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Abstract

Abstract
Industrial distillation and separation columns are limited in throughput by a hydrodynamic
phenomenon known as flooding. Flooding comes to pass in three different types: choking, froth
height limitation and entraioment Firstly, choking is a flooding mechanism characterised by an
uncontrollable increase of the dispersion height, i.e. the height of the gas-liquid mixture, on the
column trays. Secondl y, froth height limitation is distinguished by a controllable rise of the froth
height on the tray with increasing liquid- or gas flow rate. When the froth height reaches the tray
above, excessive overflow occurs and flooding arises as froth height limitation. lllirdly, entraioment
flooding is wen known. This type of flooding only arises for high gas flow rates. In this particular
case liquid dropiets are transported by the gas flow up to the tray above where accumulation occurs.
In order to optimise distillation efficiency and to exploit distillation facilities at most, fundamental
insight is needed in the cause and possible prevention of flooding. In view of the size of distillation as
separation processin the world oil industry, and the present lack in well founded understanding of
column hydraulics, a more thorough description of the path to flooding and even more understanding
of the flooding process itself, will result in a tremendous economie impact.
In order to determine the cause of flooding, choking in particular and froth height limitation to a
eertaio extent, experiments are performed in a representative test facility. For several column layouts and different liquid compositions, the hydraulic behaviour on sieve trays as function of liquidand gas flow rates, is studied extensively.
Current theories, used to predict the column hydraulic behaviour as function of the different flow
regimes preceding the point of flood, are discussed on the basis of experimental data: The current
metbod of approach of the two phase behaviour on the tray by one phase flow is discussed and a new
equation predicting the clear liquid height on sieve trays operating in the weir crest regime is
proposed. Also a semi-empirical description of the liquid height over the weir is derived for the
submerged regime, i.e. the flow regime on the tray preceding flooding, on the basis of the Bemoulli
equation.
The cause of choking is found to be different for the tray operating in the mixed froth- or the spray
regime. For the mixed froth regime, liquid is the continuous phase in the dispersion moving over the
tray into the downcomer. Here the point of choking is determined by the size of the vapour pocket in
the downcomer, the volumetrie flow into the downcorner and the extent of vapour disengagement in
the downcomer. The size ofthe vapour pocket is found to be determined by the height- and the
velocity ofthe dispersion on the tray as wen as the width ofthe downcomer. The size ofthe vapour
pocket relative to the width of the downcomer, defines actual downcorner area that is used for
dispersion transport. It is found that through this area a maximum volumetrie flow can be
transported. This flow is determined by the liquid flow and the amount of vapour carried with the
liquid flow into the downcomer. Decreasing the size of the vapour pocket with fixed width of the
downcomer, by decelerating the dispersion flow at the tray or at the downcorner mouth is found to
increase the maximum liquid throughput up to 80%. Increasing the liquid hold-up on the tray was
also found to postpone the point of choking to higher liquid loads. Furthermore aeration of the
vapour pocket increased the maximum liquid throughput by approximately 10%.For the spray
regime choking was found to be caused by the back-flow ofliquid from the area above the
downcorner mouth on the tray. This back-flow is found to be induced by the direction- and velocity
of the froth at the downstteam wall of the downcomer. Decelerating the froth flow over the weir or
near the downcorner wall by use of expanded metal, was found to be very effective for increasing the
maximum liquid throughput in the spray regime. The other observed flooding mechanism, froth
height limitation, was observed both with and without a vapour pocket in the downcomer. With a
vapour pocket in the downcomer, the point of flood appeared also to be determined by an effective
downcorner area in combination with a volumetrie flow. Flooding was found to be postponed to
higher liquid loads by decelerating the froth velocity over the weir, i.e. decreasing the size of the
vapour pocket.
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Introduetion

1. Introduetion
Distillation is defined as a process in which a liquid or vapour mixture of two or more components is
separated into fractions of desired purity by the application and removal of heat. However, for
reactive distillation usually no temperature gradient is present and two phases, liquid and gas, flow
in opposite directions through the column. For this particular type of distillation components are
separated by diffusion, usually from the gas to the liquid. In spite of the differences in separation
techniques, both types of distillation exploit the same equipment, making a comparison in hydraulic
behaviour possible.
Distillation in general is the most common separation technique in the oil refinery industry and can
contribute to more than fifty percent of the plant operating costs. From this point of view it is highly
desirabie to reduce operating costs by improving efficiency and expanding the operating range of
distillation columns by process optimisation and controL Achieving this requires a thorough
understanding of distillation principles and the behaviour of different substances in the column. In an
age where sophisticated computer technology has taken over the design, and often the operation, of
distillation columns, the fundamental practicalaspectsof distillation are rapidly becoming a
forgotten science. Yet, when a column experiences problems in the field, it is neither the computer
nor powerful rnathematics that is able to reinstate normal operation not to mention to increase
capacity or to improve efficiency. Instead, these problems are solved by practical research which is
also used intensively to model the hydrodynamic behaviour in distillation columns.
Theset-upof a distillation column ofthe reactive type is schematically represented in Figure 1.
Contact between the gas- and liquid phase is achieved at the tray which is usually of the sieve or
valve type. After passing through the tray and the dispersion layer upon it, the gas moves further to
the tray above while liquid passes on into the downcorner to the tray below. The maximum
throughput of this process in terms of gas- and liquid flow rates is determined by a hydrodynamic
phenomenon known as flooding, which is characterised by a sharp rise in the pressure drop over the
column. The latter arises from the accumulation of the gas-liquid dispersion in the column when
flooding occurs. Because ofthe accumulation, flooding always results in an inoperable state ofthe
column.
L

ii
G

Figure 1

L

Schematic representation of a sieve tray section. L
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=liquid, G =gas

An additional important issue of interest in distillation industry is the foaming tendency of the gasliquid dispersion in the column. An increase in the foaming tendency results in premature flooding
relative toa less foaming system. In order to circumvent this problem de-foamers or anti-foaming
agents are often used in commercial distillation columns. In general satisfactory results in terms of
maximum throughputs and distillation efficiency are obtained with these agents. However, a
drawback is that, during the life-time of a column, large amounts are required which makes it an
expensive solution. Furthermore, anti-foaming agents affect the quality of the final product since
separation and recycling of the agents is not feasible.
The present study is principally concerned with the cause and prevention of flooding. The physical
properties of a distillation column are considered in relation to flooding. Furthermore, the influence
of gas and liquid loads on both the hydrodynamic behaviour of the gas-liquid dispersion in the
column and the point of flood is explored. The experimental work as a whole is part of a more
extensive research program which has as the ultimate goal the formation of a more satisfactory
model descrihing hydraulic processes in distillation columns. To achieve this, flow regimes similar to
those of commercial equipment are used to enhance the possibility of scale-up. A simplified
representative test-facility is chosen which gives similar hydraulic behaviour as a commercial
distillation column, but with lower operating costs and higher safety.
The structure of this report is as follows. Theoretica! considerations and design rules in relation to
processes common in distillation columns as dispersion flow and the formation of foam, are
described in chapter 2. In chapter 3, the experimental facilities and the set-up ofthe experimentsis
explained. Chapter 4 treats results obtained out of the experimental work in relation to subjects
pointed out in chapter 2. Pufthermore the results are discussed here in itself and with respect to a
possible general applicability. In chapter 5 the conclusions and recommendations are presented.
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2. Design rules and theoretica) applications
In this chapter theset-upof and theory basedon relevant types of distillation columns and a brief
characterisation of foams is given. Some of the subjects discussed are not common for distillation
theory, but are mentioned in this chapter preliminary to chapter 4, "Results and discussion", where
they will be applied with respect to the measured data. Therefore this chapter is not only a summary
ofthe most commonly used distillation design rules and theories, but also a theoretica! supplement to
several subjects that are treated in upcoming chapters.
It must also be mentioned in advance that theory based on hydraulic principles in distillation columns

as well as design rules, are still highly empirica! in nature and are usually only applicable for
specific set-ups and operating situations. This is partly basedon the complicated behaviour of
different phases in the column. Processes in di stillation columns are all related to highly turbulent
two phase flow and were therefore considered as a "black box" for a long time. Also the economie
factor plays its role in the nature ofthe theory. Studies performed to increase the efficiency and
capacity of distillation columns in order to reduce production costs, has not played a significant role
until about 20 years ago. Now cost reduction, and therefore also understanding of the hydraulic
behaviour in relation to the layout of di stillation columns, has become a major issue.
The appearance of the different subjects in this chapter will be with respect to the logical flow path
in operational distillation columns. This implies tray theory and design will be treated first, followed
by a discussion of the weir and downcomer. Hereafter the different flow regimes on the tray with
their corresponding capacity limitations will be the subject, and finally a brieftheory ofthe
formation and (in)stability of foams will be given.
sieve plate

Weir length (Lw)

Flow path length (Lfp)
bubbling area

Figure 2

Downcorner width (Wde)

downcorner area

Schematic representation of a sieve tray layout (top view)

2.1 Tray hydraolies
The term tray in distillation industry actually refers to the integrated entity of the sieve or val ve
plate, the weir and the downcorner (Figure 2). Still the sameterm is often used for the plate alone, as
is also done in this report.
Trays in distillation columns only work well over a limited range of vapour and liquid loads. Both
the design engineer and the column operator need to know the upper and lower operating limits to
eosure proper operation. Further a correct theoretica! based understanding of the hydraulic behaviour
on a tray is required to optimise di stillation efficiency. Therefore the most common design rules for a
tray and the relevant theory of flow over it will be discussed next.
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2.1.1 general
In order to promote mass transfer a large interfacial area between the gas- and the liquid-phase is
desired. 111is is taken care ofby the deliberate aeration ofthe liquid flowing over the tray. The most
commonly used trays are sieve- and valve trays. Sieve trays are metal plates with usually 12 mm
holes which are distributed evenly. Forthese trays, vapour passes straight upward through the liquid
on the tray. For valve trays the perforations are covered by liftable caps. Therefore these trays self
create a flow area for the passage of vapour. The lifting cap directs the vapour to flow, in contrast to
sieve trays, horizontally into the liquid. Bubbles moving upwards through the dispersion on the tray
are for both tray types 1Omm to 50mm in diameter.
The hydraulic behaviour of liquid on a sieve tray is highly important in column design as it affects
the pressure drop, the type of flow regime that develops and the maximum (flooding) and minimum
(weeping) operating limit (section 2.4).

2.1.2 Tray design parameters
The layout of a tray plate is determined by the design parameters. For a sieve tray the arrangement,
number and size of the holes are the variables. These variables should be adjusted in such a way that
preferred operation is obtained. Typical design parameters, for a sieve tray layout are presenled in
Figure 2.
The column cross-sectional area (Ac) equals the bubbling area (Aba) plus twice the downcorner
area (Adc) for a downcorner is present on both sides of the bubbling area. The net free area (NFA) is
defined as the area taken by perforations in a tray as a percentage of the column cross-sectional area.
The hole pitch (Lp) is the centre-to-eentte hole spacing. In this project holes are always spaeed on a
triangular pitch for this is the most common arrangement, but also a square pitch is somelimes used.
Liquid flows, on average, perpendicular to the rows of holes, over the weir and subsequently into the
downcomer.

2.1.3 Liquid height on the tray
To ensure a certain amount of liquid to be constantly present on the tray, a weir is placed at the
upstream side of the downcomer. In the experimental facilities used in this project, the weiris shaped
as a thin overflow dam. The top surface of the weiris called the crest of the weir, in case of the weir
used it is named a sharp crested weir. The overflowing sheet of liquid is termed the nappe.
Current theories predicting the hydrostatic pressure of the dispersion layer on the tray are based on
the theory of the free overflow of a dam by pure liquid. The latter theory is set-up as follows:
Figure 3 (a) shows the liquid flow over a weir for actual flow conditions. As can be observed, the
streamlines near the weir crest are highly curved. In order to derive an equation for the discharge
over the weir, the contractions ofthe nappe are neglected. Furthermore, the velocity profile in the
channel of approach is assumed to be uniform. The pressure throughout the nappe at cross section 2
is assumed to be atmospheric. 111is implies the velocity direction over the weiris horizontal. With
these assumptions a schematic depietion of the idealised flow over the weir is represented by Figure
3 (b).
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H'

H

I

--·2

-----~1_ : v,
nappe
(b)

(a)

Figure 3

Definitlon sketch of weir flow, actual profile (a), idealised profile (b).

In Figure 3 (b), the variables are Vo which is the approach velocity, V2 is the velocity at section 2,
H1,rray is the depth in approach flow which is also represented as How+Hw, How is the head over the
weir, Hw is the height of the weir, Ho is the total head ofthe flow, H represents the total head above
the weir, and H' is the distance ftom the energy grade line toa differentlal area in the weir plane (2).
The energy grid line represents the height that the water level would reach when no motion is present.
Bernculii's equatlon applied at the streamline at the surface gives:

1
pgH = 2pV{ + pgy

(2-1)

This because in the weir plane the pressure is assumed to be atmospheric. Equation (2-1) can be
written as:
(2-2)
With equatlon (2-2) the discharge over the weir can be calculated. Defining Lw as the length of the
weir crest (perpendicular to the flow directlon), and integration across the flow path area of depth
How at the weir gives the discharge over the weir as:

(2-3)

The variabie ofintegratlon can now be changed from y to H. using dy=-dH·. This results in

(2-4)
If the approach velocity is considered to be small then

(2-5)
Here Cd presents the discharge coefficient which takes friction losses, contraction of the nappe and
other deviations ftom the assumed conditlens into account. Equation (2-5) presents the head over the
weir when written as:

How =Cd (

2 Jl/3

~g

(2-6)

[m]
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This equation, with a value for the discharge coefficient of 1.43, is referred to in literature as the
Francis weir equation, aft:er Francis who derived the coefficient on the basis of experiments.
Another derivation of the equation predicting the head over the weir follows from an analytic study
by Boussinesq [1]. He derived an equation, which only differs in the discharge coefficient from the
Francis weir crest equation, on the basis of the nappe plane where arching of the lower nappe surface
was maximum (3 in Figure 3) instead of on the basis of the weir plane as used for the Francis weir
crest equation. Forthermore he assumed that the streamlines in the nappe plane were concenttic
circular arcs. In this way, Boussinesq derived a discharge coefficient of 1.41 which differs only 1%
from the value obtained by Francis.
Empirica! equations for the flow over sharp crested weirs are fairly numerous, and possibly the best
known is given by the Rehbock equation:

J (

Q= ( 1.78+0.24 How
Hw Lw How +0.0011 )312

(2-7)

This equation does take into account effects of the approach velocity and the surface tension with the
terms 0.24(Ho,./Hw) and 0.0011 respectively. In the derivation of equation (2-6) the influence of these
effects were considered to be negligible.
As mentioned in the beginning of this section, the hydrastatic pressure correlated to the dispersion
layer on the tray is predicted on the basis of the theory for the free flow of liquid over a weir. The
height in the approach channel (HL,rray), which actually represents the head due to static pressure, is
called the clear liquid height on the tray in distillation industry. Fora water-air dispersion flow over
a sieve tray, the clear liquid height on the tray is defined as:
H

!,tray

=p

p

(2-8)

g

water

The clear liquid height on the tray is an important parameter to determine the flow regime on the
tray.lt contributes toa high extent to the pressure drop over the column and the efficiency ofthe
distillation process, which are both highly important parameters for column design and operation.
The equation used to predict the clear liquid height on the tray is presented by [2]:
(2-9)

Here e1 is the average liquid hold-up of the dispersion layer on the tray, Hw (mm) the height of the
weir, How (mm) the head over the weirand MI (mm) represents the liquid content in the spray layer
(Section 2.4.2). The first term on the right hand side of the equation represents the liquid head below
the weir. Forthermore the head over the weiris given by equation (2-6) with the empirica! derived
value 1. 78·1 0'3 for the discharge coefficient.

2.1.4 Liquid hold-up on the tray
The available equations predicting the liquid hold-up on the tray are all highly empirica!. Due to poor
onderstanding of the behaviour of the liquid hold-up on the tray as function of system and operating
parameters, column improvements to enlarge the interfacial area and the contact time between the
different phases, i.e. the distillation efficiency, are still not theoretically founded. According to the
DODG [2] the average liquid hold-up on the tray for sieve trays is given by:

Confident ia!
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Where Qg is the gas flow rate (m3/s), Aba the bubbling area (m2) and PI and pg the density ofthe
liquid and gas respectively (kg/m3).
Sargent et al. [3] pointed out that in the bubbling and mixed froth regime (section 2.4.2) the liquid
hold-up density profile changes over the height of the gas-liquid dispersion on the tray. This was
measured using a gamma-ray attenuation technique. In these experiments three zones were discerned
(Figure 4). A small, approximately clear liquid layer at the tray, a zone of nearly constant clear
liquid hold-up and a zone over the upper layer ofthe dispersion with a low density. This nonuniformity of the dispersion layer on the tray complicates a possible denvation of a fundamentally
based equation predicting the liquid hold-up on the tray.

f Height above tray floor [m]

0.15

spray

_____t_ __ _
~
"constant" dispersion density

_t-------------~

"more or less" clear liquid

0

Figure 4

0.1

0.2

0.5
0.3
0.4
--+ liquid hold-up on tray [·]

Liquid hold-up density profile, from Hothuis [7]

2.1.5 Hydraulic jump
Open channel flows may be classified on basis of the Froude number which is presented by:
V

(2-11)

Fr=--

JiY

Where V is the fluid velocity and y the liquid depth in the open channel.
If Fr is smaller than one, the flow is called subcritical. This implies that disturbances in the flow
pattem can travel upstream; downstteam conditloos can affect the flow upstream. The flow is called
critical when Fr is equal to one and supercritical when greater than one. Disturbances are only able
to travel downstteam in the latter case; downstteam conditloos cannot be feit upstream.

