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A packed column is one of the most widely used units which

is industrially employed in several mass transfer operations 1like gas
absorption and distillation. Packed trickle bed reactors are commonly
employed in petrochemical industries for conducting chemical reactions
between gas and a liquid using the packing as a catalyst. Considerable
attention has therefore been focussed on understanding the fundamental
mechanism involved in mass transfer and hydrodynamics. Such an
understanding is important for designing packed columns and analysing

their performance.

The present study was aimed at investigating several aspects
connected with the hydrodynamics and mass transfer characteristics of
packed columns and trickle bed reactors, both experimentally and
theoretically. The thesis consists ui four chapters each of which
deals with a different aspect of packed columns as described in the

following sections.

Chapter 1

Mass Transfer in Packed Columns in Presence of Developing Wall Flow

It is known that the presence of wall flow can reduce the
overall mass transfer coefficient by as much as 30-40% when the column
heiaht is increased (1). The fraction of total liquid flow that flows
over the wall of the column usually increases with column height till
an equilibrium is reached between the wall flow and the central flow.
In this study, a quantitative procedure was developed for calculating
the effect of this wall flow on the overall mass transfer characteristics.

For calculating the wall flow itself as a function of column height,the



Tiquid distribution model of Herskowitz and Smith (2) was used. This
model was first expressed in a matrix form, so that the liquid distri-
bution and the wall flow in long packed columns can be conveniently
calculated. Using this procedure calculations were performed for a
wide range of parameters (covering all possible practical situations)
reqarding the development of wall f]bw. Simple equations were developed
to correlate the wall flow with column height and packing properties.
A simple approximate procedure was proposed for predicting the effect
of wall flow on overall mass transfer characteristics, using the
equations mentioned above. The predictions based on this approximate
procedure were shown to be in good aqreement with both exact calcula-
tions and the experimental observations of Mangers and Ponter (1).

Two types of distributors were considered in this study i.e. a point

distributor and a uniform distributor.

Chapter 2

Dynamic hold-up for Wettable and Non-wettable Packings

In packed column, dynamic hold-up is one of the important
parameters appearing in the design calculations. Conventionally,
packed columns employ packings made from ceramics, which are completely
wetted by water. Extensive information is available in the literature
regarding the dynamic hold-up of such packings. However, packings
made from polymeric materials like polypropylene can serve as good
substitutes in many applications due to their corrosion resistance,
low weight and low cost. Such materials are not wetted by water. The

effect of this parameter, i.e. wettability of the packing surface, on



characteristics like the interfacial area and the equilibrium wall

flow is known (3,4) but Tittle data is available on its effect on

the dynamic hold-up. In this study, the hold-up characteristics for
non-wettable packings were investigated. In addition, wettable
packings were also studied and the results were compared with those
obtained with non-wettable packings. It was observed that within

the range of physical properties of the irrigating liquid investiga-
ted in this study, the liquid viscosity and surface tension do not

have a significant effect on éhe dynamic hold-up. It was found that
the same form of correlation is applicable for both types of packings
though the parameter values are different. The dynamic hold-up for non-
wettable packings was found to be less than that for wettable packings.
It was also found that a simplified correlation based on the Froude
number is almost as accurate as the conventional correlation based

on Reynolds and Gallileo numbers.

Chapter 3

Mass Transfer Between the Static and Dynamic Hold-ups

It is known that in the packed column, the stagnant pockets
of 1liquid are not completely isolated from the main flow of the liquid,
but there is a slow interchange of liquid between these stagnant
pockets and the main Tiquid flow. This distribution of liquid into
stagnant and moving parts with a slow interchange between the two is
a phenomenon that has been used for explaining several experimental
observations connected with packed columns. For example, several

models have been proposed for the axial dispersion of liquid in packed



columns, and have been summarised by Gianetto et al. (5). The
extended crossflow model by Patwardhan (6) explains the dependence
of the effective interfacial area in packed columns on the chemical
kinetics of the reaction conducted, in terms of this interchange,
and leads to more accurate prediction of the effective interfacial
area. Therefore, the interchange cdefficient.becomes an important

parameter in estimating the overall performance of the packed column.

A tracer method was used for calculating the interchange rate
between the static and dynamic hold-ups. This method involves a step
decrease of tracer concentration at the column inlet, and measurement
of the tracer concentration at the outlet. Experiments were conducted
over wide ranges of operating conditions, which involved variations in
liquid flow rates, liquid properties like viscosity and surface
tension, packing size, shape and wettability of the packing surface.
The results were correlated in terms of convenient dimensionless
numbers. It was found that liquid surface tension has a significant

effect on the interchange coefficient.

Chapter 4

Flow Regimes Studies fof Trickle Bed Reactors Using Industrial Gas-
Liquid Systems

Trickle bed reactors are commonly employed for hydrodesulfu-
rization of petroleum fractions. They are also used for hydrogenation
and oxidation reactions in organic processes and in waste water treat-
ment. To design such trickle bed reactors having cocurrent two phase

flow of liquid and gas through the catalyst bed, a knowledge of the flow



regime behaviour is essential. The importance of this factor in

influencing the performance of the reactor has been shown recently

by Horskowitz et al. (7).

In the present study,Aflow regimes in two phase flow were
investigated using industrial cata1y§t particles aﬁd systems. The
information obtained covers many important gas-liquid systems. Flow
regime diagrams were obtained, based on experimental data obtained
from several different packings and two phase systems. Comparison
of the present data with 1ite}ature correlations showed disagreement
in certain ranges of parameter values. Considering the wide variety
of systems studied in this work and the above observations, further
work is necessary to evolve a generalized flow map of a trickle bed

reactor.
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1.1 INTRODUCTION

Packed columns are used very widely in chemical industry as
gas-liquid contactors hecause of their low cost and ease of.fabrica-
tion and operation. In many applications, the liquid is introduced
at the too, either through a distributqr or throuah a central inlet,
and is allowed to trickle down under gravity, while the qas flow may
be either cocurrent or counter-current. It is well established now
that as the Tiaquid trickles down the column, it gets redistributed
radially, with a preferential flow at the column wall. Packed columns
are often represented hy models which do not account for the axial and
radial ma]distriéution of Tiquid. Consequently, column dimensions can
lead to unexpected effects on narameters calculated from such models.
Gunn 1] has discussed, for examnle, the effect of this maldistribution
on the overall axial dispersion coefficients. Stanek et al. 2] have
presented calculations regarding the effect of 1iauid maldistribution
on the nerformance of catalytic trickle bed reactors. Mangers and
Ponter 3] investigated the effect of total packed height on the over-
all mass transfer coefficient bhetween gas and liquid phases and
found that increasing the height of a packed column from 25 cm to 75 cm
could reduce the overall mass transfer coefficient by 35% or so. They
attributed this to the existence of a wall flow which changes with
heiaht, but did not present any quantitative calculation. In this study
we oresent a procedure whereby the effect of liquid maldistribution on
the overall mass transfer characteristics can be calculated. First we

consider the liquid maldistribution itself in some detail to arrive at



some useful generalisations,and then we apply these to describe the

mass transfer characteristics.

1.2 LIQUID DISTRIBUTION IN PACKED COLUMNS .

When a packed column is irrigated bv a liauid, the 1liquid
flows over the surface of the packina in the form of rivulets and films
in a random manner. In many aoplications, a liquid flowina down the
column contacts qas flowina uo. The liquid is introduced at the top
with a distributor to ensure a dood distribution. If this distribution
is improper, it can reduce the number of mass-transfer stages in a
given deoth of packing, as shown by Morris and Jackson 4], The
magnitude of thi; reduction varies with the dearee of maldistribution
and with the qas-liauid system under consideration. Thus, for predi-
ctina the performance of a packed column accurately, the liquid
distribution in the column must be characterised proverly. The
initial distribution over the packing is not maintained as the 1iquid
soreads laterally, and tends to flow preferentially over the wall.
This wall flow increases with the deoth of the packing and liauid flow
in the bulk of packing is reduced. At certain depth of packing, the
wall flow and main flow closelv anoroach equilibrium. This is called
the calming depth of the column. This calmina bed deoth depends upon
the pmacking shape and size, column diameter, liquid flow rates and
design of liquid distributor. This calming denth is shorter for a uniform

inlet distributor than for a point source.

There are many models which descrihe the liquid distribution in

the packed bed. Tour and Lerman 5] proposed a random walk mechanism for



such a flow and found that it described the experimental results quite
well. BRased on their results and those of Chandrasekhar [6], Cihla and
Schmidt [7] introduced the diffusion model which is described by the

following equation.

% . 1 af | _ af
D v oo CE:

arz r []]]

where D reoresents the spreading coefficient. They proposed that since
the spread of the 1iquid is ofa ﬁrobabi]istienature it might be expected
that the process of distribution may be described by a differential
equation of the diffusion type as in eauation (1.1). To account for
the preferential }1ow at the wall many investigators [7-12] have solved
equation (1.1) with different boundary conditions arising out of
different assumptions. These houndary conditions are given in Tahle 1.1.
They encompass a wide range of physical phenomena that can take place

at the wall, 1ike the wall actina as a sink or as a perfect reflector
for the Tiquid arriving at the wall. A1l the investigators mentioned
above measured experimentally, the Tiquid distribution at the bottom of
the nacked column by using a collector consisting of several concentric
walls. The spreading coefficient, N, was then evaluated from these

exonerimental observations.

Although the diffusion model is based on the random walk concept,
it is strictly valid only when the numher of steps involved is large. This
condition is not always satisfied in practical situations. In fact, the

determination of the spreading coefficient, D, is carried out usually in



very short columns (Onda et al. l12]) which is equivalent only to a
small number of stens.However, it has been shown (Patwardhan [13]) that
the diffusion model predicts essentially the same cumulative liquid
distribution a the random walk model even for very short columns and
that the steo Tenath of a random walk model can be related to the

spreading coefficient N.

The random walk mechanism postulates that each Tiquid element
takes a random step radially as it flows down. Thus the flow paths
would be random in character and would keep changing with time. However,
it has been shown that the actual paths followed by the liquid rivulets
are quite stahle with respect to time (Lespinasse and Le Goff [14],
Groenhoff [15]). In other words, liquid flows down the packing along
oreferred paths, because the rivulets prefer those paths which have been
wetted by orevious Tiquid elements. In spite of this,equation (1.1)
has heen found to describe the observed 1iquid distribution quite well.
A probable explanation is that when leading liquid elements trace out
the flow paths initiallv they do sn at random. Thus the net aggregate
of the flow paths, which are quite stable in time, are characterised by

randomness in space, A similar explanation has been probosed hy Groenhoff

[15].

Equation (1.1) is hased on the implicit assumption that the
spreading coefficient "D" is constant throughout the bed. Stanek and
Kolev [16] investigated the relationship between the local value of D
and the local hydrodynamic conditions, which vary from point to point in

the region of liquid distribution. They found that D depends upon the
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local hydrodynamic conditions in certain regimes of operation. However,
they concluded that in spite of this dependance, 1iquid distribution in
packed hed can still he described by equation (1.1) with a constant D,
provided a suitable effective value is assigned to N. In fhis study D

is assumed to be constant.

Radial 1iquid distribution of 1liquid in a packed bed has been
considered from a different view point by Gunn [1]. He considered the
prohlem to he similar to that of a Darcy flow through a porous medium.
The packed bed was divided into two regions, the central region of
constant permeability and a thin wall region of higher permeability.
The preferential, flow near the wall was attributed to the higher
permeabilityv near the wall, He developed differential equations descri-
bina the stream function and solved them analytically for the case where
the liquid was uniformly distributed at the packed bed inlet over the
central reqgion and where a separate uniform flow was provided over the
wall reqion., Experimental verification of the equation was also presented

by Farid and Gunn [17].

