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PRESSURE PULSATIONS IN SIEVE-TRAY COLUMNS

by G.H. PRIESTMAN.

SUMMARY

Destructive vibrations occur in industrial sieve-tray columns under
éertain flowlcqnditions. The vibrations result from regular pulsations
of the gas flow and pressure in thg column. These pulsations have been
studied with a 3 m. high perspex mé&el sieve-tray column havlng a single
active test-tray using air and water as process fluids.

The effects on the amplitude and frequency of the pressure pulsations
of gas velocity, tray liquid head, liquid crossflow and tray and column
geometry were determined using pressure transducers with real time signal
analysis. Pulsations were produced with fifteen tray geometries, including
five hole diameters between 4.76 mm and 15.87 mm. Most of the p;lsations
were produced at gas velocities below 12 m/s and liquid heads below ZOQ;N/mZ.
The pulsation fundamental frequency varied between 12 Hz, and 40 Hz.,, with
an r.m.s. amplitude of up to 60 N/mz. | |

The gas-liquid behaviour on the sieve-tray was studied using high speed
cine-photography and electrical conductivity probes. This showed conclus-
ively that, during the occurrence of pulsations, the gas—liquid interaction
was highly regular and synchronised with the pressufe pulsations. Detailed
measurements were obtained of the degree of synéﬁronisation and of the
1iquid motion on the tray. Several modes of gas-liquid interaction were
identified. During pulsation productidn, the pulsating jet and the imper-
fect bubble were most common. Calculated fluctuations in the gas flow
rate through the tést-tray based on measured pressures agreed well with
the results of fﬁe £ilm analysis.

A model of the synchronisation process is proposed based upon control

by the pulsating jet. The model explains the measured limits of pulsation




occurrence and permits some prediction of these limits for systems
other than air-water. A simplified system flow analysis accounts for

effects of gas density and column geometry on the pulsation frequency.

The form of the empirical correlation of frequency with experimental

variables is consistent with a physical description of the pulsating jet.
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Introduction

In recent years there have been several reports of tﬁe rapid deter-
ioration and failure of the 'internals' of industrial absorption and
distillation columns. The damage has been characterised by fatigue
cracking of the trays and tray support systems and thehloosening of retaining
bolts. (At least one case is known of total internal collapse (1)). Damage
has been found to occur in large diameter columms following a period of
column operation with reduced gas or vapour loading, and has coincided with
or been associated with high levels of low frequency column vibration.

An understanding is needed of when this type of damage occurs and how
it is produced, so that column damage can be avoided.

The damage has been found to occur with both sieve-trays and valve trays.
However, because valve-trays are less commonly used than sieve-trays, in this
investigation of the damage mechanism only a study of sieve-tray columns has
been made.

Several examples of damage in sieve-tray columns are given later. To
provide a background to these examples and to the subsequent experimental
work on sieve-tray columns, an outline ig given of sieve-tray colummn design
and opération. The outline also describes the limits of columm operability
and gives the ranges of industrial column dimensions.

Following the examples given of column damage, features common to each
example are identified, and factors which may have contributed to the column
damage are discussed.

A preliminary investigation of the problem has been carried out by
Waddington (2,3,4;5). The inyestigation identified column vibration as
the major factor responsible for the column damage. Such vibrations were
produced in a model colum and were found to result from regular pulsat;ons

of the gas flow in the colum. A short review of this work is given at
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the end of the Chapter with a more detailed review being given in Chapter
3 and Appendix V,

1.1 OUTLINE OF STEVE-TRAY COLUMN DESIGN AND OPERATION.

The purpose of a distillation or absorption column is to provide effic-

ient mass transfer between a gas (or vapour) and a liquid. This requires i
a high interfacial contact area and turbulent mixing of the two phases.

The sieve-tray is a simply constructed and widely used device for
contacting a gas with a liquid. It is basically a flat sheet of metal in
which is drilled, of punched, a symmetrical pattern of small round holes.
A sieve-tray column may contain over one hundred of these horizontal trays.
Figure 1.1 shows a diagrammatic arrangement of operation in a typical
sieve-tray column.

Liquid flows dowﬁ the column downcomers and across the sieve-trays.
The gas or vapour flows up the column, passing through the holes due to a
pressure differential across the tray. This results in extensive gas and
liquid mixing on the tray.

1.1.1 Two-phase flow regimes.

The nature of the gas and liquid mixture on the tréy (the two-phase
flow regime) is largely dependent upon the f£luid flow rates. The two—phase
flow regimes encountered in sieve-tray operation are discussed more fully in

Chapter 2. Ho, Muller and Prince (6) defined four main regimes, as shown

in Figure 1.2. These are, in order of increasing gas flow rate:

a) Bubble flow;
b) Cellular foam;
c) Froth;

d) Spray.

The transitions between regimes are not sharp and two regimes may co-
exist. In the first three regimes liquid is the continuous phase; in the

fully developed spray regime gas is the continuous phase.

et e e i = e e i 5
- ——————
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The amount of liquid on the tray also affects the two-phase regime.

The smaller the head of liquid on the tray, the greater is the tendency

wie

toward the spraying regime, \

1.1.2 Limits of column operability.

- The gas flow through the tray tends to prevent liquid leakage down

T o M M NN IO ! 5

through the holes. Such leakage is known as weeping and the gas flow rate
at which weeping begins is called the weep point. As the gas flowrate is

decreased below the weep point the proportion of liquid weeping increases.
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Eventually the gas flowrate is reduced to a point at which liquid.stops
flowing over the weir and down the downcomer, this being defined as the seal
point (7). The range of gas flow between the weep point and the seal point
is called the weeping range.

Columns are sometimes operated in the weepiﬁg range, and normally the
seal point is taken as the minimum operating gas flowrate.

The upper limit of gas flowrate in column operation is usually determined
by the onset of colum ‘'flooding'. This is a severe restriction of liquid
downflow, with liquid passing upward from tray to tray. This may result
from either substantial liquid entrainme&t or from the trayfrothrising in
the space between the trays, or in the downcomer, to a level such that it
reaches the tray above. Severe oscillations of the two-phase mixture may
also result in liquid passing up the column (8).

It is not possible to define in general terms the values of fluid
flowrates corresponding to the maximum and minimum operating limits,because
they depend upon coluﬁn design and fluid propertieé. However, superficial
hole gas velocities as high as 40 m/s may be used. The superficial hole
gas vélocity (or simply gas velocity) of a sieve-tray is defined as the

total volumetric gas flowrate in the column divided by the total hole area

of the tray.



1.1.3 Dimensions of Industrial Columns.

The dimensions of industrial sieve-tray columns vary greatly, depending
upon the process requirements. The tendeﬁcy,of recent years, to increase
]
plant throughput has resulted in lhrger diameter columms, usually with larger
hole sizes.

Table 1.1 gives the range of industrial column dimensions as extracted

from the literature.

Table 1.1 Industrial Sieve-tray Column Dimensions.
Column Variable Range of dimensions.
Column diameter : 0.3 m. to: 9 m.
Tray spacing O.3ﬂm. to 4.5 m.
Number of tréys 10 to 100

Tray hole diameter 1.5 mm. to 25 mm.,

commonly 4 mm. to 16 mm.

Hole pitch/diameter ratio , 2 to 5
Percentage tray free area i 5% to 203
Tray thickness . : . 1.5 m to 6.5 mm.
Outlet Weir height Omm to 100 mm.

1.2 EXAMPLES OF STIEVE-TRAY COLUMN DAMAGE.

This section gives examples of sieve-tray columns which have suffered
rapid deterioration of the column internals, thought to result from column
vibrations. The examples give the basic column dimensions, the extent and
type of the damage and the operating conditions thought to be responsible,

with details of any associated column vibrations.



Case 1. Sieve-tray ahsorption plant (3)

The absorption plant consisted of four sieve-tray columms linked in

series.

Column dimensions.

Column diameter .= 4.4 m,
Column height = 43 m.
" Tray spacings - variable.
Column I = 1.5 m. to 2.2 m.
Column IT = 2.2 m, to 2.9 m.
Column IIT = 3.3 m., and 3.7 m.
Column IV .= 4.02 m,
Tray thickness = 3.0 mm.
Hole diameter = 4.5 mm.
Hole pitch = 17 mm triangular, equilateral.

The trays were of stainless steel.

There was extensive and widespread fatigue cracking of several trays and
support beams in columns III and IV. The damage resulted from several hours
of operation at gas flow rates below normal operating values.

Detailed measurements of the beam dynamic stress and column shell noise
and vibration led to the following conclusions:=

i) Maximum beam stress and most pronounced tuning of shell noise
occurred at re&uced gas flow rates. The frequencies of stress and noise
matched closely;

ii) At maximum béam stress conditibns, shell noiée ﬁad fundamental
frequencies at 43 Hz and 53 Hz. (There were higher frequency components in
the ratio 1:2:3 etc., a series considered typical of systems with acoustic
resonances). The noise predominated in columns III and IV;

iii) At conditions resulting in slightly lower levels of beam stress,
shell noise from columné'II, IIT and IV had fundamental frequencies in the

range 60 Hz to 64 Hz, again with a harmonic series, but weaker than the 43 Hz

and 53 Hz series;




iv) The calculated acoustic resonant frequencies for the inter-tray
chambers in columns IIT and IV were in the range 40 Hz to 70 Hz.