When a flow is supercriti cal, and downstteam conditloos require a change to subcriti cal flow, the
need for the change cannot be communicated upstream. Therefore a gradual change with a smooth
transition through the criti cal point is not possible. The transition from supercritical to subcritical
flow occurs abruptly through a hydraulic jump.
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Control volume

I
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I
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--+
--+
I
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Schematic representation of a submerged sluice gate

Figure 5

When a sluice gate discharges with the jet submerged there is a characteristic dip down at the
downstteam side of the gate as shown in Figure 5. This type of discharge can be considered as a
submerged hydraulic jump. Submerged in a sense that the level of water at the sluice gate is higher
than the opening of the gate, and hydraulic jump for the water level reaches an even higher constant
level further downstream. In order to evaluate the clear liquid height at the gate (HI,slir) the
momenturn equation must be applied to the control volume which implies:

fJ pv(n. v)ctf + fJ npctf = fJ pv(n. v)ctf + fJ npctf
2

(2-12)

2

From equation (2-12) it follows that:

pVt Hslit - p; H~.slit = pV;Hl,tray - p2g H~.tray
2

(2-13)

Furthermore the continuity equation gives:
(2-14)
Equations (2-13) and (2-14) lead to:
2

2

2
H l,slit -H
- !,tray ( 1+ gHV

!,tray

(

H
1-~
H .

sht

J)

12
'

(2-15)

Which prediets the value of the clear liquid height at the gate in terms of the clear liquid height in the
channel, the average liquid velocity in the channel and the height of the slit.

2.2 Weir
In Section 2.1. 3 the tunetion of the weir, the sharp crested shape, the liquid height over it and the
correlated discharge coefficient were already discussed for the denvation of equation (2-9).
However, the separation from the weir of the liquid flow over it must be discussed as well. With the
separation of the nappe from the weir a vapour pocket is created between the weir and the nappe.
Very little is known abaut the shape of the vapour pocket, even for the free overflow of liquid over a
weir in an open channel. Most theories are based on empirical relations and do not represent an
accurate, fundamentally based general description of the lower nappe profile. According to Chow [3]
the shape of the lower nappe profile can be interprered by the principle of the parabalie trajectory of
a projectile, shot from a ramp. The ramp is hereby interpreled as the weir, and the parabalie
trajectory the projectile describes by the influence of gravity after detachment from the ramp, is
considered as the lower nappe profile. Randolph [4] posits an equation that approximates the nappe
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profile by a circular curve with radius 0.4How for the region close to the weir, and for the region
further stream downwarcts by the equation y = 0.47x1. 80, where x and y are defined as the horizontaland vertical distance from the crest ofthe weir, in the direction ofthe liquid flow, respectively. The
equation gives the shape of the lower nappe profile for How = 1, and all values of x and y must be
multiplied by the actual value of How· Also the shape of the nappe close to the weir is sometimes
approximates by the mathematical description of the flow past a plate of fini te length with a cavity at
ambient pressure. By use ofthe potentlal flow theory and neglecting the influence of gravity, the
equations describing the free streamlines, i.e. the lower nappe profile, can be derived exactly [5].
A more precise description of the liquid flow with a free surface over a weir is given by VandenBroeck et al. [6]. They described the problem in termsof potentlal flow with gravity included. With
this approach the problem can not be solved exactly anymore, but has to be solved numerically
instead. The discussion of this denvation is beyond the scope of this project and is therefore not
described here. More detailed information can be found in the Appendices, section 7.2.1 and [6]. A
typical profile ofthe two free surfaces obtained by Vanden Broeckis shown in Figure 6.

Figure 6

l

I

0

2

Computed free surface profile for the flow past a sharp crested weir of finite depth.

The profile obtained in this way is much more realistic, due to the implementation of gravity, than
described by potentlal flow theory without gravity. As can be seen, the lower nappe profile moves
upwards first, as also predicted by the potentlal flow theory without gravity. This movement is
caused by a pressure build up stream upward of the weir. After reaching the highest point, the fluid
moves downwarcts as aresult of gravity, this is not shown in Figure 6.

2.3 Downcorner
2.3.1 function

Passage of liquid from the top to the bottorn of trayed distillation columns occurs primarily via
downcomers. A downcorner can be imagined as a conduit having a circular, segmental or rectangular
cross sections that conveys liquid from an upper to a lower tray. The two major design parameters of
downcorners are the cross-sectional areas at the top and bottorn and the slope of the downcorner wall
with the length. The straight, segmental, vertical downcorner (Figure 7) is the type most commonly
used in distillation industry and therefore also used in this project. This conventional downcorner
represents good utilisation of column area for down-flow and has a costand simplicity advantage
over all other types of downcomers.
Besides transportlog liquid from one tray to another, downcorners promote vapour-liquid separation.
This separation process occurs on the basis of a buoyancy mechanism; i.e. liquid moves downwarcts
and vapour bubbles move upwards.
For functional operation, the downcorner slot area neects to be designed such that the slot area is
always sealed with liquid in order to eosure vapour does notbypass the sieve tray via the
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downcorner. The liquid height in the downcorner at proper operation is called the back-up and will be
discussed next.

2.3.2 Back-up
I

The clear liquid height in the downcorner (Figure 7), the back-up (BU), is defined as
H
I,dc

= P2 -pl = (Ps -pl)+(p2 -p3)+(p3 -p4) [rn]
pig
pig

( _ )
2 16

The different terms on the right hand side of equation (2-16) can also be written in the form:
H
I,dc

= L\ptray + L\pfr + H
[rn]
PI • g
PI • g
sub

(2-17)

Where LlPrray (Pa) is the pressure drop over the tray upstream frorn the downcorner, LlPtr (Pa) is the
pressure drop over the outlet of the downcorner due to friction losses and Hsub (rn) is the clear liquid
height on the tray above the slit downstteam frorn the downcorner.
weir

tray

Figure 7

Side view of a conventional downcorner layout.

The pressure drop over the tray can be presented as
(2-18)
In which A{Jdry is the pressure drop over ajust wetted sieve tray, given by (ps-P6), and HI.rrayp~ the
pressure due to the head on the tray.
Furthermore, A{Jdry is, according to [2], given by:
(2-19)
Where C a parameter which depends on the bubbling free area and the ratio between the hole
diameter and hole thickness [2] and Ahole is the hole area of the sieve tray.
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The pressure drop due to friction losses at the outlet of the downcorner is determined by an equation
based on the flow through a hole in the bottorn of a vessel [2]
~p

Kp

fr

=-v2

(2-20)

2

Where Kis a constant taking into account the effect of friction and v the actual velocity of the flow
through the outlet Kis a constant which is found to be 2950 [2] for conventional downcomers.

2.4 Capacity
The throughput of a distillation column in terms of liquid- and vapour flow is limited by upper and
lower boundaries which determine the maximum and minimum capacity of a column respectively.
The whole range of liquid and vapour flows can be plotted in a diagram as in Figure 8. The
operating parameters plotted along the two axis, the different flow regimes and the capacity
limitations will be discussed on the basis of this flow diagram next
0.12
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Flow regime diagram, gas load factor (À) versus the flow parameter (<j>) from Hothuis
and Zuiderweg [7].

2.4.1 Operating parameters
Operating parameters determine the gas and liquid throughputs in a column. Together with design
parameters, which fix the size and geometry of a column (Section 2.1.2), they define the systems
mode of operation. The gas and liquid throughputs can be presented by either their volumetrie flow,
Qg (m3/s) and Q1 (m3/s) respectively, or by their superficial velocities. The superficial gas velocity is
defined as the volumetrie flow divided by the area of interest:
Qg

ug,sup

=A

(2-21)

[m/ s]

Equally the superficialliquid velocity can be calculated.
The most common way to present the throughputs, as presented in [2], is by the flow parameter <p
and the gas load factor À (Figure 8) which are defined as
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Flow parameter

(2-22)

Bubbling area gas load factor

(2-23)

and
Qg.
Àba = Aba

~g
P1 -pg

[m/ s]

Where p1 and p8 present the densities ofthe liquid and gas andAba (m2) in the latter equation presents
the bubbling area (Section 2.1.2). The use of this area specifically deterrnines the gas load factor as
function of the bubbling area. lt can forthermore be presented as a function of the column cross
sectionat area or the hole area. In this report the symbol À. always refers to the bubbling area gas
load factor.

2.4.2 Flow regimes
Between the upper and lower boundary ofFigure 8, the flooding and weeping limit respectively,
different flow regimes exist where either the gas or the liquid is the dominant dispersed phase. Four
flow regimes for the dispersion on the tray are distinguished [7,8]:
• Spray regime (Figure 9): here gas is the continuous phase. It develops at high gas loads and low
arnounts of liquid on the tray. 1he liquid is atomised to drops by the gas emerging from the holes
in the tray with a high velocity. The droplet distribution has a wide size and velocity distribution.
The upper froth surface is not unarnbiguous recognisable.
• Mixed froth regime (Figure 9): 1his is an intermediate regime which tends towards the bubbling
regime near the tray floor and towards the spray regime near the top of the dispersion. Herefore it
can be difficult to define what the continuous phase is. Gas passes the dispersion as large voids or
irregular shaped large bubbles which burst and produce a wide spread of liquid fragments. The
surface can be deterrnined more or less accurate.
• Free-bubbling regime (Figure 9): Here liquid is the continuous phase. The gas flow passes the
two-phase dispersion as discrete bubbles. It develops at low gas veloeities and has a discrete
surface.
• Emulsion regime: Here liquid is the continuous phase. It occurs at high liquid flow rates and
intermediate gas rates. The gas jets through the holes in the tray are uniformly dispersed into
large bubbles which produce a very high void fraction. The bubble size itself is controlled by the
liquid velocity.
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2.4.3 Capacity limitations
The flow regime diagram is limited by a lower boundary which determines the minimum flow rates
to eosure proper operation. Below this boundary excessive weeping occurs. Weeping is defined as
the drainage of liquid through the holes in the sieve tray to the section below due to gas rates that are
too low to seal the tray. Because weeping is never completely absent, even not in a proper eperating
column, a maximum amount ofliquid leaking through the holes is allowed. Usually the maximum is
set at 10% of the liquid load.
An additionallower limitlog factor is defined as the seal point. This refers to the downcorner which

should have a back-up (section 2.3.2) high enough to ensure that gas is not flowing through the
downcorner to the tray above, but only through the holes in the sieve tray instead. Usually
downcorner sealing is achieved at gas loads lower than the point of weeping. However, when this is
not the case, the downcorner seal point is taken as the lower limit. In the weeping range between the
point where excessive weeping occurs and the downcorner seal point, the liquid flow pattem switches
from cross flow on the tray to counter-current gas-liquid flow.
The upper boundary of the eperating range is determined by a hydraulic process called flooding.
Flooding is characterised by accumulated of liquid in the column. This process propagates from the
first flooded deck upwards. Accumulating liquid backs up on the tray above, and so on, resulting in a
spill over of liquid at the top of the column. Two types of flooding are recognised : entrainment
flooding and downcorner flooding.
Entrainment flooding occurs at high gas loads fora given liquid load whereby liquid is carried
excessively from one tray to the one above. This type of flooding has been widely characterised and
described in literature [2]. Two types are recognised:
• Spray entrainment flooding: At low liquid flow rates, where trays operate in the spray regime,
most ofthe liquid on the tray is atomised in small drops (Figure 9). Raising the gas load in this
particular situation results in a situation where the bulk of these drops is entrained onto the tray
above. This results in liquid accumulation on the upper trays and therefore flooding arises.
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• Froth entraioment flooding: At higher liquid loads, the gas-liquid dispersion on the tray is in the
form of a froth. When the gas load is raised, the froth height on the tray increases. For some
systems, dependent on the frothing behaviour of the dispersion, the spray envelope may reach the
tray above. This induces a rapid increase of entrainment, causing liquid accumulation on the tray
above.
Downcorner flooding secondly, is closely associated with the hydraulic conditloos both on the tray
and in the downcomer. This type of flooding is characterised by a rise of the froth on the whole tray
up to the tray above where accumulation of fluid takes place and flooding occurs. Also for
downcorner flooding two types can be distinguished:
• Froth height limitation: When the back-up in the downcomer, Equation (2-17), exceeds the tray
spacing, liquid accumulates on the tray above until the froth reaches the next tray and flooding
occurs. Also when the downcorner mouth becomes covered with froth and the froth height rises
controllable as function of the liquid and gas load up to the tray above, flooding is recognised as
froth height limitation.
• Downcorner choke flooding: At the start of this project very little was known about the flooding
mechanism choking. Locket and Gharani [9] stated that choking occurs when the downcorner
mouth becomes submerged with froth. Why it occurs is not mentioned in this article. Another
theory suggests choking is triggered by lack of bubble disengagement due to too high froth
veloeities in the downcorner [2]. Choking is known to only occur when a vapour pocket is present
in the downcorner [10].
In distillation industry a lower and upper functionallimitation is introduced to mark out the range of
functional operation. These limitations are found upon a minimum desired tray efficiency in the
di stillation process. The tray efficiency as function of the gas load factor is parabolle in shape, what
defines a range of operation when a minimum tray efficiency is set; usually this limit is 70 percent
tray efficiency. The lower limit tencts here to the weeping point and the upper limit is close to the
point of flooding.

2.5 Foam
Foaming is a common problem in distillation industry that can drastically lower capacity by inducing
premature flooding. The formation of foam causes an expansion of the dispersion layer on the tray
and in the downcomer, which results in premature flooding compared to a less foaming system. The
next sections will briefly explain the properties, the formation, the stabilisation and the destructien of
foam to give some insight in the background behind experiments performed with foaming systems
discussed in chapter 4.

2.5.1 Characterisation of foam and froth
Foam is a disperse system, consistlog of gas bubbles separated by liquid layers. Like other disperse
systems, such as suspensions and emulsions, foam is characterised by a highly developed interface
that determines the foam properties. The foam interface, also called films, usually contains
surfactants. All most essential foam processes, including those determining gas bubble expansion
and the lifetime of bubbles, bear on the thickness, structure and psysicochemical properties of these
films.
In actdition to foam, the term froth is often used to characterise the dispersion present on the tray and
in the downcomer. Froth is defined as aeration resulting primarily from vapour agitation of the liquid
with which it is mixed. Foam on the other hand, is defined, as explained above, as aeration resulting
primary from physical property effects such as surface phenomena. These two terms are considered
interchangeable to a great degree. Foam formation, in actdition to being a function of the physical
properties of the system, is somewhat related to the method and degree of aeration. Froth bubbles are
relatively large in diameter and are therefore relatively unstable compared to foam which generally
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consists of smaller, more stabie bubbles. Because no distinction can be made whether the dispersion
in di stillation columns is of the froth- or the foarn type, the dispersion will further be referred to as
froth which is most common in distillation research. Theory concerning the stability of this froth in a
column will be discussed next on the basis of foarn theory.

2.5.2 Formation of foam
When bubbles are created in a surfactant solution, adsorption ofthe surfactant starts at the bubble
interface (Figure 10). This is due the surface activity ofthe surfactant. This surface activity is
expressed by the surface tension, which is related to the preferenee of molecules for the interface or
the bulk. Reaching the liquid surface, each bubble forrns a hemisphericalliquid film which consists
of two surfactant adsorption layers and a liquid core between them. The surfactant adsorption layers
ensure a long lifetime of the liquid films. With the increase of the number of bubbles at the surface
they begin to draw closer. Eventually a single layer of gas bubbles is forrned at the surface, foliowed
by a second layer, and so on until a three dimensional foarn is obtained. This formation and
subsistenee of different foarn layers on top of each other is a function of the production rate and the
coalescence time of bubbles. The latter is related to the break up rate of the foarn.
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Formation of a foam film when a bubble reaches the surface of a surfactant solution

2.5.3 Foam stability
The stability of foarns holds a central position in colloid chernistry. Nevertheless, many aspects of
foarn stability are still not clear. There is no theory available that can offer a thorough quantitative
explanation of the behaviour of foarns with time. It is extremely difficult to create such a unified
theory, since the dominant therrnodynarnic and kinetic factors of stability can differ from foarn to
foarn.
The lifetime of a foarn varles over many orders of magnitude, from rnilliseconds to days, but in
general it is fini te. To understand the stabilisation of foarns its necessary to give a brief insight in the
forces that affect foarn stability. This will be done in the next section foliowed by a clarification of
two mechanisms, specified on foarn stabilisation in relation to surface tension gradients in alcoholic
solutions. These specific systems will be explained for they are related to foarning systems applied in
this study.

2.5.3.1

Forces

The stability of a foarn can be described in terrns of the forces acting on a liquid film surrounding a
bubble in a foarn structure. The following forces are dominant:
• Gravity: This force drains liquid from the film between two adjacent bubbles into the Plateau
borders, the intersectien ofthe inter-bubble films. Through them liquid flows down from the
upper to the lower foarn layers following the gravity direction until the gradient ofthe capillary
pressure equalises the gravitational force.
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• Capillary forces: Tilis force tencts to stabilise the bubble surface. The capillary pressure of a
meniscus is increased by liquid drainage out of the filmjustas the disjoining pressure in a film.
The latter pressure takes into account the mutual interaction in terms of electromagnetic forces
between two bubbles.
• lnterfacial tension: lnterfacial tension favours the coalescence and ultimate disappearance of the
bubble. Coalescence is the collapsing process of the film between two bubbles, resulting in one
larger bubble. Tilis bubble growth decreases the mean lifetime of the foam for the break up time
of bubbles decreases with increasing bubble diameter.