Crine et al. [18] developed a model based on a percolation
theory, which considers preferential flow paths in the bed. These models
could nredict liquid distribution quite accurately at high liquid rates
while for Tow liquid rates, they differ from each other. More recently,
Stanek et al. [2] proposed a liquid distribution model that accounted for
Tiquid maldistribution. It is also based on equation (1.1). They
revealed two major points by extensive computation: the 1iquid maldistri-

bution caused by poor initial distribution and wall flow.
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Herskowitz and Smith [19] oronosed a different deterministic
model (shown in Fiq. 1.1 and henceforth referred to as the HS
model) to describe Tiquid soreading in a packed hed. The packed bed is
regarded as an assembly of discrete spherical particles through which
the 1iquid flows in rivulets. The radius of column and the bed depth
are assumed to be divisible into an integral number of particles dia-
meters. Each horizontal layer of particles of thickness dp is
divided into J (with J = R/dp) concentric, annular rinas and each ring
is identified by its radial position i and bed depth n , where i and
n renresent integral numbers of particles., Radial transfer is visualised
to occur by movement of liquid from one annular ring to the next ring by
flow to, and mixing at, the contact points between consecutive rings,
i.e. at the points where particles in adjacent rings are in contact with
each other. Part of the liquid flowing in annular ring (i,n) moves
radially to ring (i+1, n+1) or (i-1, n+1) via contact points, and the

rest of it flows downwards to ring (i, n+1) bypassing the contact points.

Similarly, the 1liquid flow at the wall at stage n,wn, partly goes
to the annular ring (J, n+1) through contact points, and the rest of it
remains at the wall itself. A typical flow diagram depicting this situa-
tion is shown in Fig. 1.2. They anplied this model to a variety of
regular and irreqular packings and reported the values of the model para-
meters determined from experimental observations. It was shown later
by Gianetto et al. [20] that this model represents a discrete version of
the diffusion model and the parameters of the two models can be related

to each other.



In short, to describe the 1iquid flow in a packed column
completely the spreading of the liquid over the packing and its
interaction with the wall have to be considered simultaneously. A1l
the boundary conditions Tisted in Table 1.1 involve the process of
interchange of liquid hetween the central flow i.e. flow over the
packings and the wall flow , which ultimately results in the establi-
shment of an equilibrium between the two. The model proposed by
Herskowitz and Smith [19] results in a linear dependance between the
equilibrium values £ and w*, i.e. the axial flux and wall flow at
equilibrium respectively. A similar dependance has been used earlier
by Dutkai and Ruckenstein [11]. Onda et al. [12] reported a non-
lTinear dependance'between f* and w*. However, they found that the wall
flow profile predicted by their equations was almost identical to that
calculated from the equations of Dutkai and Ruckenstein [11]. Thus,
for the purpose of predicting the liquid distribution in a packed bed,

the assumption of a Tinear dependance between f* and w* seems adequate.

In the following analysis of this study, the model proposed
by Herskowitz and Smith [19] is used. Firstly, their procedure is
presented in a matrix form which makes it possible to handle long
columns packed with small particles without undue increase in the
computational effort. Then it is shown that the liquid distribution
which depends upon quite a large number of parameters, may be conve-
niently represented in a generalised way by combining the parameters

into certain groups.



1.3 DEVELOPMENT OF WALL FLOW

Herskowitz and Smith [19] assumed the radius of the packed column,
R, to be an integral multiple of the particle diameter dp'such that
R=1J dp . They divided the bed into J concentric annuli of width dD .
The bed was vertically divided into a number of stages, each of height
dp. Based on their physical model, they derived equation for central
flow and wall flow whereby it is possible to predict the flow distrib-
ution in the various annuli at the (n+1)th stage, if the same is known
at the nth stage. The detailed description of their model is given in

previous section. Their equations can be represented in a compact

manner in the f61lowing way in terms of matrices:
Gy = 6 P (.2}
where Gy = [Fyns Fons vovennns Fapq ) [1.3]

Fi,n = total flow in the ith annulus at the nth staqe

FJ+1,n = the total wall flow at the nth stage

and the matrix P of dimension (J+1, J+1) is given by

2
S(i-
Py = S g oy
’ 2(2i-1)
= 1-5/2 forj=i> for2 < i< Jd-1
Si : .
= T o= o+
2(2i1) or 3™
. r.4]
= N otherwise
J

13



1-5/2

©
n

5/2

Pygay = (5/4)  (2-2) / (23-1)

Pyg = Sad/ (2-1)+ S(3-1) ¢ (23-1) +1-S > (1.5]
Py,onn = (1-9) sy/(20-1)

Pa+1,0 f ¢

Posy, ge = 100

and S and q are the spreading and wall flow parameters respectively,

GO is the liquid distribution at the inlet to the packed bed,
and is known. Then a repeated application of equation (1.2) gives the
liquid distribution at any point in the packed bed, From equation (1.2)

it follows that

Gpam = 6, P [1.6]

Thus, if it is desired to calculate the liquid distribution in a packed

bed at successive axial positions separated by, say, a distance of 50

14



stages, then p50 can be calcualted once for all, and then equation
(1.6) may be used with m = 50, which involves only one matrix multi-
plication for 50 stages. Equation (1.5) can be modified for taking

into account any non-linear dependance between f* and w* if required.

In order to calculate the wall flow at any axial position
in the column wunder consideration, it 1is necessary to know the
numerical values of S,q, R,J and n, However, in spite of the large
number of parameters fnvn]ved,_it is possible to reoresent wall flow
in a genera’ised manner, as shown in Fig. 1.3. It is seen from this
fiaure, which is based on the assumption of an initially uniform
distribution, that for a qiven equilibrium wall flow, t h e
fractional wall flow at any particular axial position depends
almost exclusively on the dimensionless axial distance nS/J2 . It
varies to some extent with column diameter (i.e. J), and S, but this
variation is small enough to be neglected over the parameters ranges
investigated which are wide enough to cover most of the practical situa-

tions. The different curves in Fia. 1,3 can be renresented by

bl
W*

= 1 - exp (-0 ns/d?) [.7]

where CL] is a curve fitting narameter and depends onlv upon W as shown
in Fig. 1.4, The wall flow predicted by equation (1.7) is shown in

Fig. 1.3 by solid 1ines. This fiqure covers the range of S = 0.2 to

1.0, The upper 1limit of S=1 is imposed inherently by the HS model itself.

15



The lowest value of S reported by Herskowitz and Smith [19] is
about 0.4, For absorption packings, S turns out to be about 0.25.
Therefore the range of S considered 1in Fig. 1.3 is wide enough

to encompass all practical values. J=5 corresponds to small laboratory
columns. J=20 was the Tlargest value vreported in Fig. 1.3, because
it was found that J>20 leads to predictions which are identical
to those for J=20. 1In small Tlaboratory columns, as much as half

the Tiaquid may flow along the wall at equilibrium. In Targe
industrial columns, the wall fTow may be a much smaller fraction of
the total flow. These situations are covered by the range of W*=0 to
0.6 used in Fig. 1.3 (no points are shown for W* = 0 because this case
is renresented By the horizontal line at the top). The numerical
value of f to be used in the HS model were calculated by using the
equation for equilibrium wall flow [18].

f2

We = [1+—§ﬁ—fﬂ—] [1.8]

It is seen from Fig. 1.3 that equation (1.7) can predict the wall

flow at any axial position auite satisfactorily.

The initial distribution wused for generating Fig. 1.3 was
uniform. The other kind of liquid source used commonly, especially
in small diameter column is a central point source whereby liquid is
introduced in the column by a single outlet at the centre of the column.
Development of the wall flow for a point source distributor is quite

different from that for a uniform source distributor. A small portion



TH-1(8

of the column at the top has no wall flow of 1liquid at all, This
is so because the 1iquid introduced at the center of the column
travels downwards to some extent before it reaches the wall by
radial spreading, This fact is illustrated in Fig. 1.5. This down-
ward distance travelled always appears to correspond to ns/J2 =0.2.

Consequently the curves in Fig, 1,5 can be represented by

0 for ns/J2<0.2

]

[1.9]

1 - exp ECLZ(ns/J2 -0.2)]

where CL2 is a curve fitting parameter for point source distribution

and depends upon the equilibrium wall flow W*, The dependence of

CLZ on W* is shown 1in qu: 1;6.The solid lines in Fia. 1.5 correspond to
equation (1,9) and the points to the predictions of the HS model. The

two are seen to be in good agreement. Figures 1.3 and 1.5 cover the

same ranges of parameters like W*, S,J and f, It is also seen from

these fiqures that for nS/J2 = 2.0, the wall flow may be assumed to

have reached an equilibrium with the central flow.

1.4 MASS TRANSFER IN PACKED COLUMNS

It is well known that the 1iquid flow rate in a packed column
has a strong effect on its overall mass transfer characteristics. If
the Tiquid distribution in a packed column is uniform everywhere, then
the local mass transfer characteristics would also be uniform which

in addition would be equal to the overall mass transfer characteristics.

66-023,66 021 3(0k3)

s HRR_ |
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However, the local hydrodynamic conditions change as a result of
developing wall flow (which reduces the total flow rate in the central
part of the column), as shown in the earlier section. Here we
consider the effect of the developing wall flow on the overall mass
transfer characteristics. The HS model discussed earlier is used for
calculating the overall mass transfer characteristics in presence of
a developing wall flow over a wide range of relevant variables. A
simplified procedure 1is then pronosed and shown to give predictions

which are very close to calculations based on the HS model.

Let us consider a liquid phase controlled absorption process
like the absorption of a pure gas or a relatively insoluble gas into
a liquid in a packed column, The volumetric mass transfer coefficient
of interest is then the kLa value, The numerous correlations available
in literature lead to the following dependance of kLa on the liquid

flow rate.
kLa = CL3 f [1.10]

where f s the axial liquid flux; and Q. is a constant depending
upon the system properties, packing size ang type etc. We make the
reasonable assumption that even 1in changing hydrodynamic conditions,
equation (1.10) represents the local kLa value. The overall kLa value

is then given by

(ka),, - %. f(kLa) dv [1.11]
v



If the initial liquid distribution is axi-symmetric, the
symmetry is maintained everywhere in the column and we can write

equation (1.11) as

7 R
S f £7 27rrdr dz [1.12]
= rdar .
(kLa)av TR2 7 a,
0 0

Under the hypothetical condition of uniform distribution of liquid

everywhere in the column, we get

. (kLa) = d’ ( -

3 ) (1.13]
ideal TR?

Equations (1.12) and (1.13) lead to

A ] r
E = ff a da dA  [1.14]
J o/ ( HRZ)

/s
where E = (kLa)av / (kLa)ideal
and 2

P =28/ Q dp)

A

P at z=17,andd = r/R

f is the Tocal axial flux which varies with axial and radial position due

to the existence of a developing wall flow. E represents the ratio of the

19



overall mass transfer coefficient under the conditions of a developing
wall flow and the overall mass transfer coefficient that would be
realised under the (hypothetical) condition of uniform flow with zero
wall flow. Application of the HS model described ear]ier'gives the
axial flux as a function of O and 3 which may be used in equation

(1.14) to calculate E.

The calculations involved 1in this procedure are quite
considerable. In the following section, a simplified procedure is
suggested as an alternative, and the predictions based on both the
procedures are compared to each other,

1.5 SIMPLIFIED PROCEDURE

1.5-1 Uniform distributor

It is seen from Fig, 1.3 that in this case wall flow starts
developing right from the top of the packed column, and equilibrium
between the wall flow and the central flow is approached very closely
at a packed height corresponding to /3 = 2.0, The total wall flow
at any axial position is given by equation (1.7). If it 1is assumed
that the central flow which is equal to Q (1-W) is uniformly
distributed over the cross section of column, then equation (1.14)

simplifies to

E(p ) = (-0 ap [.15]

"~

-
B

using equation (1.7) we get

20



1 2 U
E(g) = 75— fE-w* (1—exp(-dv]/3))] dA [1.16]

\ .
For B > 2, exp (-d.]ﬁ )<<1, and equation (1.16) can be further simpli-

fied as

26(2.0) + (5-2) (1)
E(R) = 7 for g >2

[1.17]

1.5-2 Point source distributor

In this case, some portion of the packed column at the top
has zero wall flow, because by the time the liquid reaches the wall
it has already trickled down to some extent. The height of this
portion corresponds to/3 = 0.2, By the time the 1liquid has travelled
downward to a height corresponding to 3 = 2, the wall flow approaches
equilibrium quite closely. Thus, the wall flow is zero for 0SB < 0.2,
then changes significantly for 0.2< B <2.0 and may be taken to
have attained its equilibrium for3>2,0, In the top region i.e.
0< P <£0.2, the flow is strongly non-uniform. The flow distribution
here can be represented quite accurately [Patwardhan, 13] by following

analytical solution given by Onda [12].