Case 2. A sieve-tray stripping column (2)

Colum dimensions.

Colum diameter = 2.9 m,

Tray spacing = 0.4 m.

Tray thickness = 3.175 mn.

Hole diameter = 12,7 mm.

Hole pitch = 38.1 mm. equilateral triangular.

The upper trays were of stainless steel and the lower ones of titanium.
Halide ions were present in the operating fluids.

There was cracking of the upper steel trays at points of high internal
stress but no weld damage.. There were loose retaining holts in the other
steel trays.

The damage followed operation for one year at variable fluid flow
rates.

Measurements showed high levels of tray vihration in the frequency range
30 Hz to 60 Hz.

Other Cases (2).

A 2,3/2.6 m. diameter sieve-tray column, with 12,7 mm. diameter holes,
suffered extensive fatigue cracking of the trays and tray supports throughout
ﬁhe column. The damage resulted from six hours of operation at about half
the normal vapour rates. Severé vibrations of the column shell were ohserved
at the low flow cgnditioﬁs.

A 4.7 m, diameter sieve-tray column with 12.7 mm. diameter holes, showed
e;tensive fatigue damage to the trays at the top of the columm. Measurements
showed that at specific column flow rates there were high shell vibration

‘ .
levels in the frequency range 17 Hz to 50 Hz,




A 2.45 m. diameter sieve—-tray column suffered two collapses of columm
internals following operation at low vapour rates.

1.3 FEATURES COMMON TO EXAMPLES OF COLUMN DAMAGE AND POSSIBLE FACTORS
CONTRIBUTING TO THE DAMAGE.

The examples of column damage given have the following main features

in common:

i) Damage is associated with.aﬁnormally high levels of columm

vibration, typically in the frequency range 17 Hz to 60 Hz; '

ii) Damage follows column operation at reduced gas flow rates;

iii) Damage is characterised by fatigue cracking of the column trays
and tray supports, sometimes accompanied by loosening of bolts;

iv) Damage occurs in columns of relatively large diameter, in the range
2 m. to 5 m.

It is clear that the fundamental cause of the column damage is flow
induced columm vibrations occurring predominantly at low gas or vapour flow
rates.

The following factors may influence the extent of damage resulting from
vibration.

1.3.1 Acoustic or mechanical resonance.

If the frequency of vibration produced by a specific gas flow rate is
close to the acoustic resonant frequency of a columm chamber, or to the
n;tural frequency of part of the column structure, the magnitude of the
colum vibrations may be increased, resulting in greater damage.

In Case 1 the measured column vibrations were in the same frequency
range as the calculated acoustic resonant frequencies for the inter~tray
chambers in Columms IIT and IV. Furthermore, the vibrations had higher

)

frequency components in the ratio 1:2:3 etc., a series considered typical

of systems with acoustic resonances.



The calculated acoustic resonant frequencies for colums I and II,
which had smaller chambers of a variety of sizes, were higher than those
for columns IIT and IV,

'bamage was almost entirely limited to columms IIT and IV.

The natural frequency of the column shells and of the tray/support
system, was not thought to be in the vibration frequency range.

In this case it is possihle that acoustic resonance, at tﬁe vibration
fundamental frequency, in columns IIT and IV led to an increase in the level

of columm vibration, resulting in greater damage.

1.3.2 Stress Corrosion Cracking.

Stress corrosion cracking is a particularly severe type of corrosion.
The consequence of a stress corrosion crack in a high strength steel can be
the initiation of a catastrophic brittle fracture or of rapid fatigue crack
propagation, (10).

Stress corrosion cracking in stainless steels depends critically upon
several factors, including applied stress and environmental contaminants,
such as halide ions (floride ion concentrations as low as 2 p.p.m. can be
sufficient). In all cases, rise in stress intensity leads to a rapid (some=
times exponential) rise in crack growth rate.

Stress corrosion cracking is more likely at points of a structure with
high levels of internal stress.

If a colum environment is conducive to stress corrosion cracking, then
the presence of vibrations, leading to higher stress levels, is likely to
accelerate this type of attack.

Case 2 has con&itions conducive to stress corrosion cracking; i.e. tray
vibrations likely to raise stress leveis, and the presence of halide ions.

The damage in this case was identified as being that typical of stress

corrosion cracking a1).




1.3.3 ‘'Poor column design or fabrication,

Although poor column design or fabhrication will tend to increase column
damage, this is not thought to be a major factor.

In several cases, coluﬁns with tray design the same throughout the
colum, only show evidence of localised damage. Also, separate columns of
similar design may qnly exhibhit damage in certain cases.

The occurrence of unexpected‘column vibrations may lead to stress
levels above those designed for. Trays of relatively thin 'exotic' metals
have proved to be particularly susceptible to damage (2).

1.4 INVESTIGATION BY WADDINGTON.

. An experimental investigation of the flow induced vibration phenomenon
was carried out by thding%on (2,5). A model column was used which was
2.75 m. high and contained three active sieve-trays with a tray spacing
of 0.73 m. Each tray had 391, 6.35 mm. diameter holes on a 19.05 mm. equi-
lateral triangular pitch.

It was shown that at critical low air and water flowrates, within the
weeping range, there was a gignificant increase in column vibration level.

The vibrations were found to result from the occurrence of regular gas
puléations of the column gas flow at a specific frequency. The frequency

and level of the gas pressure pulsations were found to be sensitive to hoth the
gas and the liquid flowrates.

The results of Waddington are discussed more fully in section 3.2 and
Appendix V, with typical results being shown on Figure 3.1. The gas puls-
ations measured were in the frequency range 20 Hz. to 40 Hz. which corresponds
to the range of vibhration frequencies associated with the tray damage.

Waddington correlated his frequency reéults with the maximum bubbling
frequencies for single ﬁole trays as reported by Davidson and Amick (12) and

Hughes, Handlos, Evans and'MhyEock 13).




The empirical correlation produced is examined in section 3.2 and found
to be inadequate. The data for single hole work used is shown té be un-
applicable to the Waddington system, and the correlation is found to predict
only a few of ﬂaddington's measured pulsation frequencies.

No investigation was made of the possihle effects of tray geometry,
tray spacing, fluid physical properties or column acoustics, on the production .
of the gas pulsations.

The mechanism of pulsation production was thought to bhe due to hubhling
at the tray holes synchronising over part of the tray. However, no direct
evidence of synchronous behaviour, or any association of the puléations with
the bubbling mechanism, was ohtained.

1.5 SUMMARY,

The examples of sieve;tray column damage clearly show the existence of
destructive flow-induced column vibrations occurring at low gas or vapour flow
rates. In at least one case there is evidence that column acoustic resonance,
at the vihration fundamental frequency, resulted in increased damage. In
another case evidence suggests that the high stress levels induced by the
vibrations led to accelerated attack by stress corrosion cracking.

- In order to avoid column damage it is necessary to know when, how and
why the damaging vibrations will occur. This requires the determination of
how various parameters affect the vibrations and the phenomena responsihle
for their production.

An experimental investigation with this objective was carried out by
Waddington (2). Using a large model sieve-tray columm it showed the
existence of high levelg of column vibration at critical low air and water
flowrates. The vibrations were shown to result from regular pulsations
in the colum gas flow, ithe frequency and level of the pulsationg heing

sensitive to both gas and liquid flow rates. However, this investigation



did not include the effect of other important parameters on the pulsations

and no direct evidence was obtained of how the pulsations are produced.
Clearly, further investigation of the production of the regular gas

pulsations is required. They occur because of gas-liquid interaction on

the tray, about which a considerahle amount is known. As a basis for

further work, both single-hole and multi-hole tray operation are reviewed in

Chapter 2. The types of gas pulsations which can occur in sieve-tray systems,

including a consideration of the static and dynamic pressures, are reviewed

in Chapter 3.
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_ Chapter 2.

OPERATING CHARACTERISTICS QF SIEVE-TRAY COLUMNS.




Introduction.

. Figure 1.1 of Chapter 1 shows four main regimes of sieve-tray operationm.
This chapter describes these regimes in more detail and determines how they
are affected hy system parameters.

The mechanisms of gas-liquid interaction at the tray holes likely to be
associated with these regimes are then examined in a review of single hole

tray operation.

2.1 REGIMES OF SIEVE-TRAY OPERATION.

The regimes of bBubble flow, cellular foam, froth and spray are examined

in turn.

2.1.1 Bubhble Flow.

This regime consists of a suspension of individual gas hubbles formed at
the tray holes, rising in ; continuous liquid. Ho, Muller and Prince (6)
assumed this regime to have a gas hold-up of 0.5 (the gas hold-up is the
volume fraction of gas in the gas-liquid mixture), and predicted that it could
only be formed at superficial hole gas velocities below 1.0 m/s for an air-
vater system. Cervenka and Kolar (14), using air and water on a sieve-tray
without liquid crossflow, found the maximum (superficial hole) gas velocity
for bubble flow to be in the range 3 m/s to 5 m/s, the regime occurring at
tray liquid heads between 10 mm. of water and 30 mm. of water. (1 mm. of
water = 9.81 N/m?). Hole diameter was varied hetween 2.5 mm. and 10 mm.,
and tray free area between 37 and 20%. It was found that the larger hole
diameter trays did not always form this regime hecause of serious liquid
drainage through the holes. Wallis (15) reported that smaller diameter
holes were more likely to produce Eubblehtlow, the higher surface tension
fesistance to flow preventing serious liquid drainage.