2.5.3.2 Surface tension mechanisms
The lifetime .!lt of thinning foam films can be estimated by the relation
h"dh
Ó't:

=

f-u

(2-24)

h

0

where ho is the initial thickness of the film, her is the criti cal thickness where the film breaks up and v
represents the film thinning rate.
Already at the formation of more than two bubbles , the films and the Plateau borders start to thin
due to gravity or a pressure drop. Tilis effect is counterbalanced by kinetic factors of foam stability
which determine the stabilising ability of the surfactant absorption layers. The stabilising role of
these layers, which is expressed in the longer lifetime of films and the foam itself, lies in the elasticity
of the surfactant layers when there is an extemal action. Two types of elasticity are distinguished:
Gibbs elasticity, which refers to equilibrium situations and Marangoni elasticity, which is related to
dynamic situations.
The equilibrium elasticity is observed in the process of extension or contraction of the film when
there is an (quasi-static) equilibrium between the film surface and the bulk. The Gibbs elasticity is a
consequence of the decrease in equilibrium surfactant concentration in the film when the latter is
extended. Tilis could be visualised as follows: assume there is an equilibrium partition of the
surfactant between the film surface and the bulk. When a deformation of the film, in form of local
stretching, takes place, the film thickness will decrease, the surface area will increase and therefore
the surface load will decrease. With the deformation the total surfactant concentration in the film
does not change which leads to a situation where the surface tension in the stretched part is increased
with respect to the non-deformed surface. Tilis leads to a resulting force in the stretched part which
initiates a liquid flow towards it. Tilis effects counteracts the film distartion , even restores the film,
and therefore increases the life time of the foam. A more fundamental approach of the Gibbs
elasticity as a whole can be found in [11].
Under dynamic conditions, where a (quasi-statie) equilibrium between the film bulk and the surface
cannot be realised, the Marangoni effect is expressed. Assuming under such conditloos there is an
equilibrium only in some parts between the bulk and the surface, only these parts should be
considered. Consictering liquid draining from films stabilised by a surfactant , a gradient of surface
tension is created at their interfaces which counterbalances the viscous tensions. The additional
surface, created by the drainage, is supplied with surfactant from the bulk by diffusion flow and by
surface flow in the direction of this gradient. These flows counteract the effect of drainage and
therefore stabilises the film.
The principle defining both mechanisms of equilibrium- and dynamic film elasticity is essentially the
same: as aresult of external disturbances (for example, local extension), a counter force originates
which returns the film to its initial state after the extemal action has ceased; i.e. after extension the
film becomes thicker again. As mentioned, this phenomenon is called the Gibbs effect when the
limited supply of surfactauts predominales and the Marangoni effect when diffusion lag
predominates.
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2.5.4 Foam break-up
As already mentioned, foams are generally unstable and tend to coarsen over time. Two main
mechanisms are based on the disappearance of foam:
• Film ropture: The ropture of bubble films may occur with an external disturbance, such as a
vibration orthermal fluctuation. Secondly, it is wen known that the tendency for lamellae to
ropture increases with thinner lamellae.
• Disproportionation: This is the processof inter-bubble gas diffusion, which has a difference in
pressure between bubbles of different size as the driving force. As a result of this pressure
difference, gas transport will occur from a small to a large bubble. The larger bubble will grow at
expense of the smaller one, and eventually the smaller bubble will disappear.

2.5.5 Foam inhibition by chemical anti-foamers
As pointed out at the inception of this section, foam decreases the maximum column throughput by
causing an expansion ofthe froth layer on the tray and in the downcomer, which eventually results in
premature flooding. Therefore a high foam stability is not desirabie for most industrial processes and
distillation in particular.
Techniques used to combat foams are: thermal methods, mechanical methods, pressure and acoustic
vibrations, electrical modes and chemical anti-foamers. The wide variety of defoaming mechanisms
points out the lack of a unified concept. In distillation industry, chemical anti-foamers are most
commonly used.
A foam is usually stabilised by minute amounts of surface active impurities. Anti-foamers compete
for the gas-liquid interfaces with the impurities. In general, efficient anti-foaming agents are poorly
dissolved in a foaming solution but usually spread rapidly on its surface in the form of small
dropIets.
Oleyl alcohol is obtains the properties of a chemical anti-foamer for aqueous solutions. It is not
soluble in water, insteadit disperses in small droplets; i.e. oleyl alcohol is hydrophobic.
The mechanism of foam film ropture by hydrophobic particles can be explained according to the
scheme presented in Figure 11. The hydrophobic Oleyl alcohol dropiets float on the surface where
they rapidly orient themselves and acquire an equilibrium position. After ropture ofthe film at the
partiele position, the latter moves and occupies a position in the film, so that the contact angles on
either film sides are eloser to equilibrium values. Further on the behaviour of the film around the
partiele depends on the equilibrium contact angle.
If 8 < 90° no ropture of the film will take place by the hydrophobic partiele, but the film thickens at

the position of the partiele instead (Figure 11 b). This case is not of interest for the scope of this
project. For 8 > 90°, after the formation of a bridge, there appears a convex meniscus ha ving an
increased pressure .ó.p=2cr/R, where R is the radius of curvature of the meniscus surface. The
increased pressure expe1s the liquid from the menisci and the mutual approach of the surfaces around
the particles continues until they come in full contact. This leads to the ropture of the film. More
detailed information on foam inhibition by chemical anti-foamers can be found in [11,12].
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Figure 11

Effect of solid hyd.rophobic spherical partiele on the behaviour of a foam film: (a)equilibrium position of the surface; (b) - local thickening of the film near the particle, at
e < 90·; (c)- local attenuation of the film near the particle, including ropture of the
latter, at e > 90°.
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3. Experimental set-up
This chapter brings the used experimental facilities to the attention, as wen as a detailed description
of the various column layouts in relation to the column design parameters (section 2.1.2).
Furthennore the different measured variables are discussed separately, and a description ofthe most
commonly used measurement procedure is depicted.

3.1 Set-up model distillation column
All experiments were perfonned in the experimental set-up as schematically represented in Figure
12. For the column exterior transparent material was used to enable visual observations of processes
in the column.
Sieve tray holes were fixed in a triangular pitch (Section 2.1.2). Detailed infonnation on the trays
can be found in confidentlal
Table 1. Directly upstream from the weir a calming zone, i.e. a non-perforated area, was present,
true to commercial distillation columns. The three plate column was equipped with conventional or
truncated downcorners (Section 3.3). The downcorner width was fixed at 100 mm as a maximum,
but could be reduced by appending additional perspex plates (2); i.e. creating false downcorner
walls. The downcorner width of the second downcorner from below was always smaller than the
widths of the other downcorners to ensure capacity limitations to arise in the sieve tray section with
this particular downcomer.
Gas and liquid of defined composition were supplied separately into the column. The gas supply
stream was homogenised by a flow divider at the bottorn of the column. This continuous stream
guarantees a pressure gradient over the column which causes an upward air flow. At the top of the
column air streams out and liquid flows in. Liquid moves, by way of the downcorners and the trays,
because of gravitational farces to the bottorn of the column where it is stared in a vessel. The whole
column was integrated in a closed system of air- and liquid flow. This is schematically presented in
Figure 13.
The separate fed of air and liquid ensures a two phase flow in the column which is accomplished in
industrial columns either by a temperature gradient or a two phase fed into the column. Theset-upas
described above is limited to study fluid dynamics of sieve plates and downcorners in the absence of
mass transfer. This absence is believed to have no significant effect on the extent of hydraulic
behaviour in a distillation column. Therefore conclusions drawn from experiments concerning this
type of set-up are believed to be applicable to commercial distillation columns.
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Schematic representation of the Multi Purpose Distillation Test Rig; Sieve tray column

22

Experimental set-up

[::;J-~mjp:•ssor

i---®--J

~

I

I

1

cooler

I
I
I

liquid
gas

1

I
I
I

T
I
I
I
I

storage
vessel

I
I

L _________ _

pump

Figure 13

Multi Purpose Distillation Test Rig in a closed system

The gas flow rate was measured by an Istromet turbine meter with a range of 0 to 2500 m3/hr.
Calibration indicated an inaccuracy ofthis meter of± 0.25% ofthe actual measured value. The
meter uses a free running impeller with vanes mounted in a cylindrical section of the inlet tube. The
rate of rotation of the impeller, which in turn generates a current by magnetic induction, is closely
proportional to the flow volume over the whole measuring range.
During the fust half of the project, the liquid flow rate was measured by means of the pressure drop
over an orifice with corner tappings (Figure 14). The orifice plateis a thin plate that is clamped
between pipe flanges. Flow separation at the edge of the orifice plate causes the formation of a
circulation zone directly downstteam of the orifice plate. The mainstream flow continues to
accelerate from the orifice throat and forms a vena contracta. Hereafter the flow decelerates again to
fill the duet. At the vena contracta, the flow area is at minimum, the flow streamlines are essentially
straight and the pressure is uniform across the channel section. The theoretical flow rate may be
related to the pressure differentlal between sections 1 and 2 by applying the continuity- and Bernoulli
equations. Then empirical correction factors may be applied to obtain the actual flow rate [26] which
is given by:

(3-1)

The primary disadvantages of the orifice are its limited range of throughput, the resistance it has on
the liquid flow, the dependenee on the Reynolds number and its relative high inaccuracy compared to
other available meters. The error in measured values is dependant of the flow rate but approximately
6% of the actual value.
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Schematic representation ofthe geometry of an orifice used for measuring liquid flow
rates.

These drawbacks gave rise to replace the orifice meter by a meter that overcomes the disadvantages
mentioned; an electromagnetic flow meter. This meter uses magnetic induction to measure the flow
rate. To realise this, a magnetic field is created across the supply tube. When a conductive fluid
passes through the field, a voltage is generated perpendicular to the field and velocity vectors.
Electcodes placed on the pipe surroundings are used to detect the resulting signal voltage. This
voltage is proportional to the average axial velocity. The meter has no restrictions on the throughput
and the Reynolds number. Pufthermore is has an small inaccuracy; ± 0.3% of the actual value.
The temperature ofthe gas entering the column is controlled by a water cooler. Due to friction, the
circulating liquid warms up during experiments. In order to compensate for this effect possible liquid
coolers have been analysed. Por a water cooler found upon opposite flow of cooling- and
experimental fluid a significant pressure drop over the cooler arises which results in a serious loss of
pump capacity. Por this reason an electtic liquid cooler installed in the storage vessel could be the
solution. This cooler is not installed yet.

3.2 Set-up measurements
The variables measured during the expertmental investigations were partly processed by a Keithley
data acquisition system where after passed on to a computer and partly observed visually. The
measured variables can be categorised as pressures, temperatures, froth heights and flows.
• Pressures
Almost all pressures are measured as pressure differences instead of absolute pressures. Por each of
these pressure differences a low and a high pressure si de are involved. The measurements were
conducted by Honeywell Smart-transmitters. These devices are connected by polyflow tubes to the
measurement positions. To prevent liquid from flowing into the tubes both tubes were purged with a
small air stream. The registered pressures are presented in Appendix 7.1. Also the most important
measured pressures are indicated in Pigure 12 at their position of measurement in the column.
• Temperatures
Temperatures of gas and liquid at different locations were measured with Chromel/Alumel
thermocouples. These instruments have a reference temperature on board and an accuracy of± 2
degrees.
• Proth heights
The height of the dispersion layers on the tray and in the downcorner, the so called froth heights,
were measured visually by the use of rulers positioned at the column wall. Together with measured
clear liquid heights, the froth heights were used to calculate the average liquid hold-up of the froth
layer on the tray. This is realised by the equation:
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Hl,tray

(3-2)

~\tray=~
f ,tray

Because of the fluctuating behaviour of froth, the error in the measured froth height values is± 15
mm.
• Flows
The gas- and liquid flow rates, were measured with an orifice or magnetic meter and a turbine meter
respectively as mentioned in the previous section.
A gas cooler is installed in the gas supply chain after the turbine meter for this meter warms up the
gas considerably with time. This makes a correction in the volumetrie gas flow necessary. This
correction is realised by the equation

Qg,col

Tg,col
Ptrb J
=Qg,trb ' ( T'
p
g,trb
col

(3-3)

3.3 Experimental procedure
Por different systems, i.e. different column layouts and different liquid compositions, the followed
experimental procedure was based on a stepwise increase of the liquid flow rate after a period of
stabie operation, with the gas toading kept at a constant value. This process was repeated until
flooding occurred. Flooding could be observed on-line by the measured data; Flooding was always
accompanied by a sharp increase in the pressure drop over the tray and column.
The systematic differences between performed experiments can be divided into two parts: differences
in column layout and differences in liquid composition. The column layouts used, are presented in
confidentlal
Table 1. The parameters in this table are explained insection 2.1.2 and classified in the list of
symbols. New parameter are Hes. which represents the length ofthe downcomer, i.e. the calming
section height, and the tray spacing which is the distance between two trays.
The downcorner in layout L6 is different from the downcorners type used in all other column layouts;
conventional downcomers. The downcorner in layout L6 is entitled as truncated downcomer, which
refers tothespace between the bottorn ofthe downcorner and the tray below. Both downcorner setups are plotted in Figure 15.
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Figure 15

Schematic representation oflayout conventional downcorner (a) and truncated
downcorner (b). Arrows in the tigure indicate the initia! fluid flow direction from the
downcorner on the tray.
L1 ref.

Column area

m2

Lrp

mm

Number holes

#

Hole diam. (dh)

mm

Pitch (Lp)

mm

BA
NFA

%

Tray spacing

mm

Hslit
Slit area (Aslit)

mm
m2

Hw

mm

Lw

mm

Wdc

mm

Hes

mm

L2

L3

L4

LS

L6

L7

%
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Table 1

Design parameters for all used layouts with in red the main difference from the
reference system, layout L1.

For a single experiment the column layout was fixed. For every column layout different gas loads
and/or liquid compositions were applied. The bubbling area gas load factors varled from 0.015 m/s
to 0.1 m/s. This range is limited by the overall weeping and entraioment limit (Section 2.4.3). As
gas, air was always used. The different liquid compositions used were: water, aqueous 1-pentanol
solution, water oleyl alcohol system and aqueous glycerol solutions.
• Water: As a reference system always Amsterdam tap water was used. This phase is considered to
behave as non-foaming although a certain "foam" formation, due to very small amounts of
surface active agentsin the water, was observed. Since the break-up rate ofthis "foam" is high,
almost no foam is presentand Amsterdam tap water is therefore considered as non-foaming.
• Aqueous 1-pentanol solution: A 1-pentanol solution in water is used as a foaming system. The
concentration of 1-pentanol in water was fixed at (6 ± 1) mmol/1. This concentratiou was chosen
on the basis of determinations by Drogaris and Weiland [13]. They found the bubble coalescence
time to depend linear on the n-pentano1 concentrations up to concentrations of 10 mmol/1. They
concluded that the foaming behaviour of aqueous n-pentanol solutions depends only on the value
of the coalescence time which in turn depends on the surface tension of the solution. With this in
mind, a concentration of 6 mmolllleaves room to perform experiments with considerably higher
or lower concentrations without encounterlog comparison problems.
At the start and end of every experiment with aqueous 1-pentano1 solutions, fluid samples were
taken to monitor the 1-pentanol concentration in time. The samples were analysed in a HP 5890A
gas chromatograph. It appeared that the 1-pentanol concentration decreased with experimental
time despite the closed gas-loop. This is probably due to the evaporation of 1-pentanol from the
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liquid into the gas until a dynamic equilibrium is established between the gas and the liquid phase
in 1-pentanol concentration. lt was also found the air loop was not completely closed but had
leakage. The decreasein concentration with the corresponding begin and end value as well as the
duration of a specific experiment, is presentedinAppendix 7.2.3.
Because all experiments roughly took the same amount of time and therefore ended up with
approximately the same 1-pentanol concentration, the effect of evaporation had no significant
influence on the measured capacity lines in terms of trends. Exactly these trends were looked at
specifically in this project.
Throughout the whole report the 1-pentanol concentrations are mentioned as 6 mmolil without
showing the discrepancy at the start and end of the experiments for the sake of clarity.
• Oleyl Alcohol: Oleyl alcohol has a hydrophobic behaviour, as described insection 2.5.5. Aresult
of this behaviour in wareris that it reduces the foaming behaviour of aqueous solutions
enormously. On account of this ability it was used in several experimentsin a concentration of 10
ppm/1.
• Glycerol: Aqueous glycerol solutions have an increased viscosity relative to the reference fluid;
water. To gain some insight in the effect of viscosity on the hydraulic behaviour in a distillation
column, experiments with 20, 30 and 40 volume percent glycerol in water have been carried out.
A relative large amount of ex perimental data related to fluid dynamics and mass transfer in
distillation columns with water as fluid is available, while only a few contributions were
published on higher viscous media. Information on optimum design and operation of equipment of
sieve tray columns for the separation of more viscous media is very scarce and, hence, more
experimental data was required.
Encapsulated, the pursued experimental procedure was always as depicted below:
Ll