2
. . [1.18]
i {Fs 2) 47D z eXp< 4Dz>
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Substituting this into equation (1.14) and using the relationship
= dp S/4 [Gianetto et al .[20],Pat;wardhan,[l3]]we get

A
() = — ﬁ(l-“f) (1-exp (<¥/B) dp

for B < 0.2 [1.19]

Figure 1.7 shows the dependance of E on ¥ and /2 for A <0.2

~

which covers the practical range of ¥. In the lower region of packed
column (i.e.f>0.2) the wall flow (which is non-zero) is obtained
by using equation (1.9). Also, the central flow (which is equal

to Q(1-W)) is assumed to be wuniform. Equation (1.14) can now be

written as
: e
- ] -
E(B )= —<0.2E / 1-W* 1-ex0€d, (A -0.2)))] dp
B
0.2
. [1.2n]
for B3>0.2
Neglecting the exponential term for 3>2, we get
= T
_ 26 (2.0) + (B-2) (1-W")
EQB) - - for B> 2 [1.21]

B

The integral in equations (1.16), (1.19) and (1.20) can be evaluated

by standard numerical techniques.

The results calculated using the simplified procedure are shown



in Fig. 1.8 and 1.9 for a uniform source and a point source respectively,

for several values of various parameters.

It is seen that they compare very well with the exact calcula-
tion based on the HS Model, Thus it appears that the reduction in

(k,a) value arises primarily because of the existence of wall flow

Lav

which is taken into account by the approximate procedure. The appro-
ximate procedure involves only one dimensional integrations which can

be easily performed using standard numerical techniques.

Figs. 1.8 and 1,9 are based on T = 1.44. The values of T
reported 1in Titerature cover a range of about 0.44-1.,44. Figure 1.10
shows a compari§0n of the HS model and the approximate procedure for
T=,0, and Fig. 1.11 shows the same for T = 0,44, for specific values
of other parameters, It {is again seen that the approximate
procedure gives predictions which match well with those based on the HS

model .

1.6 COMPARISON WITH EXPERIMENTAL DATA

The effect of packed height on the average (kLa) values in a
packed column for the absorption of CO, was investigated experimentally
by Mangers and Ponter [3] who found that (kLa) decreases as packed
height increases. They also determined the wa?¥ flow of 1liquid under

the same conditions as a function of packed height. They used a five

point distributor .in a 10 cm diameter column using 1 cm glass raschig

rings. In order to apply the theory developed here to their experimental
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data, it is necessary to estimate the values of several parameters

for the experimental conditions used by these authors.

1.6-1 Estimation of parameter values

(1) Spreading factor, S - Mangers and Ponter [ 3] did not report
the S values. However, Herskowitz and Smith [19] have given a graph
for wettable cylindrical particles (their Fig. 10) which can be used

to get S = 0.62 for 1 cm particles.

(2) Equilibrium wall flow, W*.- Mangers and Ponter [ 3] reported
the wall flow as a function of liquid flow rate for three different
column heights, j.e. 25, 50, and 75 cm. Since they used a 5 cm radius
column and 1 cm packings, J = 5. Also, n corresponding to the largest
height is calculated as 75. Therefore, for their 75 cm tall column,
nS,4J2 = 1.86. It has been shown in the earlier sections that wall
flow may be assumed to be very close to equilibrium at n$/J2 = 2.0.
The wall flow corresponding to nS/J2 = 1.86 may therefore be taken as
the approximate value of w*. Referring to Fig. 7 of Mangers and

*
Ponter [3], we may take W = 0.5 .

(3) The exponent , T - The same authors have investigated the
relationship between (kLa) and Tiquid flow rate in another study

using the same experimental set-up [22]. From this study, we get T =1.44,

(4) Distributor type - These authors used a five-point distri-
butor with all five points located around a circle of 7 cm diameter.

This type of distributor 1ies obviously in between the two 1limiting
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cases of a point source and a uniform distributor.

The ratios of kLa values corresponding to column heights of
25, 50 and 75 cm were calculated using their Fig. 6 [3] and are shown

in Fig.1.12 as circles. From Fig.1.9(a) for a point source we get

(k a) / (k) = 1.22 for nS/Jd2 = 1.86, W' = 0.5,7=1.44
uniform 75 cm
and R =5. Similarly, from the same figure, we get (k a) /
uniform
(kLa)25 em = 0.65 for nS/J% = 0.62. Using these two values,

42)o5 cm 1.22 _
. = 085 = 1.88 for a point source
(kLa)75 am

This {s shown as the solid Tine 1in Fig. 1.12. A similar calculation

made with Fig.1.8gives

(kLa)
il = 1.36 for a uniform source

(kLa)75 cm

Figure 1.12 also shows comparisons of (kLa) for 25 and 50 cm packed
heights. The five-point distributor used by Mangers and Ponter [21]
lies somewhere in hetween a point source and a uniform source, as
mentioned earlier. Fiqure 1,12 shows that the (kLa) ratios obtained
from their experimental data indeed lie in between the lines for the

point source and a uniform source. This figure also shows that the



liquid flow rate does not significantly affect the kL1 ratios, both

experimental and predicted,

1.7 CONCLUSIONS

A simple appruximate procedure was develoned for predicting
the effect of wall flow in packed columns on the mass transfer
characterictics, The HS model (which is mathematically equivalent
to the diffusion equation) was used as the basis. Simnle equations
were.develooed (equations (1.7) and (1.9)) for correlating the wall
flow as a function of axial position for the two cum-on sources
used, i.e. a uniform source and a point source. They were shown to
match auite well with the calculations baszd on the HS model over
wide ranges of several parameters. The simple procedure proposed

consists of using these wall fiow equations and assuming that the

remaining flow is uniformly distributed throughout the cross section.

The prediction of the averaqe kLa based on this procedure is shown
to agree well with the predictions of the HS model and also with the

experimental data of Mangers and Ponter [3].
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NOTATION

spreading coefficient (cm)
particle size (cm)

ratio of (kLa)av under developing wall flow and
(kLa) under the hypothetical conditions of uniform
flow with zero wall flow

lTocal axial Tiquid flux (cm3/cm? s)
equilibrium value of f (cu3/cm? s)
total Tiquid flow in an annulus (cm3/s)

liquid flow rate in the ith annulus after n stages
(cmd/s)

the flow vector for the n th stage (defined by equation
(1.3))

radial and axial indices

R/dp (total number of rings H.S. model)
volumetric mass transfer coefficient (s-!)
defined by equation (1.13) s-I

average value of ki a

r/dp (HS model)

z/dp (HS model)

fractional flow from i th annulus to the J th annulus
during one stage, or the elements of the matrix

the matrix defined by equations (1.2) - (1.5)

fraction of wall flow going to contact points during
one stage (a parameter referring to the HS model)

total Tliquid flow to the packed column (cm3/s)

radial distance (cm)



=

£ I <0

= =

Greek letters

a
du| d.z

column radius (cm)

liquid spreading garameter of HS model
column volume (cm3)

wall flow p.u. periphery (cm3/cm.s)
equilibriun wall flow p.u. periphery (cm3/cm s)

total wall flow / Q
equilibrium value of W
axial distance from top of the column (cm)

column height (cm)

r/R

defined in equations (1.7) and (1.9)

a coefficient defined by equation (1.10)
ns/J2

value of 3 for z =1

value of power on equation (1.10)

constants appearing in tabile 1.1

function appearing in table 1.1

28
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2.1 INTRODUCTION

Packed columns operated under trickle flow conditions and
packed trickle bed reactors are widely used for conducting mass transfer
operations with or without chemical reactions. This cateaory of contac-
tors renders several advantages like ease of construction and low cost
of oneration. The 1iquid in such columns is distributed over the top
of the column and gradually descends throuah the packings. The
performance of the packed column depends directly upon the hydrodynamic
and mass transfer characteristics of the column. One of the important
hydrodynamic parameters is the 1liquid hold-up in the column. The total
hold-up of the 1iquid can be considered to be made up of two parts, i.e.
the dynamic hold-up and the static hold-up. The liquid hold-up is
related directly to the average residence time of the liauid in the
column, It is also indirectly related to mass transfer parameters like
the interfacial area. The subject of 1iquid hold-up in a packed column

has been covered in several reviews (1-5).
2.2 PREVIOUS WORK

Liquid hold-up in packed columns has been studied by a number
of workers (6,8-1f). DNiscrepancies between vanorisation and gas absorp-
tion data have bheen correlated with total and dynamic hold-ups by several
workers (9,17). Warner (18) investigated the ahsorption of zinc vanours
in molten lead and proposed the quantity called effective hold-up ratio.
Onda et al. (7) have taken hold-up into account for correlating the
liquid film mass transfer coefficients. In catalytic packed trickle

bed reactor the liquid hold-up is one of the measures of contacting
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effectiveness between the 1iquid and the catalyst. Dynamic hold-up is
also directly related to the mass transfer coefficient, the interfacial
area and heat transfer coefficients [Matsura et al. (19) and Muroyama
et al, (20)]. 0Nut of the many correlations available for the dynamic
hold-up, the important ones are listed in Table 2.1. 1In these correla-
tions various parameters have been emoloyed, 1ike the flow parameter
proposed by Lockhart and Martinelli (21,2?),and dimensionless numbers
1ike Reynolds number, fallilio number and Weber number. Some empirical
correlations are also available in literature which are of the type
h=ad l.ﬁ [Charpentier and Favier. (23) , Bakos and Charpentier (24)].
Davidson (25) has presented a correlation which is purely bhased on
theoretical considerations. Generally most of the workers have employed
equations similar to that of Otake and Okada (26) with different consta-
nts. Most of the investigators have used porous or non-porous wettable
packings like ceramic, glass or metal packings of different shapes and
sizes. Some have used non-uniform particles of alumina or silica.
Considering the factors 1ike cost, durability, weight, corrosion resis-
tance etc. non-wettable packinas made of materials like nolypropylene
are potentially good substitutes for conventional nackings. Some
initial studies on mass transfer and distillation with such packings
have been conducted by Gaston et al. (27). Thev observed that the
results obtained with polypropylene packings are comparable with the
traditional ceramic packings. For measuring dynamic hold-up they used
the correlation given by Jesser and Elain (13). Andrieu (28), who
worked on the silicone coated packings of two sizes and shapes using
the air-water system, presented an equation which is similar to that of

Ntake and Nkada (26). It is shown that the wettahility of the packing



can influence characteristics 1ike interfacial area and equilibrium
wall flow quite stronaly (29,30). The influence of wettability on
dvnamic hold-up, however, has not been investigated thoroughly. The
only information in this respect which is available in literature (28)
was collected with air-water system. The purpose of the present study
was to investigate the effect of 1iquid properties like viscosity

and surface tension on the dynamic hold-up for both wettahle and non-
wettable packings, and to determine whether the same form of correla-
tion is adequate for hoth types of packings. A simplified form of
correlation was also tested with all the packinas. Seven different
packinas were used in this study. Liquid properties were varied over

wide ranaes hv usina aporopriate additives.

2.3 EXPEKRIMENTAL

The schematic representation of our experimental set up is
shown in Fiaure 2.1, A pyrex glass column of 7.8 cm internal diameter
and 100 cm length was used, The packings employed were of two types:
(1) three different non-wettable packings of polypropylene i,e. 1,27
and N &35 cm. Raschig rings and 1.27 cm Pall rings, (2) four different
wettable ceramic nackinas i.e, 1.27, N0,938 and 0,635 cm Raschig rings
and 1,27 cm partition rinas. The irrigating liauids employed were
distilled water and aaueous solutions of two additives i.e. CEPNL and
ALK-5, covering a wide range of viscosities and surface tensions. It
was found that the addition of CEPOL, a polymeric additive, to water
changed both its viscosity and surface tension simultaneously, However,

the addition of ALK-5, a surface active aaent, to water affected only
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its surface tension, The irrigating 1iquid from the inlet was distri-
huted over the top of the hed through a 20 point globe type of distri-
butor. The distributor was found to work satisfactorilv even at the
minimum Tiquid flow rate. The outlet 1iquid was made to pass through

a conductivity cell connected to a conductivity meter and an automatic
recorder. This recorder and the conductivity bridae were pre-calibrated

and frequently checked.