It is apparent that the bubhle flow regime occurs at gas flow rates .

well below those used in industrial columms,



2.1.2 Cellular foam.

As the gas flow rate is increased, the Bﬁbﬁles produced at the tray
holes interact to form a cellular foam. Ho et al. (6) found the foam to
consist of four, five or six-sided polyhedral cells. Cervenka et al. (14)
showed the cell size to increase with increasing height above the tray, the
foam fioating upon a layer of clear liquid next to the tray. Gas hold-up
in this regime is about 0.8.

Cervenka et al. (14) found the maximum gas velocity at which a cellular
foam was formed to he in the range 5 m/s to 7 m/s, for air and water in the
absence of liquid crossflow.

Rennie and Evans (16) found that foams were more likely to be formed on
trays with closely spaced small diameter holes. These workers found that a
hole gas Reynolds Number of 2100 was the maximum at which foams could he
formed. This is equivalent to a gas velocity of'S.O m/s for air passing
through 6.35 mm. diameter holes.

Fane, Lindsey and Sawistowski (17) stated that cellular foams could not
be formed by surface tension negative systems (i.e. surface tension increases
with increasing concentration of the more volatile component).

.Calderbank (18) stated that cellular foams are not characteristic of
industrial column operation, being confined to small diameter holes and low
gas and liquid flow rates.

It is apparené that columns are only likely to operate in the cellular
foam regime at fluid loadings below those normally used.

2.1.3 Froth. |

Turhulence induced by increased gas or liquid flow rates causes the
cellular foam to break down té form a froth consisting of a wide size range
of smaller bubbles. Th; gas Eold-up decreases to lie in the range 0.6 to

0.8. Calderbank and Burgéss (19) showed the gas hold-up to increase with

increasing height above the tray.




In this regime buhbles are still formed at the tray holes. Ashley and
Haselden (20) showed the existence of two distinct types of hubbles., Firstly
there was a continuous phase of small, almost spherical, hubbles, with
diameters of between 53 mm.and 10 mm.; and secondly, formed within this
continuous phase, there were much larger bubhles (termed vapour voids) with
diameters between 40 mm. and 80 mm. It was claimed that vapour voids
accounted for a substantial part of the gas flow for operation at gas velo-
cities in the range 9 m/s to 18 m/s.

At high fluid loadings the froth hecomes very turbulent with many liquid
drops forming above the surface with liquid entrainment.

Under certain conditions bulk movement of the froth, or gas-liquid
mixture, in an oscillatory~ﬁanner, has been ohserved.

2.1.4 Oscillations of the gas-liquid mixture.

McAllister and Plank (21) and Barker and Self (22) reported oscillations
of the froth across the tray with a frequency of between 1.0 Hz. and 1.5 Hz.
Biddulph and Stephens (8), using a 0.69 m. diameter column with air and
water, identified two distinct types of ascillations, full-wave 6sci11ations
and half-wave oscillations, as shown in Figure 2.1. With full-wave
oscillations, the gas-liquid mixture moves simultaneously from the column
walls t; meet at the centre of the tray. Then the motion reverses and the
mixture moves outwards, perpendicular to the direcﬁion of liquid flow, to
- atrike the column walls. The frequency is about 1.2 Hz. and the liquid
entrainment can increase by up to.4OZ. Half wave oscillations were found
to occur on increasing the gas flow. For this type of oscillation the gas-
liquid mixture moves violently from side to side, perpendicular to the

direction of liquid floq, with a frequency of between 2 Hz. and 3 Hz..

Increases in entrainment of up to 70% were found.
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Using as a basis the theory of Hinze (23), Biddulph and Stephens (8)
formulated a dimensionless group having critical values corresponding to
the onset of full=wave oscillations and of half-wave oscillations. For
an airrwater froth on a 0.69 m. diameter tray containing 6.35 mm. diameter
holes with 107 free area, full-wave oscillations were found to be produced
above a gas velocity of ahout 15 m/s, these changing to half wave as the gas
velocity went above about 20 m/s. |

Biddulph (24) found that the dimensionless group was valid for a range
of gas densities and it was also shown that full-wave oscillations could
increase weeping hy up to 1507.

Pinczewski and Fell (25) said that the onset of half-wave oscillations
corresponded to the transition point from the froth regime to the spray
regime,and that the difference in the nature of these two regimes meant
that Biddulph's dimensionless numher was not strictly applicable.

They claimed that the occurrence of half-wave oscillations in the spray
regime depended upon the ratio of the height of the gasrliquid mixture to
the effective tray width, and that in industrial size colummns this ratio
is too low for half-wave oscillations to occur. Biddulph and Stephens (8)
suggested that full-wave oscillations were unlikely to occur in columns
of diameter greater than 1.0 m. operating at atmospheric pressure or ahove.
It can therefore be concluded that bulk oscillatioﬁs‘of the two-phase
mixture are unlikely to be an important operating regime in large diameter

colums.

2.1.5 Spray.

Increasing the gas flow rate results in a gradual change from the froth
regime, in which.liquid‘is the continuous medium, to the spray regime, in

which gas is the continuous medium.
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Ho et al. (6) described the spray regime as a fluidised bed of
drops of various sizes and velocities; however, othér workers (26,27)
have shown this description to be inadequate. Fane and Sawistowski (27)
found this regime to consist of a clear liquid layer, next to the tray,
from which liquid drops were produced by gas-liquid interaction at the holes
to form a droplet dispersion. The drops followed free trajectories through
the gaseous medium which were dependent upon their initial projectibn'
velocity. Pinczewski and Fell (26) agreed with this description, and
divided the droplet dispersion into two vertical zones; one,closest to the
tray, associated with droplet formation, and the other in which the droplets
appear to follow free trajectories.

They found that the liquid hold-up (the voluﬁe fraction of liquid in
the gas-liquid mixture) in the spray regime was not greatly influenced by
the gas or liquid loadings, depending more upon the hole diameter and the
tray free area. Large holes and low free areas favoured high liquid hold-up.
In the droplet dispersion above the liquid layer, liquid hold-up is usually
less than 0.2, |

The mechanism of gas-liquid interaction at the tray holes in the three
'previous regimes is accepted as being primarily of a bubbling nature.
Pinczewski and Fell (26,28) claimed that in the spray regime the mechanism is
one of jetting, although Fane, Lindsey and Sawistov}ski (17,29) obhserved a form
of bubbling to occur within the spray regime.

Because the mechanism of gas-liquid interaction in the froth regime and
in the spray regime, is different, the factors affecting the transition
between these regimes are likely to have an important affect on the gas-liquid
behaviour at the tray holes.

2.1,6  Froth to Spray transition.

The transition from the froth regime to the spray regime (termed ‘phase
inversion') is not very sharp. Various techniques have been used to measure

the transition point.
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Pinczewski and Fell (28) studied the transition using an electrical
conductivity probe to monitor gas-liquid behaviour at tray holes. The
probe was located ceﬁtrally in a hole and gave a pulse when a liquid bridge
was formed across the hole. In the froth regime the pulse rate was found
to be between 17 and 25 pulses/second. As the gas velocity was increased,
it was found that at a certain velocity the pulse rate decreased rapidly,
passed through a local maximum and then deéreased again, more slowly, to a
rate below 5 pulses/second. The local increase in pulse rate was taken to
be the transition point, this being in agreement with visual observation
of the ga;-liquid mixture. Using air and water the transition point was
determined for a range of tray geometries, the results heing shown in
Figure 2.2.

Superficial hole gas velocity and tray liquid head were found to be the
major fluid flow parameters affecting transition, the head at transition
increasing with increasing gas velocity. It was also found that spraying
was favoured by large hole diameter and that gas velocity at transition was
increased slightly with increasing liquid crossflow, particularly at liquid
flows below 60 m3/hr. m. weir length. Varying weir height between 25 mm.
and 36 mm. had little affect on transition.

Porter and Wong (30) used a light transmission technique to determine the
transition. With no liquid crossflow, tray lihuid bead was increased at
constant gas velocity, until a sharp increase in measured light transmission
occurred; this was taken as the transition point. from spray to froth.
Figure 2.2 shows results obtained for an air water system; the hole pitch/
diameter ratio was 4:1 in each case ( ~ 5% free area).

Again gas velocity and tray liquid head were identified as'the major

{

fluid flow parameters, with large hole diameter favouring spraying. The

effect of fluid propertiesvwas also investigated. Liquid hold-up at
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transition was found to increase with increasing gas density, to decrease
with increasing liquid density and to be independent of liquid viscosity.

Burgess and Robinson (31) extended the work of Porter and Wong (30)
to include the effect of liquid cross flow. They found good agfeement
for 12.7 mm diameter holes. Results for 4.76 mm. diameter holes showed
disagreement, attributed to maldistribution of fluid flow on the tray of
Burgess and Robinson.

Comparison of the results obtained by Pinczewski and Fell (28) and by
Porter and Wong (30), (Figure 2.2) show the transition heads of the latter
workers to be slightly higher. However, considering that Pinczewski and
Fell measured both the transition point and the tray liquid head by a
different method to Porte} and Wong, and that Porter and Wong's results
were in the absence of liquid crossflow, the agreement between the results
is good.