Liquid

.
Layout
Ex penment _ _:__~i

Water
Aqueous 1 - pentanol
Oleyl alcohol in water
Aqueous glycerol

L6
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4. Results and discussion
In this chapter the observed flooding mechanisms and tray hydraulics will be discussed.
First a short overview will be presented of the distinct observed flooding mechanisms.
Secondly the clear liquid height on the tray will bedescribed as function of the two hydraulic regimes
on the tray observed as function of the liquid flow rate.
1birdly the distinct flooding mechanisms are discussed as function of the flow regimes on the tray as
discussed inSection 2.4.2; the spray regime and the mixed froth regime. Flooding forthese flow
regimes will be discussed separately on the basis of:

1. Direction offrothjlow over the weir
2. Liquid hold-up offroth flowing into the downcorner

3. Degassing offroth in the downcorner

4.1 Observed flooding mechanisms
The flooding mechanisms discerned are choking and froth height limitation as described in chapter 2,
section 2.4.3. Entrainment flooding is not observed, for the experimental facilities do not allow gas
loads high enough for measurements on this type of flooding. The two types of flooding could be
distinguished by perception of the expansion of the froth layer on the tray.
When, after increasing the liquid flow rate, the froth height on the tray suddenly increases rapidly
until the tray above is reached, i.e. the froth height equals the tray spacing, the flooding mechanism
is identified as choking. In general it can be said, flooding is identified as choking when the froth
height on the tray rises in an uncontrolled way until the upper tray is reached. Moreover choking
only comes to pass when a vapour pocket is present in the downcomer.
Froth height limitation is found to be delineated by a controllable expansion of the froth height on the
tray with increasing liquid flow rate. This expansion persists until the froth reaches the tray above
where after the column pressure drop rises fast when the liquid flow is raised even more (Figure 51,
appendix 7 .2). In this particular case flooding arises as froth height limitation. This limitation in gas
and liquid throughput is observed both with- and without a vapour pocket present in the downcomer.
Table 2 illustrates the flooding mechanisms observed for the different layouts (confidentlal
Table 1) with allliquid compositions and gas load factors used.
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Liquid

Î..t,a (mis)

Water

0.015
0.02
0.025
0.03
0.035
0.04
0.05
0.06
0.075
0.08
0.085
0.09
0.095
0.1
0.015
0.02
0.03
0.04
0.06
0.08
0.09
0.1
0.02
0.03
0.04
0.06
0.08
0.02
0.03
0.04
0.06
0.08

Olevl alcohol
(10ppm)

Pentanol
(6 mmol/1)

Glvcerol
20%/30%/40

Table 2

Ll

L2

c
c
c
c
c
c
c
c
c
c

L3

L4

L5

c
c
c
c
c

c
c
c
c
c

c
c
c
c
c

-

-

c
-

c
c
c
F
F
F

c
c

c
c
F

c
F
c
c

L6

c
c
c
c
c
c
c
c
c
c

L7

c
c
c
c

c
c
c
c
c
c
c
F
F
F

c
c

-1-1-

-/CIC
ClCIC
ClCIC
ClCIC

Observed flooding mechanism, alllayouts (confidential

Table 1) with fluids compositions and gas load factors. C = Choking, F = Froth height limitation, =point of flood not measured due to lack in pump capacity.

4.2 Liquid height on the tray
The measured clear liquid height on the tray has proven to be a powerful tooi to determine the
systems hydraulic state. As can be concluded from Figure 16, showing the clear liquid height on the
tray as function ofthe liquid flow rate fora froth height- as wellas a choke limited system, two flow
regimes or hydraulic states are present up to the point of flood. Plotted data points always repcesent
stabie operation. This implies that the data point with the highest liquid load, the circled data point in
Figure 16, refers to stabie operation just before flooding; i.e. the point for flood.
The two flow regimes can graphically be discemed by the change of slope of the clear liquid height
on the tray as function of the liquid flow rate. In Figure 16 the regimes are depicted for the choke
limited system by two lines with different slopes. They are further referred to as the weir crest
regime and the submerged regime, corresponding to low- and high liquid flow rates respectively fora
given column layout. Visually they can be distinguished as a more or less free flow of froth over the
weir into the downcorner for the weir crest regime, and a froth flow into the downcorner impeded by
the downcorner wall for the submerged regime (Figure 17). Purtheemore the submerged regime can
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be subdivided into submerged downcorner mouth regime, where a vapour pocket is present in the
downcorner up to flooding, and submerged downcorner regime, where no vapour pocket is present
up to the point of flood (Pigure 17 b).
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Figure 16

Clear liquid height on tray (mm) versus liquid load (m3/hr) fora froth height- and choke
limited system, gas load factor 0.03 m/s, layout L6. Lines drawn to guide the eye depiet
the weir crest regime and the submerged regime. Point for flood is circled.
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Figure 17

Schematic representation ofthe froth flow into the downcomer. Weir crest regime for
choke/froth height limited system (a), submerged downcorner mouth regime for
choke/froth height limited system (b1), and submerged downcorner regime a froth height
limited system (b2).

4.2.1 Weir crest regime
InSection 2.1.3, the equation predicting the clear liquid height on the tray is presented as:

H,,.,, =r"••,H. +C,(~gr +

t.H [m]

(4-1)

1his equation is currently used to predict the liquid height on trays of operational distillation
columns for all gas load factors for trays operating in both the weir crest regime and the submerged
regime [2]. The validity of this equation for the weir crest regime will be discussed next.

Liquid height over the weir:
The middle term on the right hand side of equation (4-1 ), the clear liquid height over the weir term, is
basedon a one phase liquid flow over an overflow dam in an open channel. For the denvation of
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equation (4-1) the actual froth flow over the weiris supposed to behave similarly when froth flows
freely into the downcomer; i.e. without closing the downcorner mouth completely.
This assumption can be justified consictering the froth flow over the weir as homogeneous liquid flow
with a relative low density compared to water, insteadof the actual two phase air-water mixture.
Other differences from one phase liquid flow, like the influence of friction and flow contraction at the
weir, are considered to be captured in the empirical discharge coefficient Cd. 1bis coefficient is
presenled as 1. 78·10-3 for dispersion flow over sieve trays in currenl di stillation theory [2].
With this common weir crest equation, having a discharge coefficient of 1.78·10-3, the liquid head
over the weiris calculated for the experimental conditions in this study. The results are presented in
Figure 18. Here the calculated value ofthe clear liquid heighl over the weiris presenled by the weir
crest equation:

How,c = 1.78 ·10-

3

2)"3
~g
(

[m]

This calculated value of the clear liquid height over the weir is plotted versus the corresponding
measured value for experiments with water inlayout Ll. The measured value is obtained by
subtraction of the clear liquid height below the weir from the measured clear liquid height on the
tray. This resulls in:

Here Ht,rray is the measured clear liquid height on the tray. Furthermore the liquid holct-up on the tray
is determined by the measured clear liquid height on the tray and the visually measured froth height
on the tray. Finally, the height ofthe weir (Hw) is a fixed system parameter.
As can be concluded from Figure 18, the weir crest equation gives values that are considerably too
high for all presented gas load factors. Also systematic differences between the different gas load
factors can be observed.
Discussion:
The applicability of the weir crest equation for calculating liquid heights in case of gas load factors
0.06 mis and 0.08 mis is extremely doubtful. Forthese gas loads, liquid is not the continuous phase
in the dispersion moving over the weir; the spray regime prevails. Therefore, in contrast to current
thoughts, the liquid height over the weir can not be calculated accurate with the weir crest equation
for gas load factors 0.06 mis and higher.
In case of gas load factors of 0.04 mis and lower, liquid is the continuous phase and the use of the
weir crest equation could be validated on the basis of assumption as stated above. For a bubbling
area gas load factor of 0.04 mis, the difference between the measured and calculated clear liquid
height over the weir can be annulled by correcting the discharge coefficient. For lower gas load
factors the calculated clear liquid height over the weir rises faster than the measured liquid height;
i.e. the trend of the calculated values does not match the trend of the measured values. This effect
appears to be cancelled out for high clear liquid heights over the weir. These particular data points
are close to the submerged regime, which makes an approach by a free overflow, as assumed in the
denvation of the weir crest equation, doubtful. The lack of this mismatch of the trend for gas load
factor 0.04 mis could not be explained.
It can be concluded that the presently in use value of discharge coefficient is substantially too high

This provokes a systematic too high calculated value of the liquid height over the weir for water
experiments in layout L 1. The different slopes for distinct gas load factors of the calculated versus
the measured value ofthe clear liquid height over the weir, can have several causes:
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Calculated clear liquid height over the weir (mm) versus the measured clear liquid
height over the weir (mm), water, layout Ll, weir crest regime only.

First of all, the assumptions used to derive the weir crest equation, arenotcorrect in case of
dispersion flow over a tray. The velocity in the channel of approach is notuniform as supposed, but
has, especially for conventional downcomers, a relative high velocity component at the bottorn of the
tray compared to the velocity of the upper part of the froth layer. This is caused by the liquid flow
from the downcorner onto the tray. The non-uniformity of the velocity profile on the tray was
observed visually during experiments, and also confirmed in a study performed by Neiens [14]. This
non-uniformity influences the velocity direction over the weir, the shape of the vapour pocket and
therefore the clear liquid height over the weir. The high velocity component is partly annulled due to
friction of the liquid flow with the tray and by the gas flow perpendicular to the direction of flow on
the tray. As the latter homogenising effect is more pronounced for higher gas loads, the trend for the
gas load factor 0.04 mis is better predicted.
Secondly, the flow ofliquid over the weiris considered to be determined by the hydraulic gradient
over the tray and the liquid velocity towards the weir in the derivation of the weir crest equation.
This consideration is valid in case of a one phase liquid flow over a dam but according to Wijn [15]
an additional term contributes to the movement of liquid over the weirincase of gas and liquid in
counter current flow on a sieve tray. This term takes into account the movement of 'packets' of
liquid over the weir by fluid displacement of bubbles. This type of fluid displacement could also
affect the validity of the weir crest equation for dispersion flow over a sieve tray.
Finally, the calculated liquid hold-up used to obtain the clear liquid height over the weir represents
an average hold-up profile. In section 2.1.4 the non-uniformity in density of the froth height is
discussed. This effect acts upon the measured clear liquid height over the weir.
In order todetermine the influence of the non-uniformity of the velocity profile on the tray, simHar
experiments were performed in a set-up with truncated downcorners (Layout L6, Figure 15). These
downcorners enforce a liquid supply perpendicular to the tray. This contributes to a more uniform
velocity distribution of the dispersion on the tray than acquired with conventional downcomers.
Figure 52 in Appendix 7.2, shows results obtained with this set-up. As can be concluded from the
figure, the predicted values coincide better with the corresponding measured clear liquid heights over
the weir. The calculated trend for both gas load factors 0.03 mis and 0.04 mis fits the measured
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trend reasonable, but for the lowest load factor still a mismatch occurs. Nevertheless, this figure
indicates the importance of the dispersion velocity on the tray on the froth flow behaviour over the
weir.
In order to approach the situation depicted in the denvation of the weir crest equation even further,
experiments were performed with oleyl alcohol in water in a set-up with truncated downcomers.
Oleyl alcohol decreases the frothing behaviour of water by causing a decrease in the coalescence
time of separate bubbles. For this system, the flow over the weir tencts more to a one phase liquid
flow than for water interacting with air bubbles. Results are presented in Figure 53, Appendix 7.2.
The calculated value of the clear liquid height over the weir is still too high but all gas load factors
fit the measured tendency reasonably well.
• Liquid height on the tray
Using the weir crest equation with a discharge coefficient of 1.78·10-3 in equation (4-1) to calculate
the clear liquid height on the tray for a layout equipped with conventional downcorners and water as
liquid, shows the same discrepancies between the calculated- and measured values of the clear liquid
height on the tray as for the clear liquid height over the weir (Figure 54, Appendix 7.2).
Furthermore, when predicting the liquid height on the tray by use of equation (2-1 0), Section 2.1.4,
giving the liquid holct-up on the tray, even higher calculated values can be expected for this equation
gives too high values systematically according to Olde Riekerink [16].
Consictering Figure 19, in which the measured clear liquid height on the tray is plotted versus the
liquid flow rates for allload factors used, two differences between the distinct gas load factors can
be observed:
First of all, the clear liquid height for low liquid flow rates ( ± 7 m3/hr) is not equal for different load
factors. This because with increasing gas flow rate, the bubble formation frequency rises, giving rise
to the void fraction in the froth on the tray and more liquid is pusbed over the weir by bubbles. This
results in a lower clear liquid height on the tray for higher load factors with the same liquid flow rate
as for low load factors.
Secondly, the rise ofthe clear liquid height on the tray with liquid flowrateis not equal for different
load factors. This is probably due to differences in the interaction between the gas flow and the
liquid flow for different gas and liquid loads, resulting in differences in density profiles of the
dispersion layer on the tray as well as differences in the displacement ofliquid into the downcorner
by bubbles. These dissimilarities, together with results obtained for calculations of the clear liquid
height over the weir, indicate that the current method of approach ofthe hydraulic behaviour of a
two phase dispersion on a sieve tray by one phase liquid flow over an overflow dam is far from
correct.
Confidential

Figure 19

Clear liquid height on the tray (mm) versus the liquid flow rate (m3/hr), water, layout
L1, weir crest regime only.

In actdition to equation (4-1), a new equation predicting the clear liquid height on the tray is derived
empirically. The equation is capable of predicting the clear liquid height on the tray for all gas load
factors, including those associated with the spray regime. This equation for the liquid height on the
tray is assumed to be a function of the liquid flow rate, the gas load factor and the average liquid
fraction on the tray only. This is assumed as the liquid height on the tray depends on the dispersion
profile on the tray. This profile in turn, is determined by the liquid and gas flow rates. With this in
mind, the following equation is derived:
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HI ,tray

= 31·10-

Layout U

0.86

3

Q , À ba

~EI,tray + ~ [mm] for 0.02 mIs$; À ba $; 0.08 mIs
{
ba
7 m 3 I hr $; Q, $; 14 m3hr

(4-2)

The constantsin the equation are determined on the basis of data obtained from layout L4 only,
limiting the usage to weir heights of 50mm. The fust term on the right side of the equation takes into
account the difference in rise of the clear liquid height with increasing liquid flow rate for different
load factors, by correlating both variables and correcting for the difference in liquid fraction on the
tray. This is shown for the samedata as in Figure 19 in Figure 55 Appendix 7.2. The second term
corrects for differences in the clear liquid height caused by the gas flow rate.
Results obtained with equation (4-2) are plotted in Figure 20 for layout Ll, L4 and L5. As can be
observed, remarkably good results are presented for low gas factors for alllayouts equipped with
conventional downcomers. For higher gas load factors the predicted values for the clear liquid height
on the tray are considerabl y too high for layout L 1 but the trend of the calculated values does fit very
well with the trend ofthe measured values. As equation (4-2) is derived on the basis of data from
layout L4, which in turn fits very well for all gas load factors, the mismatch for layout L1 is
probably due toa difference in constantsin equation (4-2) for different layouts. Although results
obtained with the newly derived equation are remarkable, additional experimentsin other column
layouts and for fluid compositions other than water and water-oleyl alcohol systems are required to
verify a possible more general applicability.
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4.2.2 Submerged regime
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4.2.3 Froth height at slit
lhe slot area of conventional downcorners is positioned perpendicular to the tray (Figure 15). lhis
design forces the liquid to flow parallel to the tray out of the downcomer. For experiments with water
in a set-up equipped with conventional downcomers, a characteristic dip in the ftoth height on the
tray was observed (Figure 21) for both the weir crest- as the submerged regime. lhis dip was only
observed for gas load factors up to 0.04 mis. For higher gas load factors, the momenturn of the gas
flow breaks up the liquid continuous phase and no useful comparison between ftoth height at- and
downstream of the downcorner exit could be made.

Figure 21

Schematic representation ofthe characteristic dip present at the exit of conventional
downcorners for gas load factors up to 0.04 mis for both the weir cres- as the
submerged regime.

The characteristic dip in the ftoth height is considered to be similar to that of a submerged sluice
gate, explained in section 2.1.5. As a considerable amount of vapour is carried ftom the downcorner
onto the tray [17] a Froude number larger than one is realised amply for the flow through the
downcorner slot area (LJlsur). lhis is even the case for low liquid flow rates; i.e. 6 m3/hr. Conditions
downstream ftom the downcorner are considered to force a hydraulic jump to originate on the tray.
These conditions are the influence of the weir on the ftoth flow over the tray and a decrease in ftoth
velocity on the tray. The latter is achieved by friction of the flow with the tray and by the gas flow
perpendicular to the velocity direction of the ftoth flow over the tray.
The clear liquid height at the downcorner slit, i.e. the liquid height at the position of Ht.stir in Figure
21, could not be measured accurately because of the high velocity of the dispersion at the
downcorner exit and the circulation of liquid above the slit. Therefore, equation (2-15) could only be
applied when the ftoth height at the slit is considered instead of the clear liquid height. The relation
between the liquid- and the ftoth height at the slit is determined by the liquid holct-up at the slit. The
liquid ftaction at this position is presumed to be constant and equal for all gas load factors of interest
as there is no direct gas flow at the slit, because no sieve tray holes are present there. lhis
assumption is considered reasonable for the coalescence time and break-up rate for bubbles in water
is short and therefore the gas-liquid interaction on the tray does most likely not interfere excessively
with the liquid holct-up stream-upwards. Furthermore the range of gas load factors applied is rather
narrow, which allows an equivalent approach for this purpose.
With these comments and assumptions equation (2-15) becomes:
112
H f,slit

H l,sht.