Measurement of 1iauid hold-up may be carried out by various
methods which can be qrouped inté 3 types (1) local measurement of hold-
up hy placing optical orobe in packing [Hewitt (31)]. (2) Semi-integral
method dealing with some section of the packina which is geometrically
well defined like a diametral line or a column crocs section and
employing x-ray or ¥ -rav techniques [Jones and Zuber (32)]. (3) Intearal
measurement methods which abply to the total volume of nackina in the
reactor. Prominent among them are (a) weighing of packina method
[Shulman et al. (10)]. (b) Tiauid collection method in which the flow
of irrigating liauid is stooned simultaneously at inlet and outlet
[larkins et al. (22)]. (c) residence time distribution method involving
the determination of the mean residence time of a tracer [Rothfield and

Ralph (33)].

In packed columns with tricklina liquid, the Tiquid maldistri-
bution at the microsconic level is always significant due to the rivulet-
like flow of the Tiquid, so local probe or semi-intearal methods may
incorporate experimental errors. Liquid collection method is a time-
consuming one. Continuous reactor weighina method needs a soecially

designed set up. The tracer method is comparatively easy and fast.
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Therefore it has been widelv used hy many workers (22,33-36). In this
method, the hold-up is evaluated from the mean residence time of the
Tiquid phase obtained from the first moment of the exit age distri-
bution using a pulse inobut of a tracer, The results obtained by this
method were also compared with the 1iquid collection method and were

found to be in excellent agreement.

Prior to each run, a high flow rate of the irrigating liquid
was maintained through the column for at least 10 minutes to ensure
a steady state, The desired flow rate was then adjusted through the
pre-calibrated rotameter and again continued for the next five
minutes to reach a steady state. NaCl solution of 1T N served as the
tracer and was introduced at the centre of the distributor and as
close as nossihle to the nackings. The correspondina event was marked
on te recorder, The tracer quantity was kept verv small (<2 ml) for
the followina oractical reasons, (1) Tracer quantity should not
influence the total liquid flow rate at inlet and ouciet. (2) The
nhysical properties of the irricated liquid e.q. viscosity, surface

tension and density should not be altered after the addition of tracer.

The connection hetween the packed column and the conductivity
cell was kept short so as to minimise the time lag. To minimise back-
mixing and air bubbles in the connecting tube, the size of the connecting
tube was keot as small as possible. It was observed experimentally that
it did not lead to any build up of 1liquid level in the column even at
the highest flow rates. The R, T.ND. curye was found to be reproducible,
Operation of the conductivity meter at high sensitivity allowed an

accurate determination of very low tracer concentration (<N.,0N1 N) at
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the outlet of the column. The run was continued until the outlet con-
centration of 1iauid approached zern very closelv. A1l the nackinas
qave R.T.D. curves without much tailing for all liauid flow rates exceot

for very low rates where tailing was sianificant.

The relation between mean residence time and the hold-up in

the equipment is shown by following equation:

@
h, Vv
. to £ - 5/ﬁt E(t)dt [2.17
QcC oy (t)
and E (t) = T (::‘t) r2.2)

Schiesser and Lanidus (38) questioned the validity of the tracer measure-
ments because of somewhat different results for hold-up ohtained for
various forms of tracer inouts. However, the determination of the
volume of the system aiven by Fq.(2.1)is based on the central volume
principle which is proved theoretically by Stephenson (39). Further,
the validity of the tracer measurements and the equivalence of results
for different tracer inouts has bheen demonstrated and confirmed by
Rothfield and Ralph (33), Patwardhan and Shrotri (40) and Ross (41).
Generally, the residence time distribution is measured outside the
column in tracer communication method. Van Swaaii (35) used a special
tvoe of arrangement which enabled them to evaluate conductivity of

the Tiquid flowing internally and thus calculate the residence time
distribution. 1In the present work, the residence time distribution
is measured outside the column. A volume correction is anplied to the
results to account for the liquid volume in the tube connecting the

column bottom to the conductivitv cell.



Collected exmerimental data for wettahle and non-wettahle

packings is shown in Tables 2.7 and 2.8 respectively.

2.4 RESULTS AND DISCUSSION

The properties of the 1iauid phase used in this studv were
varied over wide ranaes as shown in Tahle 2.2, The static hold-up
was determined with the usual weighing method. It is observed that
for non-wettable packings the static hold-up is about 20% higher than
the wettable packings, Andrieu (28) reported the static hold-up to
be 20% less than that for wettahle packings. Our results of static
hold-un are in agreement with the results obtained by Gaston et al.
(27). These results are compared in Table 2.3. It is quite likely
that the static 1iquid on the non-wettable surface forms droplets due
to its large contact angle. This may cause the higher static hold-up
in case of non-wettable packinas. Pall rings show higher static hold-
uo than Raschig rings of the same size. This may be due to the addi-

tional surfaces present in Pall rings.

It was found in this study that the dynamic hold-uo for non-

wettable packinaswas less than that for similar wettable nackings (42).

One of the objectives of this study was to investiqate the effect of
Tiquid properties like viscosity and surface tension on the dynamic
hold-up. In order to correlate the results in terms of dimensionless
groups, the following equation was used first:

B,
hy = ¥k Re  Ga [2.3]
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This is similar to the equations used by earlier workers as listed

in Tahle 2.1. The Reynolds number and the fallilio number incorporate
liauid viscosity but not the surface tension. This equation can be
transformed into a linear equation by taking lTogarithms of hoth sides,
and the constants kL’d'l and ﬁ] can be determined hy linear regression
analysis of the experimental data. The results of such analysis are
shown in Tahle 2.4 for all the packings used in this study. It is
seen that the multiple correlation coefficient is quite high. The
calculated F ratio are very high, indicating that the regression is
hiahly significant. The mean squares of the residuals for the four
ceramic packings are comparable. The mean squares of residuals for
the polyoropylene packinas are comparatively higher and also show
more variation, from packing to packing. It appears that the
variability of experimental results is higher for non-wettable
packings. This is exnected, because 1iquid does not wet the solid
surface for polyprolylene packinas. The nature of Tiquid flow in

a column consisting of random packings is stochastic, The wetting of
packing surface by liquid in case of ceramic packings probably tends
to stabilise the 1iquid flow paths to some extent, thus reducing the
experimental variations. In soite of the hiaher experimental variation
for nolyoropylene packinas, the calculated F ratios are quite high. The
hold-up values predicted by Fq.(2.3) with appropriate values of the
constants taken from Tahle 2.4 and those obtained experimentally are
plotted in Fiqure 2.2. The predictions of Eq. (2.3) are seen to be
satisfactory. A similar plot is presented in Figure 2.3 for polypropy-

lene packinas.



Ceramic packings are wetted by aqueous solutions, while poly-
propylene packings are not. The effect of surface tension on the
dynamic hold-up of wettable packings has been investigated ai . is
known to be insignificant, Since the entire surface is wetted, the
cross-sectional geometry of the fast flowing zones of liquid is
probably not affected very much by any change in surface tension. How-
ever, in case of polypropylene packings, the cross-section of a liquid
rivulet might be determined mainly by surface tension forces; and thus
might get affected considerably by chanaes in surface tension, To test
this possibility, the experimental data were reanalysed using the
following equation:

@ A, T
hg = kyRe “Ga 2 ve ° r2.a)

where We, the Weber number, incorporates the liquid surface tension.
The results of this analysis for the seven different packings used are
shown in Table 2.5. The multiple correlation coefficients are seen to

he sTightly higher, on an average, as compared to those in Table 2.4,

This is expected, since Eq,. (2,4) has an additional independent variable,

The Ssreg values are slightly higher in Tahle 2.5 than in Table 2.4,
This increase can be directly attributed to the inclusion of Weber
number in Eq. (2.4). The marginal sum of squares ]isted in Tahle 2.5
is the difference in the SSpeg values in Tables 2.4 and 2.5. It is
also equal to the mean square attributable to the Weber number, This
is used for calculating the marainal F values listed in Tahle 2.5. It
is seen that in five cases the calculated F is insignificant. ONnly

in two cases it is statistically significant.
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However, even in these two cases, the calculated

marginal  F  for Weber numher is much smaller than the Freq values

in Table 2.4. Therefore, we can safely conclude that the Weber number
does not have a significant effect on the dynamic hold-up. The

experimental and predicted values of hy for both types of packings

are shown in Figures 2.4 and 2.5.

It is seen from Table 2.1 that in most correlations previously
determined, the power on Re is approximately twice the power on fa, but
is opposite in sign. The same also holds good for the results of
regression analysis shown in Taﬁ]e 2.4, Since Re2 / Ga is equal to
another dimensionless number, i.e. the Froude number, it is interesting
to see whether the dynamic hold-up can be correlated with Froude number
alone. The following equation was considered:

4
hg = k3 Fr [2.5]

The results of the statistical analysis of experimental data employing
Eq. (2.5) for all the packings used are shown in Tahle 2.6. It is seen
that the multiple correlation coefficients are quite comparable to those
in Table 2.4. The Ssreg values in Tables 2.4 and 2.5 are also compara-
hle to each other. In other words, using just one dimensionless number,
i.e. Fr, gives a correlation which is almost as good as that based on

two dimensionless numbers, i.e. Re and Ga, with two independent expo-
nents. The calculation of Re ani Ga needs the knowledae of liquid visco-
sity and surface tension, while Fr can be calculated knowing only the

packina size and superficial liquid velocity. Thus, for estimating the
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dvnam%c hold-up for a new liquid, Eq. (2.5) is more convenient. The
experimental hold-up values and those predicted by Eq. (2.5) are show-

in Figure 2.6 and 2.7  for all the pack ings used.

The several correlations for the dynamic hold-up, listed in
Table 2.1 are quite similar in form, though they differ in terms of
the numerical values of the various constants. In order to compare
these correlations with each other, and also with correlations
develoned in this work, all these were applied to a hypothetical system,
i.e. that of air and water, for i.27 cm ceramic Raschig rinas. The
results are shown in Figqure 2.8 | It is seen that our correlation
compares quite weli with earlier ones. Also, the predictions based on
Eqs. (2.3) and (2.5) are almost identical. A similar comparison is
shown in Figure 2.9  for 1.27 cm polyproonylene Raschig rings. There
is only one earlier correlation, i.e. that by Andrieu (28), which is

applicable for non-wettable packings.

2.5 CONCLUSIONS

[t was found that liquid viscosity and surface tension do not
affect the dynamic hold-up in trickle flow packed columns significantly.
The same form of correlation is applicahle both to wettable and non-
wettable packings. Predictive correlations based on the Froude
number ,Eq. (2.5),are almost as accurate as those hased on two dimension-
less numbers, i.e. Re and Ra. The dynamic hold-up for polypropylene

packings is less than that for ceramic packings of comparable size.