Payne and Prince (32) determined the froth to spray tramsition point
using electrical conductivity probes, light transmission and residual
pressure drop measurements (the concept of residual pressure‘drop is dis~-
cussed in sections 2.2.1 and 3.1.2). The results obtained were in general
agreement with the findings of other workers (28,29,30), there again b;ing
some disagreement with the results of Burgess and Robinson (32). Payne and
Prince reported liquid crossflow to have littie or no effect on the froth to
spray transition liquid head. However, the spray to froth transition
was found to be unstable under crossflow conditions resulting in a hysteresis
of the transition point. No hysteresis was observed in the absence of
liquid crossflow.

The above groups of workers studied transition in the absence of mass

transfer. However, Jeronimo and Sawistowski (33) claimed that the effect of

mass transfer on the transition point was not very strong except for strongly




negative systems, in which tﬁe transition velocity is about 25% lower
than for other systems. ‘

It can be concluded that the main factors affecting transition from
froth to spray are, tray liquid head, gas velocity, hole diameter, gas
density and liquid density, with liquid crossflow being of minor

importance.

2;1.7 Summary of sieve-tray operating regimes.

It has been found that the superficial hole gas velocity and the tray
liquid head are the primary fluid flow parameters which determine the regime
of tray operation. Figure 2.3 indicates hoﬁ the various gas-liquid
regimes depend upon’these two factors for an air-water mixture on a sieve-
tray containing 6.35 mm. diameter holes without liquid crossflow. The
boundary lines shown are only approximate indications of the areas of
regime transition. The weep point is also indicated. This is based upon

the correlation of Eduljee (34):

. 4
v min . P d h
____1_...5_2_—._ - 5.5 -3-.6—3-4- 0.25 ‘24—9:—f + 1.1 - (2.1)

It is clear that the froth én& spray regimes are those most likely to
be formed in industrial columns, with cellular foams occurring at low gas
flows. Full or halfwave oscillations of th; gas-liquid mixture are un-
likely to be found in columns with a diameter greater than 1.0 m. The
effect of liquid crossflow on the froth to spray transition was found to be
small. However, turbulence induced by high liquid flow is likely to
inhibit cellular foam formation.

Hole diameter hag been found to have a primary effect on the type of

regime obtained, with hole pitch (or tray free area) having a smaller effect.
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Bubble flow and cellular foam formation is more likely with small hole
diameters and low free area; spray formation is more likely with large
hole diametefs.

Gas and liquid density have been found to be the primary fiuid
physical properties affecting the type of regime. Some workers incorp-
orate gas density in their measure of gas flow by using a superficial hole
gas 'F' factor; F =v. pi. )

Comparison of Figures 3.1 and 2.3 shows that the regular gas pulsat-
ions measured by Waddington (2) occurred in the froth regime near the
weep point and in the cellular foam regime. (Few, if any, measurements
were made in the spray regime.)

The mechanism of gas-liquid interaction at the tray holes is a primary
factor affecting the tray operating regime. To determine more closely the
gas-liquid behaviour at the holes a brief review is carried out of the
regimes of gas-liquid behaviour on a single hole tray.

2.2 REGIMES OF GAS-LIQUID BEHAVIOUR ON A SINGLE HOLE TRAY,

Valentin (35) identified eighteen principal factors affecting the gas-
liguid behaviour at a single hole. The factors related to fluid flow
rates, fluid physical propertiés, hole geometry and the gas chamber volume
beneath the tray.

For multi-hole tray, the main factors akfecfing the regime of oper-
ation were the gas velocity and the tray liquid head. Hayes, Hardy and
Holland (36) and Davidson and Amick (12), showed that liquid depth had no
effect on the gas-liquid interaction at a single hole for values of
depth greater than twice the diameter of the bubbles formed at the hole.

However, Muller ﬁnd Prince (37) showed the depth of liquid to be a
major controlling factor of the gas-liquid interaction for values below -

100 mm. of water. Taking the gas velocity as the other major controlling
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" factor, six regimes of gas-liquid behaviour were defined, as shown in
Figure 2.4. The regimes indicated are for an air-water system and a 6.35
mm. diameter hole.

The regimes are defined as follows:

i) Perfect bubble, i.e. discrete bubbles of approximately
spherical shapé;

ii) Deformed bubble, i.e. bubbles become. distorted due to flow
induced turbulence with possible interference between successive bubbles;

iii) Imperfecf bubble, i.e. bubbles break the surface before
they are fully formed;

iv) Pulsating jet, i.e. continuous gas flow with liquid entrain-
ment, regular liquid oscillations at the hole inducing gas flow pulsations;

v) Steady jet, i.e. continuous gas flow with liquid entrainment
and no liquid oscillations;

vi) Meniscus, i.e. coﬁtinuous gas flow with no liquid entrainment.

2.2.1 Jetting to bubbling transition.

On Figure 2;4, the transition lines 1 and 2 were determined by
measuring liquid entrainment at a hole with a very small gas chamber volume
beneath it. Lines 3 and 4 were determined from dynamic pressure measure-
ments in the gas chamber beneath the hole (Yolumg = 0,0056 m3). The
dependence of the frequency of pressure fluctuations on the liquid depth
was found to be different for the jetting and bubbling regimes (see also

section 3.3.1).

Payne and Prince (38) carried out a further study of the transition
between jetting and bubbling, their transition lines being shown on
Figure 2.4, The lines were determined from measurements of the hole
. residual pressure drop (see section 3.1.2). At a constant gas velocity,

increasing the liquid depth produced a rise in residual pressure drop which
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reached a peak at a specific depth. For gas velocities below 20 m/s,

a further increase in liquid depth produced only a gradual fall in residual.
pressure drop; in sqch cases the peak was taken to represent the trans-
ition from imperfect bubbiing to bubbling. For gas velocities over 20 m/s,
an increase in liquid depth beyond the peak value produced a steep decrease
in residual pressure drop. In these cases the peak was taken to represent
the transition from jetting to bubbling.

The changes in residual pressure drop were claimed to result from
variations of the gas momentum transfer to the liquid. Pressure increase
resulting from pulsating gas flow was claimed to account for a maximum of
only 25% of the residual pressure drop.

Payne and Prince (32) found that the residual pressure drop also
indicated the froth/spray transition on sieve-trays of low free area, and
that this transition point corresponded to the measured bubble to jetting
transition point.

Good agreement was found between the residual pressure drop transition
points and those determined by Banerjee, Roy and Rao (39) by measuring
entrainment rates. Figure 2.4 shows good agreement between the jetting
to ‘ubbling transition lines of Muller and Prince (37) and Payne and Prince
(38), although the later workers report imperfect bubbling to occur at
higher gas velocities. | !

Fane, Lindsey and Sawistowski (17) and Lindsey (29), observed
imperfect bubbling at a gas velocity of 40 m/s. Considerable drop
formation (and therefore, momentum transfer) was observed in this regime,
and it is therefore possible that transition between imperfect bubbling
and jetting based upon entrainment measurements’or residual pressure drop

' |

fluctuations, may be unreliable.

Payne and Prince (38) identified the foilowing effects on the liquid

depth at transition from jetting to bubbling;
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i) Critical depth is independent of chamber volume for
volumes greater than 0.002 m3; below this value, depth increases
gslightly, reaches a maximum and then falls;

ii) Critical depth increases with increasing hole diameter;

iii) Density is the only significant liquid property affecting
‘transition, critical depth decreasing with increasing density;

iy) Critical depth increases with increasing gas density.

The last three findings are the same as those reported for the
critical tray liquid head at froth to spray transition.

Figure 2.2 shows the jetting to bubbling transition depths of Payne
and Prince (38) to be higher than the liquid head for froth/spray trans-
ition reported by Pinczewski et al. (40) and Porter and Wong (30). Payne
and Prince claimed that the transition heads were lower because
Pinczewski et al. (40) had taken the transition point to be represented
by 100% continuous gas flow through the tray holes; Payne and Prince (38)
claimed that transition was equivalent to continuous gas flow for only
about 70% of the time. |
) Yeo (41) monitored gas-liquid behaviour at a single hole tray using
an electrical conductivity probe. He indicated that the transition line
used by Payne and Prince (38) does not correspond to continuous gas flow
and postulated that a regime of 'chain' bubbl.ing ;hould be included between
the regimes of pulsating jet (100Z continuous flow) and deformed bubbling
(about 70% flow). This postulated transition line is shown in Figure 2.4;
it agrees quite closely with the froth/spray transition lines.

It is therefore apparent that the mechanism of gas-liquid behaviour
at the holes changes gradually from one of continuous gas 'jetting' to one

of bubbling (deformed, perfect or imperfect) as the gas velocity is

decreased, or the tray liquid head increased, The transition from spray
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to froth corresponds to this change, its exact location being dependent
upon the definition of tramsition.

2.2.2 Bubbling on single hole trays.

For operation at high tray liquid depths,bubbling (deformed or perfect)
is the primary mechanism of gas-liquid interaction at the hole. Extensive
study of bubbliﬁg at holes has been carried out, most of this work using
high liquid depths (> 100 mm. of water) and low gas velocities,

Hughes, Handlos, Evans and Maycock (13) and Davidson and Amick (12)
showed the volume of the gas chamber beneath the hole to have a significant
effect on bubble formation.