H !,tray (

= - - = - - 1+
el,slit

el,slit
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(
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(4-3)

Hslit

Where Et,stir is the liquid holct-up on the tray, close to the downcorner slit. lhis ftaction is empirically
determined to be 0.40.
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Results obtained with this equation are presented in Figure 22, where the calculated froth height at
the slit (mm) is plotted versus the measured froth height at the slit (mm). The calculated value is
determined on the basis of experimentally derived values of the liquid height on the tray. Purthermere
the velocity V2 in the calculated value of H t. slit is determined by:

v 2=

Ql

[m/ s]

H l,tray L w

Where R t.tray represents the measured value of the clear liquid height on the tray.
Prom Pigure 22 it can be concluded that equation (4-1 0) prediets the froth height reasonabl y wen for
a set-up with conventional downcorners for both the weir crest regime as wen as the submerged
regime. Nevertheless, some remarks have to be made on the approach as depicted above.
Pirst of all, the liquid hold-up close to the downcorner exit is empirica! in nature for it is fitted to
experimental data. Even though, the value found is conceivable looking at corresponding values for
the liquid hold-up on the tray, which are overalllower.
Secondly the weir, which is not taken account for in the derivation of equation (2-15) is germane to
processes occurring on a tray. This could be considered a lack in possible comparison of the
behaviour on the tray with a submerged hydraulic jump in an open channel. Nevertheless, the
characteristic dip is present for a weir of 50 mm high and the froth behaviour on the tray can be
reasonably wen predicted with equation (4-1 0), which grounds the assumption of the weir being an
additional friction factor to the flow only in this particular situation. Por a 100 mm weir the dip was
not observed as clear as for the 50 mm weir. Por this layout the ratio between the weir-and the slit
height was apparently too high.
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4.3 Choking
As rnentioned in the previous section, raising the liquid load with constant gas load, eventually leads
to flooding. When flooding is characterised by a sudden and uncontrollable increase of the liquid
height on the tray up to the tray above, it is known as choking. The initiatien of choking in terrns of
liquid loads is found to be wen detined; i.e. rneasuring the point of choking for experirnents equal in
set-up, the error in liquid load where choking occurs is only ± 0.5 rn3/hr. The onset for choking is
found to be characterised by oscillations ofthe froth height on the tray. These oscillations appear as
wave-like rnovernents of the froth parallel to the weir.
Despite the similarities, differences were observed in hydraulic behaviour of the froth on the tray just
before choking occurred. These differences are related to the applied gas load factor:
For low gas load factors (À. ~ 0.04 mis) the froth on the tray and at the weir was observed to be in
the bubble flow or mixed froth regime. This resulted in a froth flow into the downcorner at the point
for choking, i.e. the liquid load at stabie operationjust before choking, as roughly depicted in Figure
23 (a). Arrows in the tigure indicate the general pathof froth flow.
For higher gas load factors (À. ;;:: 0.06 mis) on the other hand, the froth on the tray and at the weir
was observed to tend more to the spray regime than to the mixed froth regime. Also the
hydrodynarnic behaviour of the froth flow at the weir and at the downcorner rnouth was observed to
be different. The froth does notflow directly frorn the weir into the downcorner anyrnore, but moves
upwards to the downcorner wall, collides with it whereafter it falls into the downcorner as presented
in Figure 23 (b).

(b)

(a)

Figure 23

Schematic representation of the flow regimes preliminary to choking, mixed froth
regime (a), spray regime (b), with general flow lines.

The difference in hydraulic behaviour also cornes to the fore in Figure 24. Here the liquid load at the
point for choking is plotted versus the visually rneasured froth height at the weir. Two different
regimes, which correspond to the regimes described above, can be distinguished. With increasing gas
load factorstarting at 0.04 mis, a transition frorn the weir crest flow regime to the spray regime
occurs. This can be observed in the tigure as a transition in the slope of the froth height at the weir
as function of the liquid load. The froth height at the weir at the point for flood appears to be
approxirnately constant for the weir crest regime while for the spray regime it rises constantly as
function of the liquid load. The validity of this could not be checked for a broader range of load
factors since the column did not allow functional eperation out of the gas load range presented.
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Figure 24

Froth height at the weir (mm) versus the liquid load at point for choking (m3/hr). Water,
layout Ll, all gas load factors used (Table 2).

Detailed experiments to elucidate the choking mechanism for both the mixed froth- and the spray
regime were performed and are described in sections 0 and 4.3.2 respectively.

4.3.1 Mixed froth regime
The mixed froth regime is characterised as an intermediate region between the spray and the
bubbling regime, with the latter more present close to the bottorn of the tray and the spray regime
more pronounced in the top section ofthe froth, as explained in more detailinsection 2.4.2. When
choking is observed as the flooding mechanism in the mixed froth regime, than always a vapour
pocket was present in the downcomer. Also the downcorner mouth was always completely covered
with froth close to choking. This observation is in contractietion with the cause of choking as posited
by Locket and Gharani [9]. They used a one tray test rig and assumed the maximum capacity was
reached at the onset of the submerged flow regime. During this project choking in the mixed froth
regime was always found to be preceded by a downcorner mouth covered with froth. This implies
stabie operation is possible up to a certain submergence level and therefore the cause of choking as
stated by Locket and Gharani is not correct.
Insection 4.2.2 the rise ofthe clear liquid height on the tray in the submerged regime is explained on
the basis of a contraction of the flow area in the downcomer. This contraction in flow area is
enforced by the presence of a vapour pocket in the downcomer. As the submerged regime precedes
the point of choking, it was believed that the shape of the vapour pocket plays a role in the choking
mechanism. Therefore not only detailed measurements on the size of the vapour pocket were
performed, but also weir crest flow literature was consulted. No literature was found on the flow
over an overflow dam, i.e. a weir, which was impeded downstteam by a wall. Therefore, the vapour
pocket formed by the two phase flow over the weir into the downcorner could only be compared to
one phase liquid flow over an overflow dam in an open channel.
The presence and profile of the lower nappe in case of a free overflow over a dam is explained in
appendix 7.2.1, on the basis ofwork done by Vanden Broeck [6]. He states that the lower nappe
profile, which is comparable to the vapour pocket, in case of pure liquid flow over a weir of fixed
height is determined to a high extent by the totalliquid head and the fluid velocity in the open
channel. Another study to the shape of the 1ower nappe profile in case of a pure liquid flow over an
overflow dam in an open channel is performed by Sarginsen [18]. He measured the shape ofthe
vapour pocket for water flow over a sharp crested weir in an open channel, i.e. a free flow over the
weir. Results obtained by Sarginson are presented in Figure 25.
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Lower nappe profiles for water flow over a sharp crested weir in an open channel, from
Sarginsou [18].

From this tigure it follows that the position (the horizontal and vertical distance from the weir crest)
of the top of the profile is a function of the liquid height over the weir; i.e. the liquid discharge.
To gain some insight in possible similarities between data obtained by Sarginsou for the free liquid
overflow over a dam in an open channel and the two phase dispersion flow over a weir impeded by a
wall, measurements on the top of the vapour pocket in the downcorner have been performed. Data
obtained out of these experiments are presented in Figure 26. Here the measured clear liquid height
over the weiris plotted versus the visually measured height of the top of the vapour pocket above the
weir for oleyl alcohol systems and gas load factors resulting in the mixed froth regime. Both data
obtained by Sarginsou and data derived in this project are plotted in the figure. Plotted data from this
study corresponds to the submerged downcorner mouth regime only. This because no upward
movement of the vapour pocket with respect to the weir was observed for the weir crest regime. In
this regime, the liquid height over the weir is too low to show a visually measurable upward
movement of the vapour pocket.
Confidential

Figure 26

Clear liquid height over the weir (mm) versus the height of the top of the vapour pocket
above the weir (mm), literature data from Sarginsou [18] and experimental data for
oleyl alcohol, Layout L6, gas load factor 0.02 mis and 0,04 mis.
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Figure 27

Schematic representation of flow lines into downcorner (left). Enlargement of area of
interest, the downcorner mouth (right).

4.3.1.1 Vertical froth flow through the downcorner mouth
To eliminate the interaction between the vertical and horizontal flow in the downcorner mouth to a
certain extent, a cap was placed in the downcorner mouth as visualised in Figure 28. First a cap
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without a slit was used. In this way the froth flow into the downcorner is determined entirely by the
horizontal flow as the vertical flow is blocked by the cap. Results obtained with this set-up are
plotted in Figure 29. At a liquid load of 7.3 m3/hr the liquid height on the tray suddenly rises with a
sharp step. At this liquid load the cap was filled with fluid and a significant back flow from the cap
to the tray occurred. A new stabie operation established, where the liquid level on the tray rises with
approximately the same rate as before the step. The point for choking is determined at a liquid load
of 10.2 m3/hr.
SimHar experiments have been performed with caps with a 7 mm and 16 mm wide slit (Figure 28).
The slit sizes were chosen on basis of calculations with an equation that prediets the hydrastatic head
above a slit in terms ofthe fluid velocity through the slit [2]:

Hcap

K

2

= 2g vslit

(4-4)

[m]

HereKis a friction factor which is chosen 0.5, equal to the value as known for pipe flows. With a
maximum liquid head of 3 centimetres, this results in slit widths of 7 and 16 mm fora liquid
throughput of 5 and 12 m3/hr respectively. The liquid head on the cap wasbasedon the maximum
height over the weir as measured in experiments without cap and with a closed cap in the downcorner
mouth.
cap-._

.....

tray

\

~::

weir , . \··~:···

slit

downcorner

(a)

Figure 28

(b)

Schematic presentation of column internals with cap at downcorner mouth. Side view of
downcorner with cap (a), top view of cap with slit (b).

As can be concluded from Figure 29, the clear liquid height on the tray, for liquid loads Iower than
the transition point where the cap overflows, is approximately equal for all experiments. Here liquid
flows into the downcorner without inteffering with the cap which results in the same behaviour as for
experiments without cap in the downcorner mouth. Purthermare , it can be concluded that cutting of
or guiding a part of the vertical flow into the downcorner by use of a cap in the downcorner mouth
causes capacity limitations compared to experiments without a cap in the downcomer. This must be
caused by the interterenee of the cap with the flow in the downcorner mouth. In order to test whether
the position of the cap above the weir was of influence on the measured point of choking, the cap
was also placed 4 centimetres above the weir. This appeared not to enlarge the maximum liquid
throughput compared to experiments with a cap 1 eentirnette above the weir.
On the basis ofresults obtained from the experiments withand without a cap (with and without slit)
in the downcorner mouth three hypothesises are posited:
• The cap decreases the influence of the momenturn of the vertical flow, or the hydrastatic head
above the weir, on the horizontal flow. Cutting off, or guiding the vertical flow through the
downcorner mouth by use of a cap, decreases the maximum throughput compared to a set-up
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without a cap in the downcomer. Also fora set-up without a cap in the downcorner the vertical
flow and the downcorner wall suppress the horizontal flow. This might result in a suppression of
the vapour pocket in the downcorner which results in an increase in effective downcorner area. On
the basis of this reasoning the hypothesis is that the point of choking is correlated to the effective
downcorner area; with increasing effecti ve downcorner area the point of choking should be
postponed in terms of liquid load.
• The calculated additionalliquid throughput of 5 m3/hr for a cap with a 7 mm slit compared to
experiments with a closed cap was indeed observed, consictering the postponement of the
transition point where the cap did overflow (Figure 29). However, the same increase was not
observed for the point of choking. Here the yielded profit in terms of liquid throughput is much
less (2.5 m3/hr). This might indicate that a downcorner is limited in maximum throughput by both
the gas- and liquid throughput.
This hypothesis can be explained as follows: The froth on the cap with a 7mm slit was degassed
before passing through the slit. This process reduces the volumetrie flow into the downcorner
relative toa situation equal in liquid load where no vapour disengagement occurs, as for
experiments with a closed cap. This implies that a higher liquid load is required for a cap with slit
than for a cap without slit to obtain the same volumetrie flow passing through the downcorner
mouth. Now assume that the maximum volumetrie flow into the downcorner for a cap with 7mm
slit and a closedcapare similar, and the additional flow passing through the slit (5m3/hr) is
completely degassed. Than a liquid holct-up ofthe dispersion flowing into the downcorner can be
calculated on the basis of the liquid loads at choking fora set-up with- and without slit in the cap.
This liquid holct-up is calculated to be 0.5. Consictering the fact that the liquid holct-up ofthe
dispersion on the tray for a set-up without a cap in the downcorner for liquid loads around 11
m3/hr is approximately 0.4 and degassing occurs while moving from the tray into the downcomer,
the calculated value of 0.5 is quite reasonable. This supports the hypothesis that the volumetrie
flow insteadof the liquid flow through the downcorner is limited fora given set-up and operating
range.
For the 16 mm slit, the postponement for the transition point, as predicted by equation (4-11),
was not observed. The rise of the clear liquid height on the tray as function of the liquid load is,
consictering the trend, equal to experiments without cap in the downcomer.
• The experiments with a cap in the downcorner give some insight in the importance of the vertical
direction of flow into the downcorner relative to its horizontal equivalent. The maximum liquid
throughput measured for an experiment without a cap compared to an experiment equal in set-up
with a closedcapin the downcorner mouth, increases approximately 90%. This might indicate
that the amount of liquid transported by the vertical flow is approximately equal to the amount
transported into the downcorner by the horizontal flow. Furthermore, the horizontal flow into the
downcorner with a closed cap covers the whole downcorner width. In case of experiments without
cap, the additionalliquid throughput correlated to the vertical flow uses a relative smalt part of
the downcorner area compared to the horizontal flow. However, the two different flows are
approximately equally represented in case of an open downcomer. This brings up the hypothesis
that the vertical flow is relatively more efficient, in termsof downcorner area used, in the froth
transportation than the horizontal flow. This is in full agreement with the downcorner flow as
depicted in Figure 27.
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mis, Layout L 1 with- and without cap at the mouth of the downcomer.

The hypothesises stated above could not be verified on validity satisfactory by results out of
experimentsas discussed above. More extensive experiments totest the validity ofthe hypothesises
and to elucidate the flooding mechanism choking were carried out
4.3.1 .2 Horizontal froth flow through the downcorner mouth
Confidential

Figure 30

Gas load factor (mis) versus the flow parameter(-) for water, Layout Ll and L3. Both
plotted with the weir inlet device at weir and the corresponding reference system.

To further verify the correctness of the hypothesis that choking is caused by the horizontal velocity
ofthe froth over the weir which defines the shape ofthe vapour pocket and therefore the effective
downcorner area, two more experiments have been performed; the initial direction of liquid flow onto
the tray has been modified and data obtained by Boxem [10] of experiments from a set-up with 100
mm weirs insteadof 50 mm have been re-interpreted.
• Direction of liquid flow onto the tray
Fora conventional downcorner set-up, illustrated in Figure 15, the downcorner guides the liquid to
flow parallel onto the tray. 1his causes an additional horizontal momenturn ofthe flow over the tray
compared to the froth momenturn caused by the hydrostatic gradient over the tray. This increase in
froth velocity on the tray results in an increase in velocity over the weir and therefore an increase in
size of the vapour pocket. As concluded from experiments discussed above, these factors contribute
to the cause of choking.
In order to decrease the average velocity of the froth on the tray, a layout has been manufactured as
illustrated in Figure 15. Here the downcorner exit is positioned parallel to the tray. The exit is shaped
as slots in the downcorner area. Therefore the initial direction of inlet of liquid on the tray is not
parallel to the tray but perpendicular to it, reducing the velocity caused by a froth supply parallel to
the tray. This particular downcorner layout has been chosen as it is also used in operational
distillation columns. Results obtained with this set-up are illustrated in Figure 31.
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Clearly the maximum throughput in terms of liquid load, appears to be higher for truncated
downcorners for all used gas load factors than for conventional downcomers. For gas loads resulting
in the mixed froth regime another result can be distracted. The transition of the weir crest regime to
the submerged regime occurs at higher liquid loads for experiments performed inlayout L6 than in
layout L 1 (Figure 63, Appendix 7.2). This can also be explained on the basis of the lower froth
velocity on the tray for layout L6 than L 1. The transition to the submerged regime is determined by
the liquid load and the effective downcorner area. Because the liquid height over the weir does not
differ significantly for experiments performed inlayout L1 and L6 (Figure 63, appendix 7.2), the
increase in column throughput capacity is caused by an increase in effective downcorner area for
layout L6. This increase in effective downcorner area can only be realised by a decreasein froth
velocity on the tray and therefore over the weir for a set-up equipped with truncated downcorners
compared toa set-up with conventional downcomers.
Purthermere the liquid height on the tray is, except close to choking, for layout L6 systematically
higher than for layout L 1 (Figure 63,Appendix 7.2). Cernparing data from the different layouts at
equalliquid loads, it can be concluded that the average velocity on the tray is lower fora set-up
equipped with truncated- instead of conventional downcorners as the liquid height on the tray is
lower fora set-up equipped with truncated downcomers.
Results for gas load factors resulting in the spray regime, will be treated in the next section.
• weir height
Data obtained by Boxem [10], fora conventional downcorner set-up with a weir height of 100 mm
instead of 50 mm, also shows an increase in column throughput capacity for the mixed froth regime
(Figure 32). At that time the capacity increase was correlated to the slightly increased liquid holct-up
of the dispersion on the tray. However, a more solid explanation can be given on the basis ofresults
obtained in this study:
Increasing the height of the weir also increases the liquid height on the tray. An increase in liquid
height on the tray implies a decreasein average froth velocity on the tray for a certain liquid load if
the liquid holct-up doesnotchange significantly. Figure 64, Appendix 7.2 points out the liquid hold-
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up is approximately equal for both weir heights. Therefore the average froth velocity on the tray
decreases with increasing weir height, implying an increase in effective downcorner area. This results
in a larger column throughput capacity for a layout with a weir of 100 mm than for a layout with a
weir of 50 mm.
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Liquid load (m3!hr) versus the clear liquid height on the tray (mm) for layouts with
conventional downcorners and a 100 mm weir (L7) and a 50 mm weir (L 1) for different
gas load factors.