NOTATION
a packing aeometrical area per unit column volume (cm‘])
Cr concentration of tracer in liquid phase (gm/1it)
dp nominal packing diameter (cm)
dt hydraulic diameter of the packing
E exit age distribution
Fi film number (=Fr/Re)
Fr Froude number (Vz/dp g)
g acceleration due to gravity (cm/sz)
Ga Gallileo number (dp3 g 32/};2)
ht total fractional hold-up
hS fractional static hold-up
hq fractional dynamic hold-up

ky ko k3 constants in Egs. (2.3)-(2.5)

My mass of tracer injected (gm)

N number of packings/unit column volume
0 liquid flow rate, cm3/sec

Re Reynolds number (V3 dp/ﬂ )

t time (s)

t mean residence time of 1iquid phase (s)
We Weber number (V2 dp S/o0)

v superficial Tiquid velocity (cm/s)

Ve volume of the column

Greek letters
a,,,, d; constants used 1in Eas. (2.3)-(2.5)
BB 2./33 constants used in Eqs. (2.3)-(2.5)

o4



m Q p T =

constant used in Ea. (2.4)
liquid viscosity (poise)

liquid densitv (qm/cm3)

liquid surface tension (dynes/cm)

porosity of dry packing
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Table 2.2: Ranae of parameters investigated

Liquid viscosity M 1-14 cP
Surface tension o 20-72 dynes/cm

Liauid flow rate 0 40-1400 cc/min

—— This work S Andrieu Raston et al
— (28) (27)
0.635 cm 1.27 cm 1.27 cm 1.27 cm 1.27 cm
RR RR Pall rings RR RR
h 6.1 5.68 5.02 2.3 5.81
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TABLE 2.7

EXPERIMENTAL DATA FOR
WETTABLE PACKINGS

Liquid Viscosity Surface Liquid

No. flow rate tension  hold-up

(c.c./min) (centi poise) ( -dynes/ c.c.
_____________________________________ L)
1 2 3 4 5

PACKING TYPE - 0.635 C.M. WETTABLE RASCHIG RINGS

1. 1110 1 72 404
2. 750 1 72 320
3. 690 1 72 263.6
4. 850 1 12 334
5. 915 1 72 362.6
6. 710 1 72 300
7. 600 1 72 272
8. 385 1 72 206.4
9. 360 1 72 190.4
10. 210 1 72 161.6
11. 375 1 72 230
12. 145 1 72 122.4
13. 435 1 72 221
14, 890 3.25 33 387.2
15. 700 3.25 39 324
16. 350 3.25 39 114
17. 480 3.25 39 248
18. 650 3.25 39 298
19, 215 3.25 39 183.6
20. 300 3.25 39 188.6
21. 170 3.25 39 68.8
22. 900 4.8 35 392
23. 675 4.8 35 311
24, 600 4.8 35 296
25. 375 4.8 35 215
26. 500 4.8 35 240
27. 280 4.8 35 184
28, 225 4.8 35 185
29. 850 4.8 35 368



30 1075 9 26 562
31 700 9 26 380
32 560 9 26 318.4
33 375 9 26 260
34 175 9 26 198
35 405 9 26 251.6
36 940 9 26 448
37 1000 1 30 400
38 935 1 30 37
39 740 1 30 315
40 640 1 30 280
41 490 1 30 234
42 275 1 30 169
43 300 1 30 188
44 420 1 30 212
45, - 150 1 30 116
46 950 1 45 378
47 800 1 45 344
48 610 1 45 265
49 450 1 45 230
50 180 1 45 132
51 300 1 45 182
52 440 1 45 224
53 1150 1 55 466
54 750 1 55 320
55 940 1 55 411
56 575 1 55 282
57 400 1 55 216
58. 180 1 55 133
59. 300 1 55 188
60. 800 1 55 376



PACKING TYPE - 0.938 C.M.

61.
62.
63.
64.
65.
66.
67.
68.
69.

70.
71.
72.
73.
74,
75.
76.
17,

78.
79.
80.
81.
82,
83.
84,
85.

86.
87.
88.
89.
90.
91.

1480
1920
800
1025
680
440
620
220
350

1400
1240
950
760
510
400
280
705

1300
1250
950
850
720
560
400
300

1240
980
700
800
530
450

Wwwwwwww
[SANE, NS NS NS NS NS, NS,

DO OO OOOD

e s e e
OOy O o1t On

72
72
72
72
72
72
72
72
72

WETTABLE RASCHIG RINGS

611
805
216
288
178
118
134
66

100

484
356
264
218
133
120
83

180

428
410
302
232
204
139
104
92

555
352
240
312
193
176

79



107.
108.
109.
110.
111.
112.
113.
114.

PACKING TYPE - 1.27 C.M.

115.
116.
117.
118.
119.
120.
121,
122,
123,

580
510
260
360
170

1000
775
740
475
400
240
250
800

375
165
310
625
315
475
580
650
655

3 4 5

1 62 248
1 62 176
1 62 232
1 62 155
1 62 109
1 62 140
1 62 68
1 40 256
1 40 197
1 40 222
1 40 192
1 40 164
1 40 106
1 40 118
1 40 69
1 25 360
1 25 270
1 25 256
1 25 168
1 25 158
1 25 99
1 25 100
1 25 248

WETTABLE RASCHIG RINGS

1 72 95
1 72 72
1 72 65
1 72 140
1 72 86
1 72 116
1 72 134
1 72 168
1

72 170

............
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150.
151.
152,
153,
154,
155,

450
270

B I = =

— e —d e —d —d

PR RPN NN NN
NN NN NNNNNNN

NNNNNN
e e e e e
(S NS, NSNS NS, ]

oot oo

181
220
125
80
44
324

223
138
104
101

52

260
188
152
116
68
38

............
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156.
157.
158.
159.
160.
161.

162.
163.
164.
165.
166.
167.
168.

PACKING TYPE - 1

169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.

180.
181.
182.
183.
184,
185,
186.

1075
1200
690
725
835
635
225
555
210
455
160

740
740
600
500
295
175
950

.27 C.M.

WETTABLE PARTITION RASCHIG RINGS

— ot ) d d d d e e d —d

N NN NN
(SRS NS, NS N NS Ne )

72
72
72
72
72
72
72
72
72
72
72

40
40
40
40
40
40
40

184
145
96
50
188

261
248
153
134
227
138

77
182

94
160

75

196
324
164
140
101

78



= PO 2 e 4__ > .
187 930 4.5 34 220
188 660 4.5 34 171
189 840 4.5 34 228
190 450 4.5 34 122
191 300 4.5 34 80
192 220 4.5 34 66
193 880 4.5 34 206
194 1550 4.5 34 270
195 900 7.2 29 248
196 600 7.2 29 152
197 660 7.2 29 171
198. 550 7.2 29 140
199. 400 7.0 29 136
200. 250 7.2 29 80
201. 150 7.2 29 56
202 1100 7.2 29 268
203 1800 1 60 464
204 1100 1 60 312
205 1300 1 60 324
206 800 1 60 152
207. 890 | 60 174
208. 590 1 60 137
209. 750 1 60 170
210. 360 1 60 104
2N 1050 ] 32 296
212 1700 1 32 436
213 800 1 32 200
214 620 ] 32 134
215 420 1 32 m
216 600 ] 32 128
217 200 1 32 80

............
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1 2 3 4 5
218 1000 1 24 200
219 1600 1 24 344
220 800 1 24 168
221 700 1 24 156
222 530 1 24 172
223, 360 1 24 147
224. 175 1 24 65
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EXPERIMENTAL DATA FOR

TABLE 2.8

NON-WETTABLE PACKINGS

Liquid
flow rate
(c.c./min)

Viscosity

(centi poise)

Surface Liquid
tension holdup
( -dynes/ (c.c.)
cm)
4 5

PACKING TYPE - 0.635 C.M. NON-WETTABLE RASCHIG RINGS

10.
11.
12.
13.
14,
15.

16.
17.
18.
19.
20.
21.
22.
23.
24,
25.

26.
27.
28.
29.

oONOGTHA W~

150
210
370
580
960
1000
1200
1320

90
160
140
300
400
600

1280

260
350
360
380
450
570
640
740
870
990

270
300
390
585

vt ol e ) ol ) b owad

it d d ) d d e e e

RS T |

PhEPAPPEBDS
e o o o o o o
B I~

72
72
72
72
72
72
72
72

36
36
36
36
36
36
36

65
65
65
65
65
65
65
65
65
65

61.

61.
120.
131.
195,
200
230.1
290.6

A0 O

60.1

69.6
114.4
153
151
202
336.4

146.
165.
178
170
196
253.
256.
261
228.
281.

[Sa 00~

o O

~Nw

150.1
154

186.7
225.7
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30 705 1 48 266.1
31 765 1 48 276
32 870 1 48 295.6
33 685 1 48 290.1
34 115 2.86 38 73.9
35 250 2.86 38 135
36 280 2.86 38 137.4
37 370 2.86 38 182
38 460 2.86 38 177.4
39 600 2.86 38 195
40 1000 2.86 38 310
41 1280 2.86 38 352
42 140 7.48 29 120.6
43 260 7.48 29 185.6
44 * 300 7.48 29 251
45 405 7.48 29 226.5
46 540 7.A8 29 255.8
47 705 7.48 29 287.3
48 800 7.48 29 313
49 820 7.48 29 334

PACKING TYPE - 1.27 C.M. NON-WETTABLE RASCHIG RINGS

50. 150 9.12 26 107
51. 170 9.12 26 56.6
52. 220 9.12 26 114.4
53. 340 9.12 26 121.2
54. 390 9.12 26 115.4
55, 540 9.12 26 158.6
56. 560 9.12 26 148.6
57. 570 9.12 26 146
58. 120 5.06 34.5 71
59, 150 5.06 34.5 74
60. 190 5.06 34.5 87.1
61. 345 5.06 34.5 109.6

...........
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PACKING TYPE - 1.27 C.M.

103.
104.
105.
106.
107.
108.
109.
110.
111.

112.
113.
114.
115.
116.
117.
118.
119.

120.
121,
122.
123.
124,

620
640
700
840
1000

147.5
250
315
410
690
892
1340

* 170
1730

68
147
178
244
328
546
606
702

192
368
480
704
976

[ R R R S g p—pp—

—d o ek d d

B = I = S

NNNNNN
« e e e .

NON-WETTABLE

72
72
72
72
72
72
72
72
72

35.
35.
35,
35.
35.
35,
35.
35.

28.
28.
28.
28.
28.

PALL RINGS

N NN NNNNN

DO O

76.2

90
108.6
158.6
231
258.3
389.6
415.6
422.9

24 .64
66.14
71.12
82.36
99.64
155.18
181.04
171.56

63.32

80.6

85.4
158.04
179.9
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1 2 3 3 5
125, 60 8.9 25.9 29.
126. 356 8.9 25.9 96.04
127 440 8.9 25.9 133.4
128 540 8.9 25.9 142.4
129 560 8.9 25.9 165.4
130 630 8.9 25.9 176.6
131 752 8.9 25.9 155.48
132 100 1 48 68
133 240 1 48 114.4
134 360 1 48 109
135 600 ] 48 148
136 620 1 48 178.4
137. 700 1 48 197
138. 1020 1 48 189.4
139, - 40 1 65 29.6
140. 180 1 65 109.6
141, 220 1 65 59,2
142, 320 1 65 69.6
143. 420 1 65 55.6
144, 580 1 65 107.6
145, 840 1 65 121.2
146. 1060 1 65 150.8
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3.1 INTRODUCTION

Packed columns operated in the trickle flow regime have found
wide-spread applications in industry, predominantly as gas-liquid
contactors, in operations like gas absorption and distillation. The
principle aim of such equipment is to distribute the liquid over the
surface of packing elements such as raschig rings or catalyst supports,

and thus generate a large interfacial area.

It is well known that inapacked column operated in the trickle
flow regime, some zones of liquid are almost stagnant while others
are in rapid motion and that there is a slow interchange of liquid
between them (refer chapter 2). The distribution of liquid into
stagnant and moving parts and the interchange between them i< 1 concept
that has been used for explaining several phenomenon of importance in
chemical engineering. For example, axial dispersion has been shown to
arise partly because of the existence of stagnant pockets of liquid.
It is also known that the effective interfacial area in a packed column
for absorption with a chemical reaction depends strongly upon the
kinetics even under identical hydrodynamic conditions. This has been
shown to arise due to the fact that the interfacial area of the static
hold-up is not equally effective in all absorption operations. This
effectiveness is directly related to the rate of interchange of liquid

between the static and dynamic hold-ups.

The purpose of this work was to investigate the mass transfer
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coefficient between the static and dynamic hold-up in packed columns
operated in the trickle flow regime, and to develop predictive correlations
for the same. Several relevant factors like the liquid viscosity, surface
tension, liquid flow rate,and the size and type of the packings were
investigated. In addition, packings of two different materials i.e.
ceramic and polypropylene, were used. Thus, the effect of wettability

of the packing material on the liquid interchange rate was also

studied. This study led to predictive correlations based on dimen-

sionless groups.