The chamber volume ig defined as, that volume beneath the tray which
is between the hole and a.point in the gas stream where the resistance is
large. For a constant gas supply rate two extreme effects of the chamber
volume on gas flow can be identified:

i) Constant flow., With zero chamber volume; the fluctuations
of the forces opposing gas flow associated with the bubble formation have a
negligible effect‘on the gas flow, and the gas flow rate through the hole
can be considered constant.,

i) Constant Pressure. With an infinite chamber volume;

o

the fluctuating resistance to gas flow induces a corresponding fluctuation
in the gas flow rate through the hole, but the chamber pressure remains

constant. ‘

In practice the chamber volume has a finite value and the induced
fluctuations in gas flow rate result in fluctuations in the chamber pressure.
Because the pressure drop across the hole is a main factor controlling the
gas flow rate, the pressure fluctuations below the tray affects the gas
flow rate through the hole. The gas flow rate, and hence the rate of

bubble growth, is therefore affected not only by the forces associated
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with the gas-liquid interaction at the hole, but also by the chamber

volume.

" The chamber volume can be regarded as a capacitance for gas flow;

McCann and Prince (42) defined a quantity of inverse capacitance, C,
C = ————c hd p - (202)

McCann and Prince (43) classified bubbling regimes in terms of the
gas velocity and the chamber inverse capacitance, at a constant liquid

depth of 152 mm. of water. Six regimes were identified:

i) Single bubbling;

ii) Double bubbling;

ii1) Pairing; -

iv) Double pairing;

v) Singie bubbling with delayed release;
vi) Double bubbling with delayed release.

The regimes were defined as follows:

i) Single bubbling. The bubble maintains a spherical shape

during formation and rises due to buoyancy. When the bottom of the
bubble becomes level with the tray, detachment occurs if the liquid
pressure behind the bubble at the hole is greater than the bubble pressure.
Weeping is possible after bubble detachment if the liquid pressure is

greater than the chamber pressure.

ii) Double bubbling. Decreasing the chamber volume increases

the frequency of bubbling. At high bubble frequencies, the wake of the
preceding bubble affects the formation of the second bubble and double
bubbling occurs when the second bubble is sucked into the proceeding onme.

The phenomenon of double bubbling occurs closer and closer to the hole as

the bubbling frequency increases.
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iii + iv) Pairing. This occurs at large chamber volumes. 1If, at
detachment, the chamber pressure exceeds the pressure in the wake of a
bubble, then a second bubble forms rapidly and attaches to the preceeding
bubble. The original bubble is then joined to the hole by a bubble
"tail' and continues to grow until the tail detaches from the hole.
Pairing can take place with double bubbling, in which case bubble 'pairs'
coalesce.

»

v + vi) Delayed release. As the chamber volume is reduced, the

gas flow into the expanding bubble can reduce the pressure in the chamber
to a level below that required to maintain the flow necessary for
continued bubble growth. This results in a delay of the bubble growth
whilst the chamber pressiure is increased by a net inflow of gas.

In this case, the chamber pressure exhibits two pressure cycles per
bubble.

Although the regimes described wére for a single hole tray operating
at a liquid depth above those likely to be found in industrial columms,
they clearly show the chamber volume to ha&e an important effect on
bubble formation. The work also indicates that at gas velocities over
about 6 m/s, the phenomenon of double bubbling becomes important,
suggesting that this might be important in the froth regime.

This analysis does not indicate how the 'vapour voids',observed by
Ashley and Haselden (20) on an operating tray, could occur.

2.2.3 Summary of gas-liquid behaviour at a single hole.

The various mechanisms of gas-liquid interaction on single hole
trays are summarised in Figure 2.4.

The t;ansition ffom froth to spray corresponds to a gradual change
in the interacﬁion mechaniém from one of pulsating jetting in tﬁe spray

regime, to one of bubbling (deformed, perfect or imperfect) in the froth

regime.,
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The factors affecting the change in mechanism are found to be
the same as those affecting froth-spray transition, the effects being the
same.in each case. Liquid depth and gas velocity are the main factors
affecting orifice meéhanism, with chamber capacitance being of importance
in the bubbling regimes.

2.3 CONCLUSIONS.

The various regimes of gas-liquid behaviour on sieve-trays have been
identified and the mechanism of gas-liquid interaction at the tray holes,

corresponding to those regimes, established.

The main system variables which have been found to affect the operating

regimes and interaction mechanism are:

i) Superficial hole gas velocity;

ii) Tray liquid head;

iii) Tray liquid crossflow rate;

iv) Hole diameter;

v) Tray hole free area (equivalent to hole pitch); .
vi) The volume of the gas chamber beneath the tray;

vii) Gas and liquid density.

It is now necessary to establish the‘types of gas pulsations which
can be produced by sieve~tray operation. A review of the relevant liter-

ature is carried out in Chapter 3.
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Chapter 3.

GAS PULSATIONS IN SIEVE-TRAY SYSTEMS




Introduction

Fluctuations of the gas flow in the column will result from
fluctuations of the resistance of the tray to gas flow. Tray resist-
ance is usually measured in terms of a pressure drop. Static sieve-
tray pressure drops are reviewed; firstly, to determine the various
components of the total pressure drop across an operating ;ieve tray;
secondly, to find what correlations are available for the prediction of
these pressure drops; and thirdly,to find any component pressure drop
which could exhibit dynamic fluctuations likely to result in the reported
gas flow pulsationms.

Reported measuremeﬁts of gas pressure fluctuations in sieve-tray
columns are reviewed to determine the types of gas pulsations that can

.
occur. The system factors affecting the pulsations are determined and
the effects identified. The mechanisms of gas-liquid interaction at

the tray holes likely to produce gas pulsations are investigated in a

review of measurements made on single hole trays.

3.1 STATIC PRESSURE DROPS IN SIEVE-TRAY OPERATION,

The total static pressure drop across an operating sieve-tray can
be expressed as the sum of a number of terms rebresenting additive
resistance to gas flow. The total pressure drop, APt’ is normally
taken to be the sum of the pressure drop across the tray holes in the
presence of a gas-liquid mixture on the tray, APw’ and the pressure drop

across the gas-liquid mixture, AP@:

tp, = Abw + AR - (3.1)
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3.1.1 Static pressure drop across the gas-liquid mixture, AP .

Various workers (44,45,46) have shown that APm can be expressed in

terms of an equivalent clear liquid head on the tray,

APm - H . pf. . g - (302)
where H equals the height of the clear liquid layer that would exist on
" the sieve-tray if the gas were removed from the gas-liquid mixture.

3.1.2 Static pressure drop across the tray holes in the presence

of a gas-liquid mixture on the tray, AP:L
Kolodzie and van Winkle (47) showed that the pressure drop across a
dry sieve-tray, APd, can be well correlated by a classical orifice
equation:

p V2
APd = K.

- (3.3)

where K is an apparent coefficient of resistance or an apparent loss
coefficient, (for trays having equal upstream and downstream column flow
cross-sectional areas, the apparent loss coefficient is the same as the
total loss coefficient). The value of K was shown to depend upon hole
diameter, hole pitch and tray thickness, and also upon the hole Reynolds
number, Re, for 2000>Re>20,000,

McAllister, McGinnes and Plank (48) and Durgaprasada and Venkata (49)
showed that frictional resistance to gas flow through the holes was
only important for trays with a thickness to hole diamefer (t/d) ratio
greater than 2.0. Industrial sieve-trays normally have a t/d ratio less
than 1.0 and so frictional resistance can be ignored; such trays are
termed 'thin trays'.

Cervenka and Koaar kSO) developed an expression for K for thin

sieve~trays. Reynolds number was taken to have no effect on K. Analysis

of data for 78 trays gave the expression:




2
K - 0.94 (1 - a") - (3.4)

a0.2 (t/d)O.Z

valid over the ranges, 0.1 < t/d < 0.8; 0.015 < a < 0.2, for tri-
angular hole pitch.

However, it has been found that when a gas-liquid mixture is present
on the sieve-tray, the pressure drop across the holes is greater than
that for a dry tray. This extra pressure drop can be accounted for by

introducing a 'residual pressure drop' term, APr;

APr = APt - APd - APm - (3.5)

Burgess and Robinson (31) and Davies and Porter (44) found APr to
have a constant value of‘about 100 N/mz. Hunt, Hansoneand Wilke (46)
found APr to be dependent upon tray geomgtry. For a given tray its
value was constant and for different traysvalues between 50 N/m2 and 200
N/m? were found.

The residual pressure drop is explained as being due to the gas-
liquid mixture on thé tray affecting the gas flow through the holes.

Davy and Haselden (51) proposed several ways in which this could
occur:

i) Not all the holes have an equal instantaneous vapour rate.
Owing to the irregular movement of liquid acros; the tray, some holes,
or groups of holes, may be discharging rapidly at a given instant, while
others may be temporarily inactive;

ii) Liquid may penetrate into the holes, effectively reducing the
area available to vapour flow;

iii) The rate of flow through an individual hole is oscillatory,

as bubbles grow and then detach;
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iv) There is a venturi effect produced by the core of liquid around
the gas stream at the outlet of each hole which will tend to decrease the
pressure drop and could give rise to pressure recovery. This is likely
to be most noticeable atlhigh velocities when gas emerges from the holes
nearly continuously rather than as distinct bubbles.