4.3.1.3 Volumetrie flow and liquid flow into the downcorner
Confidential

4.3.1.3. 1 Effect of hole size on maximum throughput
The hypothesis that the total volumetrie flow into the downcorner instead of the liquid flow should be
considered when defining the point of choking, is further investigated by testing two more sieve
trays. Those trays were equipped with holes of 9 and 15mm in diameter so that one tray had smaller
and one tray larger holes than the standard 12 mm size. This difference in hole size can be translated
to the size ofthe bubbles formed at the tray. Urua [19], posited an equation predicting the bubble
volume for sieve trays for low gas flow rates that is defined as:
(4-5)
where dh is the hole diameter (m) and 0' (Nim) the surface tension. According to equation (4-13) the
bubble volume increases with increasing hole diameter. Furthermore, the absolute bubble rise
velocity increases with increasing bubble diameter [20,21]. Therefore it was expected that the liquid
hold-up on the tray would increase with increasing hole diameter. This in turn would affect the point
of flood in the mixed froth regime in a positive sense; i.e. choking should occur at higher liquid loads
according the hypothesis that choking is correlated to a maximum the volumetrie flow instead of the
liquid flow.
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The trays were manufactured with equal hole areas, which implies the pitch decreases with
decreasing hole diameter as more holes are positioned in the bubbling area. This set-up was chosen
in order to obtain equality in superficial gas velocity through the holes of the different trays which
makes comparison between different trays possible. Furthermore, according to Klug [22], decreasing
the pitch, results in smaller bubbles formed at the sieve tray which further amplifies the target of
creating smaller bubbles for sieve tray holes decreasing in diameter.
Measurements on systems with choking as capacity limitation for gas load factors corresponding to
the mixed froth regime do not show results with respect to the liquid hold-up on the tray as were
expected. Choking occurred at approximately equalliquid loads for sieve trays with 9, 12 and 15
mm holes for water and oleyl alcohol systems (Figure 65, Appendix 7.2). However, as can be
concluded from Figure 33, the liquid hold-up on the tray for sieve trays with 9 mm holes is generally
higher than for 12 and 15 mm holes. This discrepancy with the theory is believed to be caused by the
measurement technique used for the liquid hold-up. As explained insection 2.4. 2, the top layer of a
dispersion on the tray in the mixed froth regime is in the spray regime. This top layer is believed to
be more present for sieve trays with larger holes. Large bubbles have a relative large impulse
compared to small bubbles. When a large bubble reaches the surface and bursts, they expand the
spray layer relative to the spray layer created by the burst of small bubbles; i.e. small sieve tray
holes. The increased impulse for larger bubbles follows out the larger size and thereby larger rise
velocity. 1his effect makes a useful comparison of the liquid hold-up for different hole diameters for
water and oleyl alcohol systems impossible.
The presence of this effect can be observed in Figure 66, Appendix 7.2. Here the height of the froth
layer at the weir is plotted versus the clear liquid height on the tray for the bubbling area gas load
factor 0.08 m/s. For this gas load factor the spray regimes dominates the flow behaviour on the tray
and therefore the effect as described above is much more present than for the mixed froth regime.
The figure points out clearly that the height of the froth layer at the weiris significantly higher for
sieve trays with 15mm holes than for trays with 9mm holes. This result funds the explanation as
given above for differences from the theory found for 9,12 and 15mm holes in the mixed froth regime
for choke limited systems.
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No useful comparison between sieve trays with 9, 12 and 15 mm holes with respect to the volumetrie
flow and the point of choking could be made for water and oleyl alcohol systems in the mixed froth
regime. The different sieve tray layouts with respect to the liquid holct-up on the tray are further
discussed in section 4.4, where froth height limited systems are treated.

4.3.1.3.2 Effect of viscosity on maximum throughput
Experiments with different sieve tray hole sizes were found not to present useful results in the mixed
froth regime to further support the relation between the liquid holct-up and the point of choking. In
addition, experiments with a set ofthree water- glycerol solutions have been performed in a fixed
layout: Ll. A water-glycerol solution has a viscosity larger than pure water. The rise velocity of
bubbles equal in size decreases with increasing fluid viscosity. Also the thinning ofliquid films,
created when a bubble reaches the upper liquid surface, develops slower with increasing fluid
viscosity. Therefore it was expected that the liquid holct-up on the tray fora fixed gas load factor
corresponding to the mixed froth regime, would decrease with increasing fluid viscosity; i.e.
increasing volume percentage of glycerol. This is only true for with the condition that the initial
bubble volume doesnotalter with changing viscosity. According to Rabiger [23], the bubble volume
over a wide range of gas throughputs does not change significantly up to glycerol fractions up to 50
V%, which in turn is more than the maximum fraction used in experiments concerning this project.
Results of experiments with water-glycerol systems, with 20V%, 30V% and 40V% glycerol, are
plotted in Figure 34. Here the liquid holct-up on the tray is plotted versus the liquid load for gas load
factors 0.02 and 0.04 mis. As can be concluded from the figure, the liquid holct-up increases with
increasing viscosity for gas load factor 0.04 mis. Fora gas load factor of 0.02 mis, no significant
difference between the liquid holct-up for the used liquid compositions, can be distinguished.
These results are in contractietion with the expectations as discussed above. This could be explained
on basis of work done by Rabiger [24] and work done by Klug [22]. They investigated the size of
primary and secondary bubbles in water and water-glycerol solutions. Primary bubbles are the
bubbles initially formed at the tray holes while secondary bubbles are those formed by coalescence
or break-up of primary bubbles during their rise towards the upper surface of the dispersion layer.
When water is used as fluid, they found secondary bubbles to be equal in size to primary bubbles for
low gas velocities, while for higher gas veloeities the secondary bubbles are significantly smaller.
For water glycerol solutions the opposite was found; coalescence proeesses resulted in larger
secondary bubbles. This effect was found to be most pronounced for gas veloeities close to the spray
regime.
With these results, the data as presented in Figure 34, could be explained. Over the range of
viscosities used, the primary bubble size does not change. The secondary bubble size increases with
increasing viscosity which implies a higher rise velocity for secondary bubbles with increasing
viscosity. Therefore the liquid holct-up decreases with increasing viscosity fora gas load factor 0.04
mis. As this effect is more pronounced for gas load factors close to the spray regime, differences in
liquid holct-up were observed for a gas load factor 0.04 mis and not for the gas load factor 0.02 mis.
An increase in liquid holct-up with increasing viscosity is also observed by Ujang [25] for waterglycerol systems of equal composition.
For gas load factor 0.02 mis no limitation in liquid throughput was measured for a lack in pump
capacity. For the gas load factor 0.04 mis the maximum liquid throughput does increase with
increasing liquid holct-up comparing the liquid composition with the highest viscosity (40V%
glycerol) with the lowest viscosity (20V% glycerol). The liquid holct-up fora system with a glycerol
fraction of 30V% generally lies between the holct-up measured for the 40V% and 20V% system, but
no change in maximum liquid capacity compared to 20V% glycerol was observed. This is probably
due to the uncertainty in the maximum liquid load. For the gas load factor 0.03 mis the same results
were observed for the liquid holct-up as for gas load factor 0.04 mis as plotted in Figure 67,
appendix 7.2.
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With these results, it can be concluded that the point of choking in the mixed froth regime is a
function of the volumetrie flow over the tray and therefore also of the flow into the downcorner:
Increasing the liquid holct-up of the dispersion on the tray increases the maximurn liquid throughput.
The volumetrie flow at the point of choking for 40V% and 20V% glycerol in water is (59 ± 4) rn3/hr
and (64 ± 4) rn3/hr respectively. Consictering the inaccuracy ofthe rneasurernents, these values can
considered to be equal, irnplying the volumetrie liquid load for both systerns is equal at the point of
choking. However, the maximurn liquid load at choking is not equal for the different experirnents.
This proves the hypothesis that the total volumetrie flow into the downcorner instead of the liquid
flow alone determines the point of choking. Por experirnents equal in set-up, the volumetrie flow is
equal at the point of choking.
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• Lambda = 0.04, 20V%

• Lambda= 0.04, 30V%

• Lambda = 0.04, 40V%

• Lambda = 0.02, 20V%

• Lambda= 0.02, 30V%

• Lambda= 0.02, 40V%

Liquid hold-up on the tray (-) versus the liquid load (rn3/hr) for water-glycerol systerns
(20V%,30V% and 40V% glycerol), Layout Ll , gas load factor 0.04 mis and 0.02 mis

4.3.1.4 Aeration vapour pocket
Besides transporting liquid frorn one tray to another the rnain function of the downcorner is degassing
the froth flowing through it. In this process vapour bubbles move upwards- and liquid flows
downwarcts in the downcorner. The escape of bubbles frorn the dispersion in the downcorner is
currently believed not to have significant influence on tray hydraulics and downcorner operation. In
order to determine the correctness of this statement, experirnents on the effect of vapour
disengagement frorn the froth in the downcorner have been perforrned.
High speed video recordings of a subrnerged downcorner rnouth showed the upward movement of
large vapour bubbles through the froth covering the downcorner rnouth. These bubbles obstruct the
froth frorn flowing into the downcorner and are therefore expected to act as a capacity limiting
factor. Furtherrnore, the presence of these large bubbles yield that the pressure in the vapour pocket
is higher than the pressure in the vapour charnber above. This difference appeared to be too low to
rneasure (Figure 56, Appendix 7.2)
The hypothesis stated above is tested by imptementing tubes with a diameter of 35rnrn in the
downcorner (Figure 35). These tubes serve as channels between the vapour pocket and the vapour
charnber above to level the pressure between thern even more, and to prevent gas bubbles rnoving
frorn the vapour pocket to the vapour charnber through the froth layer covering the downcorner
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mouth. In order to do so, the tube was installed in such a way that the openings were always
positioned well above the froth surfaces. Data obtained from these experiments are plotted in Figure
36.

Figure 35

Schematic representation of a 35 mm tube in the downcomer.

From the figure it follows that the column throughput capacity fora set-up with a tube in the
downcorner increases significantly for load factors corresponding to the mixed froth regime. For a
gas load factor of 0.02 mis flooding could not be rneasured for the pump capacity appeared to be too
low. Therefore this measurernent should be considered as mustration and not as the maximurn
throughput. Recordings of the flow over the weir with a high speed video camera showed vapour
disengagement through the froth layer covering the downcorner rnouth did not occur anymore with a
tube in the downcorner. Flirthermore additional experirnents were performed to ensure the increase in
capacity was caused by vapour flow through the tube. Tests with a tube closed at the top end,
showed the sarne results as experirnents without tube in the downcorner (Figure 36) which proves
that decreasing the pressure in the vapour pocket and banning the resistance of escaping bubbles
through the froth above the downcorner mouth increases the maximum throughput of the column.
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Gas load factor (Àba) (mis) versus the flow parameter (<j>) (-), layout Ll, water, withand
without 35mm tube in downcomer, tube ends are open and closed. Only points for
choking.

PUfthermore the presence of the tube in the downcorner extends the weir crest regime in terms of
liquid loads, as illustrated in Pigure 37. This effect, which is especially pronounced fora gas load
factor of 0. 04 mis, can be explained on the basis of the reasons for capacity increase by the presence
of an open tube as stated above. Extension of the weir crest regime implies that submergence of the
downcorner mouth occurs at higher liquid loads. This means that the hold-up of the froth entering the
downcorner mouth becomes smaller in the presence of an open tube. This because vapour flows
through the tube insteadof through the froth over the downcorner mouth where it would increase the
froth volume and could be dragged back into the downcomer.
As can be seen in Pigure 37, the maximum liquid load in the mixed froth regime with a tube in the
downcorner is approximately 10% higher than for the sameset-up without the tube. Together with
the simplicity of the device and its lack of si de effects, it is very suitable to add to operational
distillation columns.
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Clear liquid height on the tray (mm) versus the liquid load, L 1, water, with and without
tube in downcomer.

4. 3.2 Spray regime
The spray regime is only present on the tray for high gas load factors (À;;:: 0.06 m/s). Insteadof
liquid as for the mixed froth regime, gas is the continuous phase. PUfthermore the submerged
downcorner mouth regime does not appear anymore. These differences between the spray and the
mixed froth regime, gave cause for treating the spray regime separate from the mixed froth regime.
Pigure 38, illustrates the froth flow over the tray and into the downcorner as observed for the spray
regime. Arrows in the tigure indicate the general path of froth flow where the darkness of the colour
is an indication for the visually observed density ofthe froth flow. As can be distracted from the
figure, froth does no longer partly flow into the downcorner freely, but always interferes with the
downcorner wall before falling into the downcomer. This denotes that the direction of flow from the
top of the weir into the downcorner is dominated by the vertical component.
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SimHar as for the mixed froth regime (section 0), experiments with a cap in the downcorner mouth as
well as experiments with a rounded weir and with the downcorner inlet and weir inlet device, were
performed for the spray regime.

Figure 38

Schematic representation of the froth flow into the downcorner as observed for the
spray regime (A~ 0.06 mis).

The implementation of the cap in the downcorner mouth in the spray regime, had neither significant
influence on the hydraulic behaviour on the tray, nor on the point of choking. Since a minority of the
froth did flow into the downcorner directly, most ofthe froth passed through the slit in the cap before
entering the downcomer. As the cap did notoverflow back on the tray, noteven at the highest liquid
loads, it was not obstructing the flow into the downcorner as occurred for the mixed froth regime.
The maximum liquid load with- and without cap in the downcorner is the same, and the cap degassed
the frothentering the downcorner effectively. Therefore the choke mechanism for the spray regime is
considered not to be basedon a maximum volumetrie flow through an effective downcorner area.
Also the rounded weir, which decreased the maximum liquid throughput for the mixed froth regime,
had no significant influence on the hydraulic behaviour on the tray and the point of flooding for the
spray regime. This can be understood consictering the negligible interterenee of the weir with the
froth moving over it in this regime. As liquid moves over the weir in small droplets, the influence of
the weir on the flow over it is less pronounced.
Furthermore the capacity increase that was found for the mixed froth regime by use of the
downcorner inlet device, was not observed for experiments in the spray regime. This is also due to
the relative small amount of froth that flows over the weir and is decreased in velocity by the
expanded metal compared to the amount of froth that is influenced by the expanded metal in the
mixed froth regime.
To decrease the velocity over the whole froth height above the weir, the weirinlet device was
positioned at the weir (Figure 40). The two plates expanded metal overturned the flow pattem above
the downcorner mouth as depicted in Figure 38 into a free falling flow into the downcomer. This is
due to the deceleration ofthe froth flow by the expanded metal. Data obtained with this set-up are
plotted in Figure 39. As already mentioned insection 4.3.1.2, the maximum capacity for the spray
regime increased by positioning the weirinlet device at the weir. Por layout Ll and L3 with water as
fluid, choking did not occur in the compactment with expanded metal at the weir but at the 100 mm
downcorner of the tray above. Therefore the data points plotted in Figure 30 referring to those
experiments are not the maximum obtainable liquid throughput but should be considered as an
illustration. From the increase in maximum capacity with expanded metal covering the whole froth
flow above the weir, it can be concluded that choking in the spray regime is a function of the spray
velocity over the weir. From this point of view it does not differ from the cause of choke limitation in
the mixed froth regime.
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Figure 39

Gas load factor (mis) versus the flow parameter(-) for water, Layout Ll and L3. Both
plotted with weir inlet device at weir and the corresponding reference system. Only
points for choking.

two plates expanded metal

Figure 40

Schematic representation of the flow over the weir with 2 plates expanded metal for the
spray regime.

To verify the influence of vapour disengagement ftom the downcorner through the ftoth layer above
the weir in the spray regime, tubes have been implemented in the downcomer. As can be distracted
ftom Figure 36, the direct channel between the vapour pocket and the vapour chamber does oot
affect the point of choking in the spray regime. Closing the tube, for preventlog vapour to flow
through it, was also not of influence on the flow pattem over the weir or the point of flooding. This
indicates vapour disengagement ftom the downcorner through the ftoth layer above the downcorner
mouth does oot change the flow pattem at the downcorner mouth significantly. Together with results
obtained for the mixed ftoth regime with a tube in the downcorner it can be concluded with high
probability that the liquid hold-up of the ftoth layer over the downcorner in the spray regime is too
low to effectively separate the vapour pocket ftom the vapour chamber above.
For the spray regime experiments with a cap in the downcorner mouth showed no significant change
in tray hydraulics. Also aerating the vapour pocket had no significant influence on column capacity.
With these results it can be concluded that choking in the spray regime is not determined by the size
ofthe effective downcomer. The velocity ofthe ftoth over the weir, which is blocked by the
downcorner wall, is however of great influence on the point of choking. During experiments, liquid
was visually observed to flow back towards the tray after being reversed in motion by interterenee
with the downcorner walland by the dispersion flowing vertically into the downcorner (Figure 41). A
possible explanation ofthe occurrence of back-flow in the spray regime is given in Appendix 7.2.2.
When this back-flow occurred the point of choking in terms of liquid loads was approached closely ±
1 m3/hr.
Confidential

Figure 41

Schematic representation ofthe observed back-flow ftom the downcorner mouth on the
tray. 1hickness of lines indicates the liquid flow rate, the thicker the line the higher the
liquid flow rate. Q1.3 refers to operation close to the point of choking.
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The visual observation of back flow of froth from the region above the downcorner mouth to the
tray, made an investigation on the influence of the column wall on the point of choking eligible.
Experiments were performed with two plates expanded metal at the downcorner wall (Figure 68,
Appendix 7.2) in order to decrease the froth momenturn just before interterenee with the downcorner
wall. Results obtained with this set-up are presented in Pigure 42.
Confidential

Figure 42

Gas Ioad factor (À.ba)(m/s) versus the flow parameter(~)(-) , Ll , water, withand without
2 plates expanded metal at downcorner wall, only point for choking.