3.2 PREVIOUS WORK

It is well known that the total liquid hold-up in a packed column
can be split into two parts, i.e. the dynamic hold-up consisting of
rapidly moving liquid and the static hold-up consisting of semistagnant
zones of liquid. It is also known [1] that there is a slow interchange
of liquid between the dynamic and the static hold-up. This interchange
of Tliquid has been investigated by many workers who were mainly interested
in the axial dispersion of liquid in the packed column. Earlier attempts
to characterise axial dispersion in terms of an axial dispersion coeffi-
cient alone indicate that the tail of the tracer response curves
(obtained with a pulse input) is not predicted well. The significant
tailing of these response curves is due mainly to interchange between
stagnant and dynamic zones. This was recognised by later workers like
Hochman and Effron [2], Hoogendorn and Lipps [3], Schwartz and Roberts [4],

who incorporated this exchange into their models and used the moment method
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to evaluate model parameters. They, however, did not incorporate any
axial dispersion coefficient. Villermaux and Van Swaaij [5] proposed a
model which incorporated both liquid interchange and an axial dispersion
coefficient. They evaluated model parameters from the response curves
obtained with a pulse input. This model was later used by others [6-8]
for correlating their axial dispersion data. A comparison between the
results of all these workers is available (Gianetto et al. [9]) and
indicates a very poor agreement between the values of interchange
coefficients reported by the eariier workers. They attributed this
disagreement to the differences in the procedures adopted by different
workers both for experiments and analysis. A1l these workers (with the
exception of Bennett and Goodridge [6], whose work is discussed later)
calculated their parameter values from response curves for a pulse
tracer input by curve fitting techniques or by nonlinear regression.
The tracer response curves used extended upto 1.5 to 3 times the liquid
residence time in the column. The response curves in this period are
governed mainly by axial dispersion, and only to a lesser extent, by
interchange of liquid. Therefore, it would not be surprising if the
calculated interchange coefficients had wide confidence 1imits. The
confidence limits, however, have not been reported. More recent models
involving a larger number of parameters suffer from the same shortcomings

[10,11].
A different procedure was adopted by Bennett and Goodridge [6]

who used a step decrease input of tracer rather than a pulse input. They

found that the outlet concentration of tracer falls to a low value within
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about two residence times and decreases further exponentially. The
outlet tracer concentration, after 4-6 residence times, gives a straight
line on a semilog plot, whose slope gives the interchange coefficient.
It is shown later that this part of the tracer outnut curve is governed
mainly by the liquid interchange and not by axial dispersion coefficient.
The accuracy with which the interchange coefficient can be calculated,
is thus expected to he higher. Accurate measurement of outlet tracer
concentration at such high time is possible only with this procedure
involving a step decrease input.' A pulse input Teads to outlet concen-
tractions too lTow to be measured, at such high times. Bennett and
Goodridge [6] were ahle to measure output concentration of tracer even

after 14 residence times quite accurately.

Further evidence regarding the accuracy of the results of Bennett
and Goodridge comes from another direction. It has been known for some
time that the effective interfacial area in packed columns used for gas
absorption with or without chemical reaction depends strongly upon the
chemical kinetics even under comparable hydrodynamic conditions (Shulman
et al. [12], Joosten and Danckwerts [13]). A semiquantitative explana-
tion was provided later (Puranik-Vogelpohl [14]) which amounted to
saying that the interfacial area of the static hold-up is not equally
effective in all gas absorption operations. A more rigorous quantitative
explanation was provided by the extended crossflow model proposed later
[15]. The central idea behind this model is as follows. The effective-
ness of the area of the static hold-up for gas absorption depends upon

the concentrations of the gas and liquid components in the static hold-up.



The interchange of 1iquid and the absorption of gas through the inter-
facial area of the static hold-up affect these concentrations in opposite
directions. It was shown [15] that by estimating the interchange
coefficient from the correlation of Bennett and Goodridge [6], the
discrepancies in the values of effective interfacial area for gas
absorption can be satisfactorily explained by the extended crossflow
model .

The correlation mentioned above was obtained using ceramic
packings and the air-water systém. This study was undertaken to develop
a similar correlation which would be valid for wider ranges of para-
meter values like 1iquid properties and flow rate. A large number of
packings were used which covered different sizes,shapes and also the
packing materials. Some of the packings were made of ceramic which is
wetted by aqueous solutions, while others were made of polypropylene,
which is not wetted by aqueous solutions, but have other desirable

properties like being lightweight and corrosion resistant.

3.3 THEORY

The total Tiquid hold-up in a packed column, ht , 1s composed
of two parts, i.e. dynamic or operating hold-up hd, and static hold-up
hg . Interchange of liquid can take place between these two hold-ups.
The stagnant liquid is found mostly at the points of contact, Assuming
the radial dispersion to be negligible, the axial dispersion equation for

a tracer is given by
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L_98C _ 98C . 3.1]

This, however, does not account for the presence of stagnant pockets.
It can be modified by writing a mass balance over an incremental length

of a packed column as

.| ht - hy 00 _ @dC _
DLD_Z_C___E_—E’C-- [—L—;\ ot ot - 0

X hy
8 %2 d 9 [3.2]
or in a dimensionless form as
2 h
1 98C 3¢ _Tsdq  3C - g [3.3]
Pe 922 = 3L ny @0 ae

where Pe is axial Peclet number. Now, the mass transfer coefficient

between the stagnant and dynamic regions is defined as

39 . [C - q] [3.4]
ot

When a step decrease of tracer is used, the outlet concentration decrea-
ses rapidly to a fairly low value and decreases further rather slowly in
an exponential manner. A typical sample of these curves is shown in
Fig. 3.1. The graph is seen to be divided into two parts. The first

portion is due to dispersion taking place in the dynamic hold-up. In



this regime the effect of the static hold-up is very small. In the

second region of exponential decrease, the dynamic portion is relatively

free of the tracer, and the outlet response is caused by the tracer
being transferred out of the static hold-up. Tn this region, C is

very small compared with q, and equation (3.4) simplifies to:

-%%?— =-kq [3.5]

In general, q may vary along the column height at any time.

Let q (x, t,) represents the profile of q at any time t, . Then

equation ( 3.5) is applicable to any point in the packed bed with the

initial condition
q=q (x, to) at t =t [3.6]
The total flow of the tracer from the static to dynamic hold-up is

given as A khé/z d x. The outlet concentration of the tracer thus

becomes as

Ciie = (hek/ L) J/Aq d x [3.7]

The solution of the equation ( 3.5) gives

a (t) = q (x, tg) exp (- k (t - t,)) [3.8]

10!



If Co represents the outlet concentration of tracer at ty then

equation (3.8) qives

Cout = L[Coexp (k ty)] exp (- k t) [3.9]

Thus a plot of 1n Cout Vs. t at large t would give a straight
Tine with a slope of (- k) {rrespective of the initial distribution of
tracer in the static hold-up along the column height. Even if the
initial tracer concentration in the static hold-up is not uniform, k
can be evaluated from the slope of the semilog plot. A typical plot

of log Coyt vs t is given in Fig. 3.2 which shows it to be a

reasonably good straight line.

3.4 EXPERIMENTAL

A schematic diagram of the experimental set up is shown in
Fig. 3.3. The packed column used was of 7.8 cm I.D. and 67 cm long
and was made up of pyrex glass. Two types of packings were employed
to evaluate mass transfer coefficient between the static and dynamic

hold-up. Four different types of wettable packings were used, i.e.

0.635 cm, 0.937 cm and 1.27 cm raschig rings and 1.27 cm partition rings.

The three non-wettable packings used were 0.635 cm and 1.27 cm raschig
rings and 1.27 pall rings. The liquid used was distilled water. The
surface tension of the distilled water was varied by the addition of
Nonyl phenol (< 0,005 wt.%). The viscosity of water was varied by

adding the polymeric additive CEPOL (<1.0 wt.%). Both the additives
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were non-ionic and did not change the conductivity of distilled water.
The ranges of parameters investigated in this study are shown in

Table 3.1. An aqueous solution of NaCl (IN) was used as the tracer.
The concentration of sodium chloride was measured by measuring the
electrical conductivity, which varied linearly over the concentration
range used. Initially, the conductivity meter and chart recorder were

calibrated for different concentrations of the tracer solutions.

A1l the packings were first washed with chromic acid and then
with distilled water to ensure that their surface was clean. After
packing a column with the desired type of packing, it was flooded with
the salt solution and kept for 15 minutes. Then the tracer solution
was drained out completely over a period of 15 minutes. This resulted
in a column w i t h the entire static hold-up filled with the tracer
solution. Flow of liquid with desired properties was then started
through the 20-point distributor. This event was marked on the strip
chart recorder kept running at the appropriate speed. The liquid
level in the tank was maintained constant in order to keep a constant
flow rate during the run. The electrical conductivity of the effluent
liquid from the column was continuously measured by platinum cell, fixed
in a specially made teflon jacket, and connected to the strip chart
recorder. The length of the connections of the column to the cell was
kept at a minimum. Each run was continued for a minimum of 10 minutes.
This allowed sufficient time for the elutriation of most of the tracer
from the static hold-up. The procedure was repeated to cover wide
ranges of flow rates and liquid properties for the seven different packings

mentioned earlier.
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For each run, the slope of the straight line obtained on the
semilog plot computed by linear regression. The entire experimental
data collected for wettable and non-wettable packing is shown in

Table 3.2 and Table 3.3 respectively.

3.5 RESULTS AND DISCUSSION

According to the procedure outlined in the earlier section,
totally 224 and 154 runs were conducted, for wettable and non-wettable
packings respectively, with widely different values of viscosity,
surface tension and liquid flow rate. In the earlier study by
Bennett and Goodridge [6], the mass transfer coefficient between static
and dynamic hold-up was correlated as

0.58

kdy = 1.95x 1074 Re [3.10]

which was obtained from data for the air-water system. This work
was aimed at studying the effect of surface tension and viscosity
which were varied over wide ranges. The following equation which
incorporates surface tension in the form of Weber number was tried

for all the packings to correlate the mass transfer coefficient k

k dy M a, By
—E— - yRe  We

[3.11]
g

Both the Reynold and Weber numbers are based on the interstitial
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velocity, as used by Bennett and Goodridge [6]. It was found that

if the Reynolds number is based on the superficial liquid velocity,
it results in a poorer fit. The interstitial velocity is equal to
the superficial velocity divided by the dynamic hold-up. The dynamic
hold-up was calculated by applying our own correlations [Chapter 2].
Since these were developed using the same packings, they are expected
to be more accurate for the purpose than similar correlations

available in literature.

The analysis of variance fér equation (3.11) is qgiven in Table 3.4.
The equation uses the dimensionless group [ E—f%%fi ] for the interchange
coefficient. Bennett and Goodridge used a dimensional group as (kdp).
Gianetto et al. [9] have presented the results of Bennett and Goodridge
[6] in the form of the dimensionless group (kdp/v). However, it is
seen from the work of Gianetto et al. [9] that such a representation
leads to different lines for different packing sizes. The present
correlation in terms of (kdpﬁl/o') gives a single line for various
packings as is obvious from the results of Bennett and Goodridge [6],
which cover two packing sizes. Equation (3.11) is transformed into
a linear equation by taking logarithms of both sides and the constants,
dy, Byand k] are obtained by linear regression analysis of our
experimental data. As seen from Table 3.4, the multiple correlation
coefficient is quite high, indicating that the regression is highly
significant. The powers on Re and We do not vary much with packing
type and size, though they seem to depend to some extent on the wetta-

bility. The power on Re obtained by Bennett and Goodridge [6] is much
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lower than that obtained in this study. However, it must be mentioned
here that the present study covers much wider ranges of independent
parameters than those used by Bennett and Goodridge [6]. The power on
Weber number suggests that surface tension is also important in
determining the mass transfer coefficient between the static and
dynamic hold-up, and must be incorporated in the correlation as done
in equation (3.11). Fiqures 3.4 and 3.5 indicate the accuracy of
predictions of kdp M /o from equation (3.11) using d 4 and B,

from Table 3.4. The predictions are seen to match the experimental

values very well over the range of parameters investigated.

It is seen from Table 3.4 that the multiple correlation coefficient
for non-wettable packings is similar in magnitude as that for wettable
packings. This implies that both types of packings have comparable
experimental errors. Also it appears that the same type of correlation

is applicable for both cases.

[t was also thought worthwhile to try an equation of the
following type (which was found to be satisfactory for correlating

dynamic hold-ups)for both the kinds of packings separately.

k dyM a

B
= k,Re 2 Ga 2

ql<

[3:12]

This equation has one more group, Ga, which accounts for the gravity
factor. Equation (3.12) does not involve the surface tension. This

equation, as explained in Chapter 2 was transformed into a linear equation



107

by taking logarithms of both sides and constants k 2 ,CL2 and 3 2

were determined by linear regression analysis of the experimental data.
The resultsof analysis are shown in Table 3.5 for both wettable and
non-wettable packings. It appears from this table that the multiple
correlation coefficients are lower than those in Table 3.4, and the
powers on Reynolds and Gallileo numbers are unusually large in
magnitude. Therefore, equation (3.12) is not considered to be

suitable for correlating the interchange coefficient.