To account for these.factors, Davy and Haselden (51) modified the
dry tray apparent resistance coefficient by introducing a 'bubbling

factor', Z:

- (3.6)

N|R

where K is the modified coefficient. An empirical equation was

developed for Z:
Z=1-exp [-0.0265 (u/100.a) p./(p!&-p)]i - (3.7

This method predicted the tray pressure drop well for low gas flows
in the froth regime, but underestimated the pressure drop at higher gas
flows.

Cervenka and Kolar (52) accounted for the modification to gas flow
ﬂy using the concept of a hypothetical tray (containing the same number of
holes on the same pitch as the original tray) on which the free area was
reduced by a factor 6, to a value of '6.a ', to allow for hole blockage.

A further coefficient, k;, was introduced to represent po;sible non=-
uniform configuration of the openings available to gas flow. Using
equation 3.4 an expression for a modified apﬁarent resistance coefficient,

Kc’ was obtained:
0.94 okl . (1 - 6232)
K - - (3.8)
c e.z . 8.2. (t/d)iz

An expression for 8 was developed from an analysis of the forces

acting at the hole, with the introduction of a further coefficient, k,
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0 = 1 - (k2 . cr/d)/(P1 - Pz) - (3.9)

Coefficients ki and k, were determined from experimental values of
total tray pressure drop for 14 trays. Values obtained were k; = 1.10
and k2 = 2.35, applicable for air/water systems with trays having 2,5 mm <
d < 10 mm, and 0.05 < a < 0.2,

No account of‘tray liquid head was taken in determining k; and k,
because ,in equation 3.,9,(P1 - Pz) was expressed theoretically in terms of
9, and not measured directly. Coefficients were not determined for
systems other than air/water, and Davy and Haselden (51) found the reported
values to be inadequate for organic systems. ’

Muller and Prince (37) and Payne and Prince (38), studying a single
hole ,found that the residual pressure drop varied as the mechanism of gas-
liquid behaviour at thé hole changed from jetting to bubbling, reaching a
peak value at transition. Payne and Prince (32) observed similar
behaviour at the froth to spray transition on low free area sieve-trays.
These workers explained the variation by claiming that the residual
pressure drop was due mainly to momentum transfer from the gas to the
liquid, the rate of transfer for bubbling being different to that for
jetting.

The correlations of Davy and Haselden_(Sl) and Cervenka and Kolar (52)
do not account for these observed variations iﬁ residual pressure drop.

3.1.3 Measurement of the static tray pressure drops and the

effect of gas momentum.

Three tray static pressures are usually measured. These are:

(i) The pressure in the gas chamber beneath the sieve-tray, Pl;
(ii) The pressure at the top surface of the sieve-tray, as
]

measuréd by pressﬁre tappings mounted in the tray, Py;

(iii) The pressure in the gas chamber above the sieve-tray and

gas-liquid mixture, P3.
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Davies and Porter (44) showed that the pressure difference (PZ-P3)
was equal to the pressure drop across the gas-liquid mixture, AP ,
. w

minus a gas momentum head term, AM.
Py=Py = H.p, .g = MM - (3.10)

where AM corresponds to the pressure recovery due to the gas slowing
down from its velocity in the holes to its velocity in the columm. It

was expressed assuming superficial values of these velocities:
MM = (v-u) .u.p (3.11)

Cervenka and Kolar (52) performed a force and momentum balance on the‘
tray system and developed an identical expression for AM. Using this
expression the pressure differences (P;-P,) and (PZ-P3) can be written as

follows:

2
P,.-P = AP +u'.p. (1/a-1) - (3.12)
P,-P =  H.pl. g - uz.p. (1/a-1) - (3.13)

Cervenka and Kolar (52) modified these equations by changing a to
8a, in order to account for the effect of hole blockage (resulting from
the presence of a ggs-liquid mixture on the tray) on the gas velocity.

Equations 3.12 and 3.13 relate the measured static pressure drops to
the pressure drop across the holes and the tray liquid head respectively;

3.1.4 Summary of sieve-tray static pressure drops.

It has been found that the total resistance of an operating sieve-
tray to gas flow is made up of two main additive resistances:

i) The resistdnce due to the head of liquid on the tray;

ii) The resistance of the sieve-tray in the presence of a gas-

liquid mixture on the tray.

+
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The tray resistance can be considered to be equivalent to the dry
tray resistance, modified to account for an extra 'residual' pressure
drop.

The dry tray resistance'is found to be well correlated by a classical
orifice equation., The residual pressure drop has been accounted for by
either using a simple constant additive resistance term or by modifying
the orifice équation resistance coefficient. Neither method adequately
predicts observed behaviour of the residual pressure drop. The magnitude
of the residual pressure drop is dependent upon the mechanism of gas-liquid
interaction at the holes.

By using a gas momentum head term it is possible to determine the
tray liquid head and hole static pressure drop, from measured static‘
pressure drops, by using equations 3.12 and 3.13.

Of the various resistances to gas flow, those due to the tray liquid
head and the 'residual'’ pressure drop could have dynamic characteristics
which could result in regular pulsations of the gas flow.

3.2 GAS PRESSURE FLUCTUATIONS IN MULTI-HOLE TRAY SYSTEMS.

As reported in Chapter 1, Waddington (2)-showed column vibrations
to be caused by regular pulsations in the column gas flow induced, under
certain conditions, by the gas-liquid interaction on the tray. Such
pulsations were produced in a model sieve~tray éolumn and found to have
frequencies in the same range as the vibrations associated with industrial
column damage.

The column contained three sievthrays operating with air and water,
Simultaneous gas pressure pulsatioﬁs were detected within the gas-liquid
mixture énd in the gas Fhambers above and below the centre tray, over
a limited’rang; of fluid flow rates. The pulsations were in the frequency
range 25 Hz, to 40 Hz. and occurred at gas velocities between 5 m/s and

12 m/s., the frequency increasing with increasing gas velocity.
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'Figure 3.1 shows the frequency and amplitude of gas pulsations ;
measured in the gas chamber beneath the centre tray., The tfay regimes
wefe determined from visual observation, and compare well with those
" shown in Figure 2.3. The pulsations of highest amplitude are seen to
occur in a regime of stable froth.

Comparison of results obtained at weir heights of 12.7 mm.,25.4 mm.
and 76.2 mm. showed'ho significant change in the gplsations. However,
the comparison was not strictly valid as a different water flowrate was
used for each weir height. From the effects he found of liquid flow
rate on the pulsations, Waddington conclﬁded that they could not be
produced at tray liquid cross-flow velocities greater than 0.03 m/s
(calcdlated from the flow rate per unit of weir length divided by the weir
height and equivalent to a liquid flow rate of 2,72 m3/hr. m. weir length
at a weir height of 25.4 mm.).

The occurrence of gas pulsations was not reported in terﬁs of tray
1iquid head, which has been found to be a primary liquid flow parameter
controlling tray operation. Waddington also failed to investigate possible 4
affects of the other main system parameters found to affect tray operation:
hole diameter, hole pitch, gas chamber volume, fluid densities and liquid
surface tension.

Although it was shown that the pulsatién frequency was apparently not
dependent on the tray mechanical response, no experimental investigation
of the possible affects of acoustic resonance on the pulsations was
éerformed.

It was noted that the experimental pulsation frequencies were in the

game range as the maximum bubbling frequencies measured for single hole

[} . .
trays, as reported by Davidson and Amick (12) and Hughes et al. (13).
Waddington (2,5) correlated his results with these frequencies and produced

the empirical correlation:
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0.13

Vh .
n = 11.6 . -?-.—27— - (3.14)
where; n = single hole méximum bubbling frequency, Hz.
Vh = superficial hole gas velocity ft/sec.
r = hole radius inches.

The correiation is plotted on Figure 3.1., and is seen to be of limited
value in predicting the pulsation frequencies of Waddington. ,

It is later shown (section 3.3) that the bubbling frequencies reported
by Davidson and Amick (12) and Hughes et al. (13), were obtained under
conditions approximating to constant flow, and that such frequencies are
not applicable to systems with large chamber volumes which exhibit flow
fluctuations through the tray holes.

Frequencies for conditions of fluctuating flow, (i.e. comparable to
the conditions in Waddington's model column), were measured for single holes
by McCann and Prince (42), Kupferberg and Jameson (53) and Muller and
Prince (37), and found to be much lower than those frequencies found
under constant flow coﬁditions. These frequenciés were not included in
the data used in obtaining Waddington's correlation.

Waddington's correlation cannot account for any possible dependency
of frequency on tray liquid head, hole pitch, flpid density, number of
holes or chamber volume, which are all factors later shown to affect the
frequency of pulsations measured on multi-hole or single hole tra;s.

. e

Brown (54) measured the frequency and amplitude of pressure )
fluctuations produced under single sieve-trays, containing ; small number
of holes, without liquid crossflow. For each set of conditions a four
#econd sample of the pressure fluctuations was analyséd. A definite
frequency of gas pulsations was identified in most cases. The amplitude
of the fluctuations of a given sample was found to vary greatly, in an

apparently random manner.
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A few results were obtained for trays containing 29, 41 and 49
holes of 6.35 mm. diameter. These are shown on Figure 3.2, which also
gives further details of the operating conditions.Of the two sets of 49
hole data, one was obtained with a baffle placed around the holes, but
it is not specified which set. | The frequencies found are in a similar
range to those of Waddington (2) and occur over the same range of gas
velocities, frequency increasing with increasing velocity.