As can be concluded from the figure, the maximum throughput in terms of liquid load increases for
gas load factors correlated to the spray regime when expanded metal is installed at the downcorner
wall. Visual observations showed back-flow effects, as described above, were less pronounced withthan without expanded metal at the downcorner walI. This is due to the decrease in momenturn of the
froth where the expanded metal takes account for. The same experiments where also performed for
the mixed froth regime where no capacity increase was observed as was expected. Por the gas load
factor 0.02 m/s even a capacity decrease was found This is probably caused by the additional
resistance the expanded forms to the vertical flow into the downcomer. With these results it can be
concluded that choking for gas load factors in the spray regime is caused by back-flow of froth from
the area above the downcorner mouth onto the tray. Other experiments on the cause ofthis back-flow
and its relation to the point of choking in the spray regime is discussed in the following sections.

4.3.2.1 Froth ramp on the tray
The froth flow over the weir in case of the spray regime is not only different from the mixed froth
regime in liquid hold-up. Also the direction of the froth flow over the weir, as indicated in Figure 38,
is different This dissimilarity is due to the froth behaviour on the tray. Por the mixed froth regime
the froth level from the start of the bubbling area up to the weir, is approximately constant. Por the
spray regime on the other hand, the froth height on the tray was observed to increase along the
downstteam direction of the tray. This rise appeared to have a constant slope with the flow path
length; i.e. the froth height appeared as a ramp over the tray (Figure 43). The start of this ramp was
always at approximately the first row of holes on the tray.

Figure 43

Schematic representation of the froth height ramp on tray as observed for high gas load
factors (À.ba~ 0.06 mis)

The existence of the ramp can be explained on the basis of the flow direertons of the gas and liquid
on the tray and the momenturn transfer between the gas and liquid. Suppose at a eertaio liquid load,
the amount of gas passing through a row of holes is the same for all rows on a tray. The gas flow
through the frrst row on the tray atomises a certain fraction of the liquid flowing parallel to the tray
an so does the gas flow through the other downstteam rows of holes.
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Now imagine gas is only transpotled through the first row of holes as the other rows of holes are
closed. The trajectory on the tray foliowed by the dropiets that are atomised by the gas stream
through the open holes will be parabolic. This because liquid flows parallel to the tray and thereby
causes a horizontal movement of drops over the tray while the force of gravity decelerates and
eventually turns around the upwards movement of drops resulting in a parabolle drop trajectory.
With these considerations the froth height reaches a top on the tray. The exact behaviour ofthe
height of this top as tunetion of the gas and liquid flow rate, could not be predicted. Nevertheless, the
downstteam position of the top should increase with increasing liquid flow rate, since the liquid
velocity parallel to the tray becomes higher with increasing liquid flow rate. Furthermore, with
constant liquid flow, the height of the top should increase with increasing gas flow rate as the
momenturn transfer of the gas to the liquid increases with increasing gas flow rate. These phenomena
are both observed during experiments with only one row of holes open. In Pigure 44 the position and
height of the top of the parabolic trajectory foliowed by drops for one open row is plotted as tunetion
of the liquid load for two different gas loads.
Now imagine that gas does not only pass through the first row of holes, but also through the second
row. When the di stance travelled by the drops atomised passing the first row of holes is larger than
the distance between the rows, liquid is still in the atomised state while passing the second row. In
the normal experimental set-up this condition is satisfied even for the lowest used liquid loads (6
m3/hr) and the lowest gas load factor resulting in the spray regime on the tray: 0.06 mis. The
distance between different rows for a tray with 12mm holes is 3 cm. As can be distracted from
Figure 44 the position from the row of holes to the top of the froth is larger than the di stance between
the rows. At this row another fraction of liquid is atomised by the flow through the holes and
furthermore drops created by the first row are transporred further upwards by the gas- and liquid
dropiets stream of the second row. This results in an increase in position of the top of the total
parabolic trajectory and a higher top height than for a system with only one row of open holes.
Experiments with two open rows of holes next to each other, with a hole gas load factor (ÀhoJe) equal
to that of experiments with one row of open holes, are also performed. Results obtained from these
experiments are also plotted in Figure 44. As can be seen, the position of the top of the froth height,
measured from the last row of open holes stream in downstteam direction of the tray, is larger for
two- than for one row of open holes. Also, the distallee of the top from the open holes is increasing
with increasing liquid load. Furthermore, the height of the froth on the tray is higher for two open
rows than for one open row of holes. These results confirm the hypothesis stated above.
When all rows of holes are open the process described continues to the last row of holes is reached
by the liquid flow on the tray and the drops above. In this way a ramp as observed in experiments is
created.
Furthermore, the assumption of an equal amount of gas passing through the different hole rows
might not be correct. Because of the atomisation of liquid by every row of holes, the pressure drop
over the tray becomes smaller stream downward. This because the static liquid head on the tray
decreases. Because of this pressure decrease, gas preferably moves through holes more downstream.
This effect also contributes to the existence of the ramp on the tray.
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Figure 44

Position of top froth trajectory from last open row of holes (cm) and maximum height
of froth trajectory (cm) versus the liquid load (m3/hr), for one- and two open rows of
holes. Gas loads 80 m3/hr per row and 100 m3/hr per row.

The shape of the froth ramp on the tray, can bedescribed as function of a slope of the froth height on
the tray:
( 4-6)

Where HJ.w is the froth height at the weir, HJ.slit the froth height at the downcorner exit, Ljp the flow
path length of the tray and Lcz the totallength of the calming zones on the tray. In case of the 12 mm
trays, the calming zone at the downcorner exit was 30 mm and the calming zone at the weir was
negligible small. Plotting the slope as function of the criticalliquid load for all gas load factors used,
leads to results as presented in Figure 45. It appears the slope of the froth on the tray depends
linearly on the maximum liquid load for high gas loads. For lower gas loads, corresponding to the
mixed froth regime, the slopeis approximately constant.
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Previous experiments show a clear relation between the slope of the ftoth height on the tray and the
point for choking. Together with conclusions drawn from experiments clarifying the ftoth ramp on
the tray, the hypothesis was drawn that the number of hole rows and their distri bution on the tray
plays a role in the maximum capacity for the spray regime. Therefore a number of experiments have
been performed where the distribution of row holes on the tray was altered.
First an experiment with the frrst two rows of holes covered (Figure 46, 2) has been performed. The
liquid load was fixed at the point for choking value found for experiments with a gas load factor of
0.08 m/s inlayout L 1. This value is determined as 10.1 m31hr. With constant liquid load, the gas
load factor was raised until choking occurred. Results ofthis experiment are presented in Figure 46.
As can beseen in Figure 45, the slope of the ftoth at choking fora set-up with the first two rows of
holes covered, coincides with data found for a normal tray. This result validates the predielive value
of the ftoth ramp on the tray for the point of choking. The maximum value for the gas load factor
was found 0.055 mis as can be distracted ftom Figure 46. Because the first two rows of holes are
coveredit could be suspected that the maximum gas load factor would be approximately 3/5 times
the gas load factor for a system with all rows open as there are 5 rows of holes in total. This leads to
a gas load factor of 0.048 rnls. The gas load factor found is substantially higher, which is probably
due to the momenturn transfer ftom the gas to the liquid which is most likely lessin case of a partly
sealed tray compared toa completely open tray.
Secondly, an experiment with the last two rows of holes covered, the ones ciosest to the weir, was
performed. Here the gas load factor was fixed at the maximum value found for the experiment with
the first two rows sealed. In this way, the effect of the position of the sealed holes on the maximum
liquid throughput could be investigated. The slope of the ftoth ramp on the tray could not be
determined in this experiment, for the ftoth foliowed a more or less parabolle path over the tray.
From Figure 46 it can be concluded that the maximum liquid throughput increases tremendously
when the last two rows of holes are covered instead of the frrst two.
This indicates the importance of the direction of ftoth flow into the downcorner for the spray regime.
In case the ftoth flowing into the downcorner has a velocity vector into the downcomer, like the
parabolic ftoth flow observed with the last two rows of holes covered, the maximum obtainable
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capacity is higher than fora flow with initially no velocity vector into the downcomer. The latter is
the casefora set-upwithall rows open, or a set-up with rows closed near the supply downcomer.
These results clearly indicate the relation between the point of choking and the froth velocity vector
above the downcorner mouth section for the spray regime. Pre-directing the froth flow into the
downcomer, instead of direction control by influence of a downcorner wall, results in large capacity
increases.
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Gas load factor (mis) versus the liquid load (m3/hr) for layout L 1, water, with all rows
of holes open (1 ), the frrst two rows of holes closed (2) and the last two rows of holes
closed (3).

4.3.3 Unified choking equation
The mechanisms and causes of choking for the mixed froth regime and the spray regime were found
to be different. Por the mixed froth regime the effective downcorner area was found to be the limiting
factor in combination with the volumetrie flow into the downcorner and for the spray regime the
back-flow from the downcorner wall onto the tray. The different mechanisms have in common that
they are correlated to the froth velocity over the weir and the width of the downcomer. These
parameters defme the size ofthe effective downcorner area and point where back-flow occurs.
These similarities between the different flow regimes on the tray are used to obtain a general
approach to delineate choking in both regimes. In order to achieve this, a new variabie is introduced:
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(4-7)
Where W de is the width of the downcomer, H t. dcwall is the froth height at the downstteam downcorner
wan and H t.ow the froth height over the weir. 'This variabie V eilar can be considered as a characteristic
froth velocity which takes into account, by being a function of the width of the downcorner and the
froth height at the downcorner wan, the effective downcorner area and the point of back-flow on the
tray.
The froth height at the downcorner wan is considered instead of the froth height at the weir because
capacity limitation does occur at the downcorner mouth and downcorner wan and therefore the froth
height at the weiris considered not to be the base limiting parameter. The maximum liquid load for
all gas load factors used for different downcorner layouts versus the introduced variabie V eilar is
plotted in Figure 47.
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Characteristic velocity (Veilar),Equation (2-9) (m/s) versus the maximum liquid load
(m3/hr), layout Ll ,L2, L3, L6, water, all gas load factors used (Table 2).

As the tigure shows, alllayouts equipped with conventlollal downcorners (Ll, L2 and L3) follow the
same trend. 'This indicates the point of choking as function of the downcorner layout can be predicted
for all gas load factors by use of a general equation. This is equation is distracted from data
presented in Figure 47 as:

29 •9 ' 10- 3 (L w H f ow H f dcwall )

{Ll, L2, L3

Although the results seem very promising, some remarks have to be made. For layout L3, and L2,
with 22.5mm and 50mm downcorners respectively, all gas load factors fit the general tendency wen.
However fora gas load factor 0.02 misinlayout Ll , corresponding to the highest liquid load, a
mismatch with the general tendency occurs. 'This mismatch for low gas load factors is also observed
for layout L6. 'This could be caused by the oscillating behaviour of the froth on the tray for the load
factor 0.02 mis. The oscillating behaviour was not observed for layouts L2 and L3. Nevertheless it
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could also be the case that for high liquid Ioads (Q > 19 rn3/hr), the linear correlation is not valid
anyrnore. This could not be tested in the current set-up.
Olde-Riekerink [16] and further Boxern [10] already concluded that srnall downcorners have a
relative large drainage capacity over the whole gas load range used cornpared to downcorner with a
larger width. In Figure 48 the superficial downcorner velocity (Qd(WJcL w) at the point for choking,
is plotted versus the liquid holct-up on the tray. Frorn the tigure it can be concluded that the
superficial downcorner velocity at choking increases with decreasing downcorner width. Therefore
the column throughput capacity could be increased by imptementing several srnall downcorners (Wdc
=22.5 rnrn) in a column insteadof one large downcorner (Wdc =75 rnrn).
These observations were not understood at that time, but with present results they can be explained.
Figure 47 shows, when extrapolating the data to V char = 0, an offset in liquid load of approxirnately 7
rn3/hr. This implies that even for srnall downcorners, a minimum liquid throughput of approxirnately
7 rn3/hr can be obtained. With increasing downcorner width, the maximurn liquid throughput rises,
following data plotted in Figure 47. However the maximurn liquid throughput does not rise faster per
22.5 rnrn downcorner width than the offset of 7 rn3/hr. lbis implies the throughput capacity of srnall
downcorners is, consictering downcorner area, relatively larger than that of larger downcorners.
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Superficialliquid downcorner velocity, Vde• (rnls) versus the liquid holct-up on the tray
(-), Iayout Ll (75 rnrn downcorners) and L3 (22.5 rnrn downcorners), water, all gas load
factors used (Table 2).
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4.4 Froth height limitation
Besides choking, froth height lirnitation was observed as a flooding rnechanisrn. As explained in
section 4.1, froth height lirnitation involves a controllable rise of the froth height on the tray as
function of the liquid- and gas load. The froth height rises until the tray above is reached where
excessive entrainrnent occurs. Froth height limitation was observed with-and without a vapour
pocket in the downcorner. This is schernatically represented in Figure 17. The latter type of froth
height lirnitation was observed during one experiment, for all other experirnents ending in froth
height limitation, a vapour pocket was present in the downcorner.
Froth height limitation was only observed for aqueous pentanol solutions and only for gas load
factors corresponding to the mixed froth regime. For higher gas load factors, the spray regime
prevailed, where no foarn formation occurred and as a results choking was deterrnined as the
flooding rnechanisrn. Therefore only the mixed froth regime will be discussed in this section. The
transition frorn froth height limitation to choking for increasing gas load factors can be used to
decrease the foarning behaviour of a systern. Insteadof using anti-foarners, high hole gas load factors
could be applied to break-up foarn or prevent foarn forrnation.
Experirnents on aqueous pentanol systerns showed a strong dependency of the liquid ternperature.
The foarning tendency of these systerns appeared to decrease with increasing liquid ternperature.
The liquid ternperature did rise during a single experiment as the liquid pump heated up the liquid
passing by. The influence of this effect on the hydraulic behaviour on the tray can be observed in
Figure 69 and Figure 70, Appendix 7.2. In these figures the liquid ternperature and froth height at
the weirare plotted, both as function ofthe liquid load, for experirnents equal in set-up and liquid
cornposition. The froth height at the weir appears to be lower over the whole range of liquid loads for
the systern with the highest ternperature. Furtherrnore the flooding rnechanisrn for the systern with the
highest liquid ternperature was observed to be choking while froth height limitation was found for the
lower liquid ternperature. These results bring out the extreme importallee of the liquid ternperature
for foarning systerns. Due to this effect cornparison of different experirnents was cornplicated. Only
experirnents which were perforrned in approxirnately an equal period of time, and with a roughly
equal course in ternperature rise with time, were used for cornparison. The first, because the pentanol
concentration decreased in time (Appendix 7.2.3) because of evaporation. Forthese reasons, the
possibilities of a liquid cooler have been investigated (Section 3.1). A cooler is not irnplernented yet.
To deterrnine the role ofthe vapour pocket with respecttoa possible effective downcorner area, the
weir inlet device was also used in foarning, froth height limited, systerns with a vapour pocket in the
downcorner. Also the influence of vapour disengagement frorn the downcorner on the maximurn
capacity has been investigated by imptementing a tube in the downcorner.
Using the weirinlet device at the weir also results in higher maximurn liquid throughputs for froth
height limited systerns, as can be observed in Figure 71, Appendix 7.2. Consictering the fact that the
vapour pocket becornes smaller with expanded rnetal at the weir, it can be concluded that the
effective downcorner area is also a lirniting factor for froth height limited systerns.
For equalliquid loads, the froth height at the tray is higherfora column lay-out without- than with 2
plates expanded rnetal at the weir. This larger froth height on the tray is provoked by the effective
downcorner area which is smaller for trays without expanded rnetal at the weir. In order totransport
the sarne liquid load through a smaller effective downcorner area, the static head above the
downcorner rnouth must be larger. This implies a larger froth height on the tray for experirnents
without- than for experirnents with expanded rnetal at the weir. For froth height limited systerns also
the rise of the liquid height on the tray as function of the liquid load is equalised for all gas load
factors in case of a set-up with expanded rnetal at the weir.
Experirnents with a tube in the downcorner in order to equalise the pressure of the vapour pocket and
the vapour charnber above, were also perforrned for aqueous pentanol solutions. Data concerning
these experirnents are plotted in Figure 72, Appendix 7.2. As can be observed, no increase in
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maximum liquid throughput, nor a change in course of the liquid height on the tray as function of the
liquid load, is realised. This implies either that the break-up rate ofbubbles in the downcorner is too
small to cause a significant over-pressure in the vapour pocket, or the flow into the downcorner is not
hampered by the vapour flow through the froth covering the downcorner mouth. Both explanations
could not be checked.
Nevertheless, a remarkable result was found for experiments with a tube in the downcomer. In
Figure 49, the froth height in the downcorner is plotted versus the liquid load fora gas load factor of
0.03 mis for experiments with a closed and open tube in the downcorner as well as for the reference
experiment without a tube in the downcomer. As can be concluded from the figure, the froth height
in the downcorner is approximately the same for the reference experiment and experiments with a
closed tube in the downcomer. However, for experiments with an open tube in the downcorner at a
position 250 mm above the downcorner exit, the froth height differs significantly from the reference
experiment. The froth height in the downcorner tends to stay at the level corresponding to the bottorn
of the tube. This effect was also observed in foam cell experiments performed with Bosmans [27].
Apparently the open tube ruptures foam films. Because of this effect, a tube might be a suitable
device to decrease the froth height in the downcomer. This effect is only observed forthese particular
experiments. Most probably due to differences in foaming behaviour caused by temperature
differences it was not observed for other experiments.
Confidential
Figure 49

Froth height in the downcorner versus the liquid load. Layout L6, gas load factor 0.03
mis, 6 mmol pentanol, for open and closed tube in the downcorner at 250 mm above the
downcorner exit as also the reference system.