3.6 CONCLUSION

A correlation was developed for the mass transfer coefficient
between the stagnant and dynamic zones in a packed column operated
in the trickle flow regime. The correlation is given by equation (3.11)
with values of constants listed in Table 3.4, and involves only
dimensionless group. This form of equation was found to be suitable
for different types and sizes of packings, both wettable and non-
wettable, over wide ranges of several parameters as shown in Table 3.1.
It is seen that surface tension affects the interchange coefficient

in a significant manner.
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NOTATION

cross sectional area of packed column (cm2)
tracer concentration in dynamic hold up (moles/cm3)

tracer concentration at the column outlet (moles/cm3)

Cout at t, (moles/cm3)

0
packing size (cm)

axial liquid phase dispersion coefficient (cm?/s)

total Tiquid hold-up dimensionless

dynamic 1iquid.ho1d-up dimensionless

static liquid hold-up dimensionless

column height

mass transfer coefficient defined by equation (3.4) (s-!)

superficial 11quid velocity (cm/s)

Peclet number based on length of bed, HV/DL
dimensionless

tracer concentration in static hold-up (mo]es/cm3)

V.dyg /M  dimensionless

time (s)

residence time, H/V (s)

arbitrary starting value of t

interstitial velocity of 1l.quid in the column (L/hd) (cm/s)
V2dp3 /0 dimensionless

axial distance (cm)

x/H



109

Greek letters

a A T constants obtained from equations (3.11) and (3.12)
M liquid viscosity (centipoise)

3 liquid density (gm/cm3)

(0} liquid surface tension (dynes/cm)

0 t/t
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TABLE 3.1

RANGES OF PARAMETERS USED

Parameter Range
Liquid flow rate ‘0.1 - 1.66 1it/min
Liquid viscosity 1.0 - 14.0 cp

Surface tension 20.0 - 72.0 dynes/ cm




Viscosity

Liquid
flow rate
(c.c./min)

TABLE 3.2

EXPERIMENTAL DATA FOR

WETTABLE PACKINGS

(centi poise) (

Surface
tension
-dynes/

PACKING TYPE - 1.27 C.M. WETTABLE RASCHIG RINGS
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1 2

28 150
29 190
30 330
31 420
32 570
33 870
34 1250
35. 190
36. 220
37. 390
38. 570
39. 850
40. 1210

PACKING TYPE-0.635 C.M. WETTABLE

41, 340
42, 410
43. 510
44, 650
45, 770
46. 800
47, 960
48, 1080
49, 1210
50 1400
51. 300
52. 400
53. 550
54, 705
55. 910
56. 1050
57. 1120
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1 2
58 150
59 240
60 370
61 590
62 640
63 770
64 870
65 500
66 710
67 1000
68 1220
69 1400
70 300
71 420
72 550
73 600
74 740
75 790
76 1000
77. 240
78. 280
79. 350
80. 570
81. 800
82. 990
83. 1100

PACKING TYPE

84. 960
85, 350
86. 360
87. 650
88. 380

- 0.937

3 4 5
6.8 31 2.27
6.8 31 2.82
6.8 31 3.91
6.8 31 5.1
6.8 31 5.34
6.8 31 6.93
6.8 31 7.05
14 20 7.85
14 20 9.28
14 20 10.88
14 20 11.27
14 20 12.77
1 48 4.00
1 48 4.77
1 48 5.27
1 48 5.58
1 48 6.21
1 48 6.43
1 43 7.55
1 30 4.21
1 30 4.44
1 30 4.78
1 30 5.38
1 30 6.82
1 30 7.98
1 30 9.50
C.M. WETTABLE RASCHIG RINGS
] 72 6.87
1 72 2.96
1 72 3.16
1 72 6.38
1 72 3.38
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PACKING TYPE - 1.27 C.M. WETTABLE PARTITION RASCHIG RINGS
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] 2 3 4 5

152 200 1 24 2.91
153 280 1 24 3.32
154 400 1 24 4.12
155 600 1 24 6.78
156 850 1 24 7.36
157 900 ] 24 7.63
158 1000 1 24 8.97



TABLE 3.3

EXPERIMENTAL DATA FOR
NON-WETTABLE PACKINGS

No. Liquid Viscosity Surface Slope
flow rate  (centi poise) tension
(c.c./min) ( -dynes/
_____________________________________ om) .
1 2 3 4 5

PACKLNG TYPE-0.635 C.M. NON-WETTABLE RASCHIG RINGS
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1 2
29 310
30 400
31 520
32 740
33 950
34. 800
35, 1200
36. 250
37. 330
38. 420
39. 550
40. 705
41, 900

PACKING TYPE -

42, 740
43, 540
44, 825
45, 550
46. 575
47. 700
48, 840
49, 390
50. 970
51. 810
52. 500
53. 590
54, 300
55, 640
56. 810
57. 1230
58. 1110

oooONOTOYO,
~n
(8]

NON-WETTABLE RASCHIG RINGS
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59 330 13 20 4.27
60 440 13 20 4.73
61 505 13 20 4.9
62 730 13 20 6.73
63. 770 13 20 6.80
64. 920 13 20 7.98
65. 600 ] 50 6.17
66.. 810 ] 50 8.21
67. 890 1 50 8.71
68. 1050 1 50 9.01
69. 1400 1 50 10.11
70. 1660 1 50 12.38
7. 210 1 40 2.18
72. 340 1 40 2.92
73. 410 ] 40 3.21
74, 730 1 40 5.80
75. 800 1 40 6.21
76. 920 1 40 6.62

PACKING TYPE - 1.27 C.M. NON-WETTABLE PALL RINGS

77. 440 1 72 2.94
78. 570 1 72 3.14
79. 400 1 72 2.03
80. 520 1 72 3.97
81. 710 1 72 6.40
82, 940 1 72 5.72
83. 870 1 72 5.07
84. 910 1 72 4.49
85. 760 1 72 5.78
86. 400 33 21

6 3
87. 550 6 3
88, 580 6 4
89. 680 6 33 5.77
90. 700 6 6
9l. 900 6 6
92. 1400 6 9
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114,
115.
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TABLE 3.4

STATISTICAL ANALYSIS OF EXPERIMENTAL DATA USING —PG—— = k,Re We

Packing Wettable Non-wettable s
material —---!:----—---------—-------------------3---£ -----------------------------
Packing type 1/4" 3/8" 1/2" 1/2" 1/4" 1/2" 1/2"
and size R.R. R.R. R.R. Partion RR R.R. R.R. Pall R.R.
k]Q102) 10.64 6.78 4,73 4.43 1.38 2.47 1.59
cL1 - 1.17 -1.24 -1.23 -1.18 -0.945 -1.07 -1.035
JB] 1.70 1.28 1.39 1.41 1.39 1.11 1.395
Multiple 0.975 0.943 0.969 0.975 0.982 0.948 0.985
correlation
coefficient
Sum PTota]
of corr 95.46 74 .02 115.9 100.7 52.5 74 .42 78.13
sqrs
9 Reg. 93.04 69.82 112.3 98.13 51.4 70.59 76.9
Res. 2.42 4.20 3.52 2.52 0.945 3.82 1.209
-
Deg. |[Reg 2.0 2.0 2.0 2.0 2.0 2.0 2.0
of
fr'ee-<
dom |[Res 40.0 37.0 34.0 31.0 39.0 32.0 34,0
Mean |Req. 46.52 34.9 56.17 49,07 25.7 35:3 38.5
sqQrs <
Res. 0.060 0.113 0.104 0.081 0.024 0.119 0.035

F reg. 775.3 308.8 540.1 605.8 1070.8 296.6 1100.0
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TABLE 3.5

Kdy <, A,
STATISTICAL ANALYSLS OF EXPERIMENTAL DATA USING — —— = kpRe ° Ga

Packing ¥ Wettable Y f Non-wettable ——
117 o= o 17 e
Packing type 1/4" 3/8" 1/2" 1/2" 1/4" 1/2" 1/2"
and size R.R. R.R. R.R. partition R.R. R.R. Pall R.R.
R.R.

kp  1.6x10%  1.8x10%  3.8x108 2.6x10%  6.65x102 4.8x105 2.1x10°

a 2 3.78 3.26 3.36 3.22 0.589 1.27 1.47
A 2 -2.84 -2.58 -2.58 -2.50 -0.815 -1.39 -1.41
Multiple
correlation 0.930 0.934 0.925 0.931 0.769 0.95 0.896
coefficient
Sum |[Total 95.46 74.02 115.9 100.7 52.5 74 .42 78.13
of corr.
sqrs SReg. 88.83 69.14 107.1 93.7 40.2 70.7 70.0
Res 6.63 4.88 8.71 6.95 12.0 3.69 8.13
Deg. [ﬁeq. 2.0 2.0 2.0 2.0 2.0 2.0 2.0
of
freedom
LBes. 40.0 37.0 34.0 31.0 39.0 32.0 34.0
Mean |Reg. 44 4 34.5 53.5 46 .85 20,13 35.4 35.0
sqQrs
Res. 0.165 0.132 0.256 0.224 0.309 0.116 0.238

Freq. 269.1 261.4 208.9 209.15 65.15 305.2 147.1
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4.1 INTRODUCTION

A trickle bed reactor is a system in which the 1liquid and
the gas phase flow cocurrently downward or countercurrently over a
fixed bed of catalyst particles. These reactors are used in several
industrial scale processes such as hydrotreatment of heavy petroleum
fractions and isomerisation of 1light petroleum cuts (1-6), hydrogena-
tion and oxidation reactions in synthesis of industrial chemicals
(3,7,8), removal of pollutant gases and waste water treatment (2,3,9)
and biochemical processes using supported enzyme catalyst. The common
mode of operation in industrial reactors involves cocurrent down-
ward feed of 1iquid and gas over a fixed bed of catalyst, however, in
problems like air-pollution, countercurrent mode also may be preferred.
The design of a trickle bed reactor is complicated due to various
factors related to reaction kinetics, mass transfer and hydrodynamics.
Due to the growing importance of this subject, extensive research on
various design aspects has been done in the last few years and some of
the important reviews are due to Satterfield (4), Shah (10), Hofmann

(8), Ramachandran and Chaudhari (11) and Herskowitz and Smith (12).

For a suitable design of a trickle bed reactor, a knowledge
of the reaction kinetics, mass transfer coefficients and hydrodynamic
parameters is essential. Several studies on hydrodynamics and mass
transfer in trickle bed reactors have been published. However, these
studies are not sufficient for predicting the design parameters under
conditions of practical interest. It is particularly important to

note that most of the literature studies are carried out using model
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systems such as air-water-sand or glass beeds and ambient conditions.
There is hardly any information on hydrodynamic and mass transfer
parameters for practical systems. The first important aspect in the
design of trickle bed reactor is the prevailing flow regime for a
given gas and liquid velocity. The mass transfer coefficient and
other design parameters like hold-up, pressure drop, dispersion
coefficient, largely depend on the flow regime. In this work, the
main objective was to investigate the transition in flow regimes under
different operating conditions and assess the predictability of
literature correlations for systems of practical interest. The
literature survey on flow regimes and a detailed scope of the present

work are discussed in the following sections.

4.2 PREVIOUS WORK

Different flow regimes in trickle bed reactors have been
observed depending on gas and liquid flow rates and physical properties
of gases and liquids. The various investigations on this subject are
summarised in Table 4.1. The flow regimes have been generally classi-

fied as follows.

(1) Trickle flow regime - At low liquid velocity, the flow pattern
is referred to as a trickle flow or a gas continuous flow regime. In
this case, the liquid phase trickles over the packing essentially in
a laminar flow. Since the flow in one phase is not significantly
affected by the flow in other phase, it is also known as a low inter-

action regime.
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(2) Pulse flow regime - At higher gas and liquid rates, a pulsing or
rippling flow behaviour is generally observed. In this regime the
interaction between gas and liquid phases is high and therefore is

also referred to as a high interaction regime.