Most of the results obtained by Brown (54) were for trays containing
only three holes. ‘These results had lower frequencies, all below 15 Hz,
However, the following trends were identified for the ‘three hole trays:

i) Frequency is practically independent of hole diameter (d = 6.35,
9,53, 12.7 mm.) but inéreases as the hole pitch increases (19.05 mm < p <
50.8 mm);

ii) The only significant liquid property affecting frequency is
density, frequency increasing with decreasing density;
iii) - Gas properties have a slight affect on frequency, but no definite
dependence was identified; .
iv) Tray liquid head has no recognisable affect on frequency
(é5.4 mm, of water < h < 100 mm. of water).

For trays containing three holes and seven holes it was found that:

i) Increasing the volume of the gas‘chamber below the tray decreased
the frequency, (0.0015 m3 < Q < 0,0043 m;);

ii) Increasing the number of holes increased the frequency.

These two effects were found to be well correlated by using a
volume per hole criﬁerion. This ratio was also found to be roughly )
applicable to the data for the tray with 29 holes.

' .
The frequency data for all the trays was correlated to produce the

empirical equation:
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p.£/v = 46,700 (11-1{3/(2)0'['6 @ov.p/u) 08 (p/p2)0-84 (p/dfo'sl'

The equation fitted the data with a standard devi;tion of 10%.

Although the éorrelation was based, to a certain extent, on bubbling
action at a single hole, it was stated that the measured pressure pulsation
frequencies were not necessarily the same as the bubbling frequencies.

Most of‘the correlated data was obtained for a tray with only three
holes and is not necessarily applicable to a normal sieve-tray, particularly
with respect to the effect of hole pitch. (In the correlation f « p-0.16’
which disagrees with the observed increase in frequency with increasing
pitch).-

The equation, as applied to Waddington's conditions, is plotted on
Figure 3.1; the frequencies predicted are seen to be below those found
by Waddington, suggesting that the correlation cannot be applied to trays
containing more than a few holes.

Brown was not able to correlate the amplitude data due to its
apparently random fluctuations. For three hole trays he did identify
the following trends:

i) The pulsation pressure amplitude tended to‘increase with
decreasing frequency;

ii) The pulsation pressure amplitude.fended to‘increase with
increasing gas velocity.

Kupferberg and Jameson (55) measured the dynamic pressure fluctuations
beneath a tray containing up to seven 6.35 mm. diameter holes, and up to
pineteen 3.175 mm. diameter holes. However, therg;s veloéities used were
all below 1.0 m/s and therefore the results are not likely to be applicable
to sieve-gray_operanion. Regqlar gas pulsations were detected with

frequencies below 7 Hz.‘and with amplitudes up to 200 N/mz. The following

trends were identified:
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i) The pulsation frequency was lower than the bubble frequency;
ii) Frequency increased with increasiné gas velocity;

iii) Frequency was independent of hole diameter;.

iv) The number of holes had little affect on the frequency.

Trends ii) and iii) are seen to be in agreement with Brown's work.

Davies and Porter (44) measured fluctuations in tray pressure drops,
the.space above the tray being opgn to atmosphere.

Pressure variations were found across the tray holes, (PI-PZ),and
across the froth, (PZ-P3), but no variations of the total tray pressure
drop were found. The froth pressure dfop variations were thought to
result from local variations of the height or density of the air-water
mixture on the tray. No frequencies over 15 Hz. were detected.

Chan and Prince (7,56) postulﬁted that weeping on a sieve-tray
resulted from variations of the gas pressure at the individual holes on
éhe tray. A theoretical equation was developed to predict the frequency
of pressure variations at an individual hole. The instantaneous pressure
at a hole was assumed to be due to additive pressure drops of capacitance, -
resistance, inertia and other. factors.

The resistance term ineluded the effect of gas friction loss (which
is applicable only to 'thick' trays), and assumed no dynamic variation of
tray liquid head. Ihe capacitance was based upon the total gas chamber
volume below the tray, and did not inelude the number of holes in the
tray. Hole pitch was not considered in the equation.

Chan and Princé (56) detected pressure fluctuations of frequency
2 Hz. to 4 Hz. below a sieve-tray containing 12.7 mm. diameter holes
operating at a gas yelocity of 3 m/s with air and vater. The amplitude

of fluctuation varied between 50 N/m? and 100 N/n®. The frequency

predicted by them using their equation was 6.8 Hz.
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The pressure fluctuations reported by Chan and Prince (56) are
in a similar frequency range to the bulk oscillations of the gaé—liquid
mixture reported earlier, in section 2.1.4.

MﬁAllister and Plank (21) claimed that these oscillations resulted
from resonance in the column system of a fundamentally acoustic nature.
Biddulph and Stephens (8) disagreed with this, claiming that it could
not account for the observed occurrence of oscillations in an open tank
system. It was also _cléimed that the oscillations we;re unlikely to
result from pressﬁre fluctuations below the tray, but to be due to
turbulence of the gas-liquid mixture. Hinze (23) showed by theoretical
analysis that certain conditions in the turbulent froth regime could
result in amplified oscillations of the gas-liquid mixture.

Garland and Davidson (57) pointed out that once osciliations of the
gas-liquid mixture are established, the resulting variations in tray
liquid head will cause local fluctuations of the gas flow through the tray.
These fluctuations could be expected to result in fluctuations of the
columm gas pressure.

Cermak (58) measured pressure fluctuations beneath an operating

sieve-tray with 6 mm. diameter holes, using air and water without liquid

crossflow. Regular pressure puisations were detected whilst the tray
was operating in the oscillating froth regime.. The frequency of
pulsation was about 2.5 Hz., and corresponded to the frequency of oscill-
ations. Under all regimes of operation, Cermakhdetected peaks in the
pressure frequency spectrum of between 4 Hz., and 5 Hz. These were
thought to result from standing waves in the gag-liquid mixture., For
operations in the bubble flow regime at a gas velocity of 1.0 m/s,. peaks
at 10.5 Hz. and 21.6 Hz. were present, aﬁd for operation in the cellular

foam regime at a gas Velocity of 2.3 m/s, a peak at 21.0 Hz. was present.
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These higher frequency components were thought to result from bubble
formation at the tray holes.

3.2.1 Summary of gas pressure fluctuations in multi-hole tray
SZS tems.

Two distinct types of pressure fluctuation have been identified:

i) Pulsations in the frequency range 1 Hz. to 3 Hz., which result
from bulk oscillations of the gas-liquid mixture on the tray;

ii) Pulsationé in the frequency range 10 Hz. to 40 Hz., thoughf to
be associated with the gas-liquid behaviour at the tray holes.

The first type of pulsation is of a frequency well below the range
associated with the damaging tray vibrations. Furthermore, it has been
reported that such oscillations are unlikely to occur in columns of diameter
greater than 1.0 m, at operating pressures of atmospheric and above., These
gas pulsations have been shown to result from the fluctuations in tray
liquid head caused by the oscillations. Chan and Prince (7) assumed the
tray liquid head had no dynamic characteristics, and therefore their
equation cannot be applied tothis type of pressure fluctuationm,

The second'type of pressure pulsation is that reported by Waddington
(2, 5) and Brown (54) and it is thought to be responsible for the column
damage.

The frequency of pulsation has been shown to increase with increasing
g#s hole velocity, and the following factors have also been fouﬁd to
affect the pul#ations:

i) Number of holes;
ii) Hole pitch; _
iii) Volume of the gas chambeg beneath the sieve-~tray;
iv) Liquid density;
v) Gas density;
vi) Liquid flow rate.

SHEFFIELD
- UNIVERSITY,
LIBRARY
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The correlations of Brown and Waddington fail to predict adequately
the measured frequencies on sieve-trays containﬁng a substantial number
of holes. No correlation is available for prediction of the pulsation

amplitudes.

3.3 GAS PRESSURE FLUCTUATIONS IN SINGLE-HOLE TRAY SYSTEMS. ,

The superficial hole gas velocity, the tray liquid depth and the
volume of the gas chamber beneath the tray, have been identified as fhree
major factors affecting single hole operation.

Muller and Prihce (37) measured the gas pulsations in a gas chamber
of constant volume (0.0056 m;) whilst vafying the gas velocity and the liquid
depth., The frequencies of the'gas pulsations measured for a 6.35 mm.
diameter hole operating with air and water, are shown in Figure 3.3. The
line taken by these workers to indicate the transition from pulsating jet
to bubbling is also indicated.

In all cases the frequency is seen to increase with increasing gas
velocity, the rate of increase being higher for the lower liquid depths,
and’becoming almost linear at a depth 6f 10 mm.

In the pulsating jet regime the frequency is seen to decrease with
iﬁcreasing liquid depth, but becomes independent of depth in the bubbling
regime.

