or gas Reynolds number. This means that the presented

model especially leads to reliable pressure drop predictions

The tables show that the approach used to calculate thefor small liquid or gas loads. The deviations for large liquid
geometrical effects are valid. However, one should remain Reynolds numbers are partly due to our liquid laminar flow
careful with the column diameter influence on the pres- model. However, the model remains predicting a larger
sure drop, because effects like changes in space betweeRressure drop then the Feind correlation when applying a

turbulent liquid-flow model.
Table 2
The effect of the column diameter on the effective inclination angle for

Montz B1-250 3.4. Random packing pressure drop

D (m) « (45° construction) ) Fig. 12 shows the comparison of predicted and measured
0.48 40.0 pressure drops for a packed bed consisting of ceramic berl
0.79 39.9 saddles. Since no direct dry pressure drop data were avail-
;% gg'g able, the pressure drops were calculated with the effective

inclination angle found of the Ergun relation. An interesting
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Fig. 11. The ratio of the calculated pressure drops according to Feind [2] and this study, as function of the gas Reynolds number for six liquid Reynolds
numbers. The flooding points and the gas flow limits given by Feind are indicated.

result is the existence of two mathematically stable solu- calculated pressure drops are within an accuracy of 10% of
tions for the pressure drop corresponding to two different the measured values. The figure shows that the liquid-flow
liquid hold-ups. In a gas-liquid system, only the lower does not reach the end of the calculated pressure drop line
solution results in a stable counter-current film flow. How- and flooding occurs at an earlier stage. To our opinion, this
ever, the upper and lower stable pressure drops, more ofterindicates the second mechanisms for flooding, i.e. the en-
represented as a small and a large hold-up of one phase, artrainment of droplets in the gaseous phase, while Fig. 12
found in liquid—liquid extractions. The stable configuration shows a system where flooding is determined by the fric-
is then dependent on the start-up procedure. In other words tion of the gas on the liquid film. One could say that there is
because of its generality, the proposed model is valid for a macroscopic and a microscopic cause for the occurrence
other systems provided the flow is annular. Given that no of flooding. Which of the two mechanism governs the flood
exact data were used for the calculation of the effective point depends on the physical properties of the fluids and
inclination angle, the results are rather good. The model the packing characteristics.
predicts the steep increase of the pressure drop before the
flooding point relatively accurately. 3.5. Structured packing pressure drop

Fig. 13 shows the calculated and measured pressure drops
in a packed bed consisting of plastic pall rings. To determine  The prediction of the pressure drops of a structured pack-
the effective inclination angle use has been made of the drying at various gas and liquid loads using the given model
pressure drop as measured by Krehenwinkel et al. [15]. Theare shown in Figs. 14 and 15 for the water—air system at
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Fig. 12. The measured [15] and calculated pressure drops as function of the liquid load for various gas throughputs in a column with ceramicsberl saddle
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Fig. 13. The measured [15] and calculated pressure drops as function of the liquid load for various gas throughputs in a column with plastic pall ring.
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Fig. 14. The measured and calculated pressure drops as function of the gas throughput for three liquid loads and the dry pressure drop in a structured
packing with an effective inclination angle of 26.3 and specific surface of Za®¥n(see also Appendix A).
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Fig. 15. The measured and calculated pressure drops as function of the gas throughput for three liquid loads and the dry pressure drop in a structured
packing with an effective inclination angle of 39.9 and specific surface of 21@%n
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ambient conditions, as measured in this study. Fig. 14 showstransitional state of counter-current flow with increasing en-
the measurements and calculations for a packing with an in-trainment. The comparison of the measured and calculated

clination angle of 30and specific area of 260%m?, while pressure drop in packings and vertical pipes showed that
Fig. 15 shows the results for a packing with an inclination the used interaction description for the gas and the liquid
angle of 45 and a specific area of 110%m3. Both fig- could describe both the frictional as geometrical increase

ures show that the dry pressure drop can be described usingf the pressure drop. Since the increase of the gas—liquid
the packing dimensions and an effective inclination angle. friction is described well, it is also possible to predict the
The liquid loads in both systems are relatively large. How- gas phase mass transfer coefficient in packed beds by us-
ever, this firstly shows that the liquid-flow causes a non-zero ing Chilton-Colburn like relation. In an other study [8], it
pressure drop at zero gas velocity in the model, indicating is shown that next to the gas mass transfer coefficient, the
that the gas is dragged down by the liquid-flow at the in- liquid mass transfer coefficient is related to the gas—liquid
terface. The maximum deviations for systems with design interaction. The surface renewal of the liquid phase can be
angle of 45 were determined in the pre-loading range as related to Eq. (23) using an energy balance and calculating
+50%, while those for an angle of 3vere determined as  the dissipated wave energy.
+30%. The pressure drop increase caused by the loading in  The model presented has a sound physical basis. However,
the packing is not predicted well for the packing with an the description of the gas—liquid interactions taking into ac-
inclination angle of 30. The reason for this is most likely  count the increase of the surface roughness (relation (23)),
explained by the fact that the structured packing behaves ads largely an empirical parameter. It has been tried to use the
a demister. Droplets are recollecs by the on the liquid-flow gas-liquid interaction parameter in a clear and unambiguous
film droplets. way and although it reasonably predicts the pressure drop,
it can likely be improved.

4. Concluding remarks
Appendix A
A model has been presented that is able to describe
two-phase film flow systems for various physical proper-  The physical properties used to analyse the hydrodynamic
ties. The presented model is based on a laminar liquid film, relations. Next to the physical properties of the systems, the

which totally wets the packing. This idealised situation packing characteristics are shown together with the column
leads to deviations for structured packing pressure drop duegiameter.

Reference oL (kg/m®) pg (kg/m®) nL (mMPas) ng (MPas) o (N/m) ap (Mm?/m3) &g (M2/m3) « (°) Dgol (MM)
Fig. 8 998 1.205 1.002 0.018 0.073 78.7 1.0 0.0 50.8
Fig. 9A 1090 1.205 8.1 0.018 0.048 650 0.98 29 38
Fig. 9B 998 1.205 1.002 0.018 0.073 580 0.96 38 38
Fig. 10 (top) 998 1.205 1.002 0.018 0073 260 0.975 40 790
Fig. 10 (bottom) 998 1.205 1.002 0.018 0.073 190 0.978 27 790
Table 1 998 1.205 1.002 0.018 0.073 - - - 790
Table 2 998 1.205 1.002 0.018 0.073 260 0.975 - -
Fig. 11 998 1.205 1.002 0.018 0.073 133 1.0 0.0 -
Fig. 12 830 27.39 1.393 0.015 0.027 303 0.59 56 155
Fig. 13 826 13.48 1.274 0.016 0.026 375 0.846 58.5 155
Fig. 14 998 1.205 1.002 0.018 0.073 260 0.975 26.3 790
Fig. 15 998 1.205 1.002 0.018 0.073 110 0.987 39.9 790
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