(3) Dispersed bubble flow regime - At very high 1iquid rates and low
gas rates, the liquid tends to become a continuous phase with gas in a
dispersed bubble flow. This regime is called as dispersed bubble flow

regime.

Most of the laboratory and commercial reactors are operated
either in a trickle or pulse flow regime. The transition between the
flow regime becomes an important design aspect and has been the subject
of several investigations. Weekman and Myers (14) were the first to
observe the transition between trickle and.pulse flow regimes. The
different methods used for determining the flow regime transitions are:
(a) visual observation [Talmor, (26)], (b) sharp increase in pressure
fluctuations [Chou et al. (15), Sicardi et al. (16)], (c) sudden
change in gas-liquid mass transfer coefficient [Fukushima and Kusaka,
(13)] and (d) variations in apparent electric conductivity [Matsuura
et al. (17)]. The parameters affecting the flow regime transitions
are gas to liquid velocity ratio, physical properties of the liquid
phase and the shape and the size of the catalyst particles. The inves-
tigations by Chou et al. (15), Kobayashi et al. (18), Morsi et al. (19)
and Sicardi et al. (16) have shown that the effect of the physical
properties of fluids on the transition from trickle flow to the pulsing

flow regime is very significant. Chou et al. (15) have observed a major
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effect of particle wettability. The studies on nonfoaming systems for
a cocurrently operated trickle bed have been reported by Larkins et al.
(20), Weekman and Meyers (14), Sato et al. (21), Charpentier and
Favier (22), Midoux et al. (23), Specchia and Baldi (24). Charpentier
and Favier (22) obtained data for systems such as air-water, air-
cyclohexane, C02-cyc10hexane or gasoline or petroleum ether and 3 mm
particles. They correlated the transition conditions between low and
high interaction regimes by a single curve valid for foaming and non-
foaming systems. The re5u1t; of a later experimental study by
Specchia and Baldi (24) with glass spheres and air-water or aqueous
glycerol systems agreed with the results of Charpentier and Favier
(22) for nonfoaming systems. For foaming systems, the transition was
observed at lower liquid flow rate than for nonfoaming systems by

Specchia and Baldi (24).

Charpentier and Favier presented the flow map transition
in terms of the Baker coordinates (25) in which Uy Q.I)ay/ug Qg VS,
ug gg/).gs is plottcl. 1In a later study, Chou et al. (15) have
shown that the use of the Baker coordinate may not be sufficient to
distinguish the flow regimes, particularly if the effect of wetting
characteristics of the packing have to be considered. Talmor (26)
proposed ug/u] and (]+1/Fr]g)/(we]g+1/Re]g) as coordinates for the
flow map to account for the effects of particle shape and size and
reactor to particle diameter ratio. This approach accounts for

inertia, gravity, interface and viscous resistances.

Gianetto et al. (27) and Sicardi et al. (16) have also proposed

approximate criteria for predicting the transition to pulse flow regime.



While extensive studies on air-water-solid systems have been published,
there is little information on systems of practical interest. Also,
the generalized approaches of Talmor (26) and Charpentier and Favier

(22) need to be further confirmed with data on real systems.

The present work was therefore undertaken with the following

objectives:

(1) Experimental determination of flow regime transitions for several

systems of practical interests. The systems chosen were:

(a) Air-water-glass spheres

(b) Acetylene-aqueous formaldehyde-alumina
(c) Chlorine-toluene-ceramic cylinders

(d) Hydrogen-benzaldehyde-alumina

(e) Ethylene-water-alumina
(2) Effect of particle size on flow regime- transitions.

(3) Comparison of the results with earlier work.

4.3 EXPERIMENTAL

A schematic diagram of the experimental set-up is shown in
Fig. 4.1. The system consisted of a 5.6 cm ID glass column which was
100 cm long, a circulation pump and gas and liquid flow meters. The
column was packed up to 85 cm length and was operated in a cocurrent
down-flow manner. The liquid and gas phases were distributed over the

column cross-section using a 12 point glass tube distributor. The
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packing types consisted of glass spheres, Norton-alumina supports
and ceramic cylinders. The physical properties of the systems used

are listed in Table 4.2.

In order to observe the flow regime transition, a desired
Tiquid flow was set and after a constant liquid flow rate was esta-
blished, the gas flow was introduced. Keeping the 1iquid flow rate
constant, gas rates were progressively increased and the corresponding
flow regime was observed. The region of flow rates at which the
transition from trickle flow to pulse flow occurred, was visually
observed in a series of experiments. The liquid and gas velocity
ranges covered were 0.1-1.1 and 0.5-100 cm/sec respectively. The

packing diameter was varied between 1-5 mm.

For each system, depending on a flow rate, the starting flow
regime at lTow gas rates was trickle flow. The starting point of the
pulse flow regime was quite distinct in most cases. The following
systems were investigated: (a) Air-water-glass spﬁeres, (b)
Acetylene-aqueous formaldehyde-alumina, (c) Chlorine-toluene-
ceramic cylinders, (d) Hydrogen-benzaldehyde-alumina, (e) Ethylene-

water-alumina.

4.4 RESULTS AND DISCUSSION

The flow regime transitions were observed for the various
systems mentioned earlier. Four distinct patterns were observed

experimentally. These are: (1) Spray flow (2) Trickle flow (3) Pulsing
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flow and (4) Dispersed bubble flow. The relative location of each

of these flow patterns with respect to gas and liquid superficial
velocity is shown in Figs. 4.2 to 4.6. for each of the systems studied.
The results for the air-water-glass spheres system are shown in

Fig. 4.2 along with the results of Chou et al. (15). The results of
this work have been found to agree well with those of Chou et al.(15).
Thus indicating that the experimental method used in this work is

satisfactory.

In the visual observations of the flow regime transition, the
gas velocity was increased in each successive experiments keeping the
liquid rate constant. At lower liquid rates, gas continuous or trickle
flow pattern was observed. Also at low 1liquid rate and higher gas flow
rate, spray flow regime was observed. This is gas continuous flow
regime in which liquid phase is distributed as a heavy mist in gas
stream. This is because the 1liquid drops are finely broken by a large
stream of gas flow in these conditions. As the gas velocity is
increased further at a given 1iquid rate, a non-homogeneous flow regime
called as pulse flow regime is observed. This regime is characterised
by alternate portions of more dense and less dense mixtures of two
phases through the column. The transition from trickle flow to pulse
flow was found to be very sharp in general, however, the transition
occurred for different gas and liquid rates for each case. In the
case of chlorine-toluene-ceramic cylinders system, the transition
point is in close agreement with that in air-water-glass sphere system.

In the case of hydrogen-benzaldehyde-alumina, ethylene-water-alumina
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systems, (Figs. 4.5 and 4.6), the transition to pulse flow has
been observed at lower gas velocities than the air-water-glass sphere

system.

As the gas flow rate was increased further, the pulse frequency
was found to increase and with still further increase in the gas
velocity, these pulses merged into each other and a dispersed
bubble flow regime was observed. This regime is characterised by
fast moving Tiquid with formation of gas bubbles. Except for chlorine-
toluene-ceramic cylinders system, the transition from pulse flow to
dispersed bubble flow was found to occur at higher gas and liquid
rates compared to that of air-water-glass sphere system. For acety-
lene-formaldehyde-alumina system, the transition occurred at very
high gas and liquid flow rates. This is likely to be due to the fact
that the density of acetylene is lower compared to air or chlorine.

Also, for this system, foaming was observed to a certain extent.

The effect of packing diameter on the flow regime transition
was not found to be significant as far as the transition points are
concerned. The main observation of this work was that the flow regime
transition observed for systems with different physical properties are

widely different from that of air-water-glass spheres system.

The results of this work were also compared with the literature
correlations of Fukushima and Kusaka (13) and Talmor (26). Fukushima
and Kusaka (13) proposed following correlations for transition between

pulse to trickle and pulse to dispersed bubble flow regime.



Trickle-pulse

* 0.27 d -0.5
-0.2 *x 0.27 . Py .
P Rary Reg (g) 18 (1)
Pulse-dispersed bubble flow
-0.8
d
-0.6 ,*1.13 * -0.2 P -
Qc Re. Reg ( d; ) = 790 (2)
where, Gc is the shape féctor of the packing defined as the ratio

of the geometric surface area of the packing to the square of the

packing diameter. The Reynold's number Re: and REG are defined as:

Re* = dge U] ?L (3)
L
ML
d u
Rey = _pe g Sq @)
M

The predicted results of egn. (1) for trickle to pulse transition of
the flow regime are shown in Figure (4.7) along with experimental data
obtained in this work. It can be seen that for most cases the
correlations of Fukushima and Kusaka (13) does not agree with the
experiments. The results for pulse to dispersed bubble flow, when
compared with predictions of equation (2) also showed disagreement.
This indicates that the correlation of Fukushima and Kusaka (13) is

not suitable to represent data for a wide variety of systems.
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The results of this work have also been compared with the flow
map proposed by Talmor (26) in Figure (4.8). In this case the flow
map is presented as ug/u] vs. (1 + 1/Fr]g)/(We]g+ (1/Re]g)). The
parameters Fr]g, we]g and Re]g are defined in Table (4.3). In
certain range of conditions, the results of this work agree with the
flow map of Talmor (26) for transition from trickle to pulse flow
regimes. However, in the lower range of the effective parameter

1 1

(1+Fr1g ) /1 (eyg +

= ), the results were not found to agree
‘1g

well. This indicates that, more work is essential to develop a
generalized flow map for trickle bed reactors. The present study
clearly indicates that the data obtained for systems with different
physical properties cannot be explained based on correlations developed

from air-water system data.
4.5 CONCLUSIONS

The transition of flow regimes in a trickle bed has been studied
using systems of widely different physical properties. The experimental
data have been obtained over a wide range of gas and Tiquid velocity.

On comparison of the results with data on air-water-glass sphere system,
it was found that our results agreed with earlier work only for air-
water system. For other systems such as chlorine-toluene, hydrogen-
benzaldehyde, ethylene-water and acetylene-formaldehyde, the flow
regime transition points were observed to be widely different from

that of air-water system. The present data were also compared with

lTiterature correlations and it was found that the data agreed with the
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flow map of Talmor (26) only in certain range of conditions. For
trickle to pulse flow regime transition. The present data disagreed
with the correlation of Fukushima and Kusaka (13). This concludes,
that the earlier flow maps developed based on systems such as air-
water and limited range df parameters are not suitable to explain
behaviour of a wide variety of systems. Further work is recommended

on this subject to evolve a generalized flow map of a trickle bed.
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Greek letters

€8

NOTATION

equivalent diameter defined as e]dp/].S (1- E])
diameter of the particle, -m
ds €
. . A . B
equivalent diameter of particle defined as 2/3 TE:~——
€
diameter of the column

Froud number as defined in Table (4.3)

acceleration due-to gravity, cm/s2

gas-phase Reynolds number based on dpequg //‘(g
liquid-phase Reynolds number based on dpe
Reynolds number as defined in Table (4.3)

surface tension of liquid, dyne/cm

superficial velocity of the gas phase in the column,cm/s

superficial velocity of the liquid in the column, cm/s

Weber number as defined in Table ( 4.3)

bed voidage

external liquid hold-up

a parameter defined as (ng] /Qairqwater)o's

viscosity of gas-phase,poise

viscosity of liquid, poise

.....
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M 19 parameter defined in Table (4.3)
V 1g parameter defined in Table (4.3)
Qg gas density, g/cm3
?] density of liquid, g/cm3
[} shape factor
- s , 173
Tw

M
b a parameter defined as ST [ T:, (R,/R7) 1]
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TABLE 4.3

DEFINITION OF PARAMETERS FOR PREDICTION OF FLOW MAPS GIVEN BY

TALMOR (26)

Parameter Definition

Er [(U]Q] * ug QG))vlg]2

19 g/dn
2
» “1W1g (47 * g %)
®1g | ST
Re] " (U]Q] * quS\_
9 /ﬂ]g
1/Q 4 (R /u.Qg) + (17g,)
v]g T+ (uyQy / ug Qg) -
/‘(1(u]q] /Ug Qg) +/((g
/‘(19 T+ {uygy/ Ug Qg
2 d
dp EB T

2+43 (1- €5) dr / 4
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