Another difference for foaming, froth height limited, systems compared to choke limited systems was
found for experiments with 9 and 15mm sieve tray holes. Resu1ts obtained for aqueous pentanol
solutions are plotted in Figure 50. Here differences between 9mm and 15mm holes are much more
pronounced than for water systems (section 4.3.1.3.1). The liquid hold-up on the tray appears to be
significantly lower for 9 mm than for 15 mm holes. This can be explained on the basis of the
coalescence time of bubbles. Small bubbles have a large coalescence time and a small rise velocity
compared to larger bubbles. This implies the lifetime of the foam is longer for small foam bubbles
which results in a lower liquid hold-up on the tray for sieve trays with 9 mm holes compared to sieve
trays with 15 mm holes.
Decreasing the liquid hold-up on the tray with constant liquid flow rate, decreases the volumetrie
flow into the downcomer. Although both experiments for gas load factor 0.02 mis are froth height
limited, which complicated comparison of the point of flood for experiments with 9mm and 15mm
holes, still something can be said about the volumetrie flow into the downcorner comparing both
experiments. The rise of the liquid height on the tray as function of the liquid flow rate appears to be
equal for both 9mm and 15 mm trays (Figure 73, Appendix 7.2), for low liquid flow rates. With
increasing liquid flow rate, the liquid height on the tray, appears to rise faster for 9mm holes, than
for 15 mm holes. As the liquid hold-up on the tray for 9mm holes is lower than for 15mm holes, the
liquid height on the tray has to rise faster with increasing liquid load for 9mm holes than for 15mm
holes in order to transport an equal amount liquid through the effective downcorner area. This
because with increasing liquid height on the tray, the pressure over the effective downcorner area
increases, which results in an increase in volumetrie flow through the effective downcorner area. This
explains the coupling between the volumetrie flow into the downcomer, the effective downcorner area
and the point of flood once again.
Confidential
Figure 50

Liquid hold-up on the tray(-) versus the liquid load (m3/hr). Layout L4 and L5,
aqueous pentanol solutions, gas load factors 0.02 and 0.03 mis. For gas load factor
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0.03 mis choking was observed as the flooding mechanism all others were limited by
froth height limitation.
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5. Conclusions and recommendations
5.1 Conclusions
Confidential

5.2 Recommendations
The devices developed in order to increase the downcorner and column throughput capacity are only
tested on aqueous solutions and in low pressure systems. In order to translate the effect and
applicability of these findings in operational distillation columns, reference experiments have to be
performed in such systems. Shell Research and Technology Centre Amsterdam has excellent
experimental facilities to do so.
The devices developed in this workalready increase the throughput capacity in termsof liquid loads,
tremendously. Nevertheless, even higher throughputs are believed to be achievable with further
optimisation ofthe devices. PUfthermore it is recommended not only to optimise the current devices,
but also more intensive research should be performed on other devices realising the same target.
Devices that can be thought of are:
• Inlet weir: A second weir, close to the downcorner exit, equalises the velocity profile on
the tray and decreases the average dispersion velocity on the tray. 1his device might
cause an increase in the primary bubble size because of a lower dispersion velocity on the
tray.
• Weir design: Several articles have been publisbed on the influence ofthe shape ofthe
weir on the flow over it [28,29]. It might be possible tobetter guide the dispersion flow
into the downcorner by appropriate weir design.
• Horizontal downcorner splash baffles: Plates connected to the downcorner wall at
different position above the downcorner mouth could guide the flow, especially in the
spray regime, into the downcorner without causing back-flow by interaction with the
downcorner wall.
• Tray design: Appropriate design of holes in a tray might decrease the dispersion velocity
on the tray, by (partly) opposite liquid- and gas flow, and increase the liquid holct-up of
the froth entering the downcorner as well as guide the froth flow into the downcorner
In order to investigate the profile of the liquid holct-up on the tray and its influence on the column
throughput capacity better, it is absolutely necessary to employ a more accurate measuring technique
than currently used. It should be strongly considered to use gamma ray densitometry. Due to the
importance of the liquid fraction in determining the maximum capacity and an accurate description
of the hydraulic behaviour on the tray, an improved model to predict the liquid holct-up will be very
beneficia!.
Finally it is highly recommended to install a liquid cooler in the current set-up. The influence ofthe
rise in liquid temperature on especially the foaming behaviour of aqueous pentanol solutions, makes
it absolutely necessary to keep the liquid temperature at a constant level in order to compare separate
measurements.
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7. Appendix
7.1 Experimentalset-up
Name

Symbol

Unit

Absolute pressure

Pabs

mbar

Column pressure drop

LlPcol

Pa

Tray pressure drop

Llptray

Pa

Turbine meter pressure drop

LlPturb

Pa

Clear liquid height on tray

H1,tray

Clear liquid height downcorner

Hl,dc

mmWC
mmWC

Clear liquid height under
downcorner

Hl,tray,dc

mmWC

Table 3

Measured pressures in distillation test rig

7.2 Results and discussion
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Figure 51

Pressure drop over the column (Pa) versus the liquid load (m3/hr) at stabie operation
(red dots) and flooding (green dots). Data point for flooding measured every 2 seconds.
Froth height limitation, Layout L6, gas load factor 0.04 mis, Aqueous pentanol
solution.
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Calculated value of clear liquid height over the weir (mm) versus the measured value
(mm). Water, L6, weir crest regime only.
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Figure 53

Calculated value of clear liquid height over the weir (mm) versus the measured value
(mm). Oleyl alcohollO ppm, L6, weir crest regime only.
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Calculated value of clear liquid height on the tray (mm) versus the measured value
(mm). Water, Ll, weir crest regime only.
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Figure SS

31·10-3 Q1 Jel,rray ~a versus the clear liquid height on the tray (mm). Water, Ll, weir
crest regime only.
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Figure S6

Pressure difference between the vapour pocket and the vapour chamber above (Pa)
versus the liquid load (m3lhr). Inaccuracy of pressure measurement is approximately
2.5·104 Pa.
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Figure 57

Calculated clear liquid height over the weir divided by the measured clear liquid height
over the weir (-)versus the measured clear liquid height over the weir (m). Ll and L7
water, L5 water and pentanol, Submerged regime only, Gas load factor 0.02 mis, 0.03
mis and 0.04 mis.
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Figure 58

Clear liquid height on the tray (mm) versus the liquid load (m3/hr), Water, Ll , sharp
crested- and rounded weir (Error! Keferenee souree not found.).
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Figure 59

Clear liquid height on the tray (mm) versus the liquid load (m3/hr), Ll , Gas load factor
0.02 mis, water, reference system (Ll), with downcorner inlet device consisting of 4 and
6 plates expanded metal.
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Figure 60

Clear liquid height on the tray (mm) versus the liquid load (m3/hr), Ll , Gas load factor
0.04 mis, water, reference system (Ll), with downcorner inlet device consisting of 4 and
6 plates expanded metal.
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Figure 61

Clear liquid height on the tray (rnrn) versus the liquid load (rn3/hr). L6, water, all gas
load factors, weir inlet device at weir.
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Clear liquid height on the tray (rnrn) versus the liquid load (rn3/hr), for conventional
downcorners (Ll) and truncated downcorners (L6), gas load factors 0.02,0.04 and 0.08
mis, water.
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Clear liquid height over the weir (mm) versus the liquid load (rn3/hr), for conventional
downcorners (L1) and truncated downcorners (L6), gas load factors 0.02,0.04 and 0.08
mis, water.
Confidential

Figure 64

Liquid hold-up on the tray (-) versus the liquid load (rn3/hr), for weir height of 50 rnrn
(L 1) and 100 rnrn (L7), gas load factors 0.02,0.03 and 0.04 mis, water.
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Figure 65

Gas load factor (mis) versus the flow parameter(-), for 9mm (L4), 12 mm (Ll) and 15
rnrn (L5), water and oleyl alcohol systerns, only points for choking.
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Figure 66

Froth height at the weir (rnrn) versus the clear liquid height on the tray (mm), 9 mm
holes (L4) and 15 mm holes (L5), oleyl alcohol systerns, gas load factor 0.08 mis.
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Figure 67

Liquid holct-up on the tray(-) versus the liquid load (m3/hr), Ll, 20 V%, 30 V% and 40
V% glycerol in water, gas load factor 0.03 mis.
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Figure 68

Schematic representation of set-up with two plates expanded metal at the downcorner
wal!.
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Figure 69

Liquid temperature (0 C) versus the liquid load (m3/hr) for layout L6 and L4, aqueous
pentanol solution, choking or froth height limitation as tunetion of the liquid
temperature.
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Figure 70

Froth height at the weir (mm) versus the liquid load (m3/hr), for layout L6 and L4,
aqueous pentanol solution, choking or froth height limitation as tunetion of the liquid
temperature as plotted in Figure 69.
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Figure 71

Gas load factor (mis) versus the flow parameter (-) for layout L6, aqueous pentanol
solutions, with- and without weirinlet device at the weir, only points for flooding.
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Figure 72

Gas load factor (mis) versus the flow parameter(-), layout L6, aqueous pentanol
solutions, with- and without tube in the downcomer, only points for flooding.
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Figure 73

Clear liquid height on the tray (mm) versus the liquid flow rate (m3/hr), Layout IA
(9mm holes) and L5 (15mm holes), aqueous pentanol solution, gas load factor 0.02

mis.

7.2.1 Weir flow according to Vanden Broeck [6]
The flow of a liquid with a free surface over a weir in a channel can be calculated numerically for
thin weirs in channels of various depths by use of potentlal flow with gravity included. This is done
by Vanden Broeck et. al. as follows:
Consicter a sharp crested weir as shown in Figure 74, in a channel of infinite depth. Cartesian
coordinates are introduced with the x-axis directed vertically downwarcts through the separation
pointS, and with the asymptote totheupper free surface of the y-axis. Let the potentlal functlon be
described by tf> and the stream functlon by yt. The potentlal function is related to the velocity field by:
(7-1)

It is chosen without loss of generality that at the lower free surface YJ=O and lJF=O at the separation

pointS.

--

u
J
J
E

Figure 74 Side view of a channel with a sharp crested weir
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On the two free surfaces the Bernoulli equation yields
(7-2)

When Q is considered to be the value of 1f1 on the upper surface and the dimensionless variables
2
113
113
(Q /g) as the unitlengthand (Qg) as the unit velocity are introduced equation (7-2) becomes:

(V<!>r- 2x = 0 on 'I'= 1 and 'I'= O,<j> > 0

(7-3)

Figure 75 shows the plane ofthe dimensionless potentialfiz)=c{J(x,y)+hp(x,y). The complex velocity
on the other hand can berepresentedas Ç=u-iv, where u and vare the x- and y-components ofthe
velocity vector respectively. This because:

ç = df

(7-4)

dz

As f~ -oo then the velocity Çvallishes like ef, which could be derived consictering the flow pattem as
that of a point wen in the origin with strength 4. Furthermore, as f~ +oo the velocity Çincreases as
f113 • This could be found when the velocity potentlal is coupled to the velocity component in the xdirection at infinity in the Cartesian coordinate system. This component is dominated by forces of
gravity.
J
J

I

I

E

s

J

Figure 75 The complex potentlal plane (left) and the complex t-plane (right)

The problem is to find Ças an analytic function of/=t/Hi1f!in the infinite strip 0<1f!<l satisfying the
conditions for fat plus and minus infinity as also the kinematic condition

v = 0 on VI = 0, t/J < 0

(7-5)

To achieve this a function mapping the flow domain into the interlor of a unit circle so that the
vertical wall goes onto the real diameter and the free surface goes onto that portion of the
circumference lying intheupper half of the t-plane is defined:

1

(t + 1) 2

1t

2(e+1)

f=-ln---

(7-6)

It can be checked that (7-6) maps the flow domain into the unit circle and since the mapping is
unique, it is the solution.

Furthermore the function Q(t) is defined by the relation
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113

Ç= -(t + 1)(-lnc(1 + t 2 )} e0 (t)

(7-7)

which satisfies the conditions for infinity. The kinematic condition (7-5) implies that the expansion of
Q(t) in powersoft has real coefficients. With these expansions inserted equation (7-7) becomes
(7-8)
which also satisfies the kinematic condition. Using the notation t= ItI eicr, which implies points on the
free surface are given by t= eicr, with the transformation function (7-6 and the identity

ax . ay 1
-+1-=aq,

aq,

(7-9)

ç

the following equations can be obtained:

dx

1

dcr

27t

---

u (cr)

sin cr

2 1 - ( )2
COSO'COS -cr U 0'

2

d y __
1

sincr

27t COSO'COS2 _!_0'
2

dO'

-

-

(7-10)

- ( )2

+V 0'

v (cr)

(7-11)

~ (0')2 + ~ (0')2

-

Here Ç( a) = u( a)- i v( a) denotes the value of Çat a point on a free surface. These equations can
be integrated numerically and then provide the shape ofthe surfaces in parametrie form. Since this is
beyond the scope ofthis project this is not described. More detailed information can be found in [6].

7 .2.2 Back-flow on tray
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7.2.3 n-Pentanol concentratien

Gas load factor (mis)

[c] n-pentanol begin
(mmolll)

[c] n-pentanol end
(mmolll)

time exp.(s)

0.06

5.89

5.30

1300

0.03

6.10

5.48

2200

0.02

5.88

4.90

2000

0.02

5.94

5.07

1900

0.03

6.04

5.20

1800

0.04

6.04

5.44

1400

0.04

6.10

5.62

1500

0.02

6.00

5.48

1500

Table4

Change in n-pentano1 concentration with time for different gas load factors.
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8. Nomenclature
a.

Slope

(-)

l:\ttay

Liquid hold-up on the tray

(-)

<p

Flow parameter

(-)

A, Îo.ta, Lambda
pg

Bubbling area Gas load factor

(mis)

Gas density

(kg/rn3)

PI

Liquid density

(kg/rn3)

a

Surface tension

(N/rn)

ilH

Clear liquid height due to liquid in spray layer

At,a

Bubbling area

(rn)
(rnz)

Ahole

Tray hole area

(rnz)

Ac

Column cross section area

(rnz)

~c

Downcorner area

(rnz)

db

Tray hole diameter

(rn)

Hes
fit, de

Calming section height, length downcorner

(rn)

Froth height in the downcorner

(rn)

Hr,dcwall

Froth height at downstteam downcorner wall

(rn)

Hi,dc

Clear liquid height in the downcorner

(rn)

Hr,slit

Froth height at the downstteam side of de

(rn)

H1,slit

Clear liquid height at the downstteam side of de

(rn)

Hsut

Height of downcorner slit

(rn)

Hr,ttay

Froth height on the tray

(rn)

H1,1ray

Clear liquid height on the tray

(rn)

flt,weir

Froth height at weir

(rn)

H1,weir

Clear liquid height at weir

(rn)

Hr,ow

Froth height over the weir

(rn)

Ifow
Hw

Clear liquid height over the weir

(rn)

Weir height

(rn)

K

Constant

(-)

4

Flow path length

(rn)

Lp

Pitch

(rn)

Lw

Weir length

(rn)

NFA

Net free area

(%)

p

Pre ss ure

(Pa)

TS

Tray spacing, distance between two trays

(rn)
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Nomenclab.Jre

Ql

Liquid flow rate

(rn 3/s)

Qg

Gas flow rate

(rn3/s)

Tg

Gas ternperature

(OC)

T1

Liquid ternperature

(OC)

Ug,sup

Superficial gas velocity

(rn/s)

vb

Bubble rise velocity

(mis)

Vchar

Characteristic velocity

(rn!s)

Wdc

Downcorner width

(rn)

Theory:
cd
Fr

Discharge coefficient

(-)

Froude number

(-)

H

Total head above weir

(rn)

Ho

Total head

(rn)

V

Velocity

(mis)

Vo

Approach velocity

(rn!s)

Vz

Velocity at section 2

(rn!s)

Subscripts:
ba

Bubbling area

c

Calculated

cap

Cap

eh

Choking

ehar

Characteristic

col

Column

de

Downcorner

dcwall

Downstteam downcorner wall

eff

Effective

f

Froth

g

Gas
Liquid

rn

Measured

slit

(downcorner) slit

sup

Superficial

V

Volumetrie
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