The amplitude of pulsation was found to increase witﬁ increasing
liquid depth in the pulsating jet regime, reaching a maximum value of between
150 N/m2 and 250 N/m2 at transition to the bubbling regime, and then de-
creasing with further increase in liquid gepth. (This decrease was not
found for operation at a gas velocity of 5 m/s.). The variation of
amplitude with liquid depth‘corresponds té that found fdr.the magnitude of
the residual pieasur; drop. |

The frequencies foﬁnd by Muller and Prince (37) are lower than those

found by Waddington (2) and Brown (54) (for 29, 41 and 49 yole trays), for a

given gas velocity.
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The frequency of pulsations in the bubbling regime is dependent upon
the frequency and mode of bubbling. o

McCann and Prince (42) measured pressure pulsations in the chambér
below a single hole tray operating in the bubbling regime. Using air
and water, and hole diameters of 4.76, 6.35 and 9.53 mm., meésurements. |
were taken over a range of gas velocities (<12 m/s.).and chamber volumes
(0.00225 m.3 to 0.0288 m.3), for a constant liquid depth of 152 mm.

Results for a hole diameter of 6.35 mm. are shown in figure 3.4.

The work indicated the following points;

i) Frequencies.are lowef‘than 12 Hz. ;

ii) Frequency increases with increasing gas velocity up to a velocity
of about 6 m/s or 7 m/s, after which it is fairly independent of velocity.
iii) Increasing the chamber volume decreases the frequency;

iv) Varying the hole diameter has little affect on frequency.
Kupferberg and Jameson (53) measured pulsation frequencies under
similar conditions to McCann and Prince (42), But used lower gas velocities
(<7 m/8) and smaller chamber volumes (6.0005 m.3 to 0.005 m.s). Some of
the frequencies found for a 6.35 mm. diameter hole are shown in Figure 3.4.
These show good agreement with the results of McCann and Prince, but demon-
strate that the frequency can be considerably raised by reducing the

chamber volume. ‘

McCann and Prince (43) give a sample trace of the pressure pulsations
produced by bubbling at a 6.35 mm. diameter hole at a gas velocity of 4.6
m/s. and a chamber volume of 0.00017 m.3, under which conditions the
bubbling mechanism is complex, with double bubbling and delayed release, .
The pressure trace ipdicates about 32 pressure pulses per second.

Titoﬁanlio, Rizzo and Acierno (59), using trays containing one or

two holes, claimed that for low gas flow rates and high liquid depth, the
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volume of bubbles coming out from a single hole approximates that of
simﬁltaneous bubbles growing from a chamber which has double the capaci-
tance and is fed by double the gas flow rate. This finding is in
agreement with Brown (54), who showed the chamber volume per hole to be
the relevant factor determining bubble behaviour.

Yeo (41) used an electrical conductivity probe to monitor the frequency
of gaé-liquid interaction at a single hole. Using air and water, with hole
diameters of 9.53, 12.7 and 15,87 mm., he varied the gas velocity (<50 m/s.),
the liquid depth (38, 76, 114 and 152 mm.) and the chamber volume (0.0069
m.3 to 0.0414 m.3). |

Some of the results obtained for the 9.53 mm, diameter hole are shown
i; Figure 3.4 and are seen to be in good agreement with those of McCann and
Prince (42) whose frequencies for a 9.53 mm. diameter hole were very
similar to those for the 6.35 mm. diameter hole.

Fo; gas velocities higher than about 15 m/s., the conductivity probe
did not produce regularly spaced pulses, which iﬁdicates either that the
gas-liquid behaviour at the hole was no longer regular, or that the probe
was not monitoring the behaviour accurately.

The measured frequencies were found to be higher for operation at
a liquid depth of 38 mm. than for the other depths used, the frequency
being indeﬁendent of liquid depth for the higher depths. At‘a depth of
38 mm. the frequency increased with increasing gas velocity. It was
also found that increasing the chamber volume decreased the frequency, and
that the frequency was largely independent of hole diameter. These
findings are in agreement with those reported by the other workers.

La Nauze and Hﬁtrisi(60), wo;king with a 32,2 mm. diaméter hole,

low gas flow and high liquid depth, found that increasing the system gas

pressure, and therefore the gas density, increased the frequency of bubbling.
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The frequencies found by McCann and Prince (42) and Kupferberg
and Jameson (53), at low éas flow rates and high liquid depth, were
shown to be well correlated by using thg potential flow theory to des-
cribe bubble growth. The theory is applied assuming the bubble to
remain spherical during formation and the depth of liquid to be large
compared with the bubble diameter. McCann and Prince (43) stated that
it was not posgible to apply the theory to operation at higher gas flows
when bubble forma;ion became complex, and the various forms of double
bubbling predominated. These workers showed double bubbling to result
from high bubble frequencies, suggestiﬂg that at the frequencies measured
by Waddington (2), (which are much higher than those found for single
holes), double bubbling could be favoured.

It has been shown that for operation below liquid depths of 40 mm.

of water, the frequency becomes depth dependent, Potential flow theory

does not predict this dependency, suggesting that the second main assumption

made (liquid deep with respect. to bubble diameter), is not valid below
Aepths of 40 mm,

Davidson and Amick (12) and Hughes et al. (13), showed that the
bubbling freqhency no longer increases with dgcreasing chamber volume,

when the chamber volume becomes sufficiently small; the frequency then

being independent of chamber volume. Davidson and Amick (12) found that

this change took place at a chamber volume of about 0.00002 m.3, for a
3.2 mm, diameter hole operating with air and water at a superficial hole
gas velocity of 5.5 m/s. The condition of operation of a system with
such a small chamber volume is taken to approximate to that of constant
flow, (as defined.i? sectioﬁ 2.2.2), which is not representative of éhe
operating éonditions within sieve-tfay sysﬁems, which con;ain relatively

large gas chambers.
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The maximum bubbling frequénéies (12,13) used by‘Waddington (2) in
obtaining his correlation, were mainly obtained-for gas chambers
sufficiently small as to have no effect on the frequency, that is for
operation close to constant flow. These bubbling frequencies, which
were much higher than those reported by other workers (37,42,53), are
therefore not applicable to sieve-tray systems,

3.3.1 Summary of gas pressure fluctuations in single hole tray

szstems .

The frequenciés of gas pressure fluctuations produced by single hole

tray operation are, in general, much lower than those found for multi-hole
trays by Waddington (2) and Brown (54) (29, 41 and 49 hole trays) under
similar conditions.

The superficial hole gas velocity is the primary parameter affecting
the pulsation frequency. Tray liquid depth becomes an important factor
when it is below 40 mm. of wéter. (corresponding to operation in the puls-
ating jet.regime), the frequency then increasing with decreasing liquid
depth. Frequency is essentially independent of liquid depth in the
bubbling regime (>40 mm. of water).

Most of the reported work has been carried out using high liquid depths
(>40.mm. of water) and gas velocities corresponding to operation in the
bubbling regimes. The gas pulsations are then directly related to the
frequency and mode of buﬁbling. For such conditioqé the chamber volume is
an important parameter affecting frequency; the frequency increasing with
decreasing chamber volume. For smali chamber volumes (3 0.0002 m.3), the
mechanisms of delayed release and double bubbling may occur, resulting in -
an increased gas pulsation frequency; When the chamber becomes sufficiently
small (* 0.00002 m.35 the hole operates in a manner approximating to constant
flow, and the bubbling frequency is independent of chamber volume. This
type of bubbling is not applicable to sieve-tray systems cbntaining

relatively large chamber volumes.
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For simple bubbling at high liquid depths the bubble growth is
described well using potential flow theory, but when double bubbling'
occurs or when the liquid depth falls below 40 mm. of water, this des-
cription is inadequate. .

Increasing the gas density incregses the bubbling frequency under
certain conditions.

There is apparently nobinformation available about the dependence of
the pulsation frequency on the chamber volume for operation at low liquid

depths in the pulsating jet regime (<40 mm. of water).

3.4 CONCLUSIONS.

Two types of gas pulsations have been found to occur in sieve-tray
columns.

One type results from regular fluctuations of the tray liquid head
and shows frequencies well below the range of damaging column vibrations.

The other type is in the 'correct' frequency range and is associated
with the.mechanism of gas-liquid interaction at the tray holes. However,
the frequency of comparable gas-liquid behaviour on' single hole trays is
found to be at a lower frequency than the reported pulsations.

There is no adequate correlation available for predicting the frequency
or amplitude of the damaging pulsations. There is little information
available on how the pulsations are affected by various system parameters
and it is noé certain how they are produced. A further experimental
investigation of these problems is therefore justified.

3.5 EXPERIMENTAL WORK REQUIRED.

It has been shown that the reported behaviour on single hole trays

cannot account for the gas pulsations produced by a multi-hole tray. -
{

It is therefore necessary to investigate the productioﬁ of gas pulsations

using a multi-hole tray system.
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The main parameters which affect the gas-liquid behaviour on a
sieve-tray, and the fluid behaviour at the tray holes, have been identified
as foliows:

i)  Superficial hole gas Qelocity;

ii) Tray liquid head;
iii) Liquid cross-flow rate;
iv) Hole diameter;
;) Hole pitch;
vi) Number of holes;
vii) Chamber capacitance;
viii) Liquid density;
ix) Gas density.

It is therefore necessary to determine the effects of all of these
parameters, if possible, on the frequency and amplitude of the gas pressure
fluctuations.

The column acoustics and vibrational response are also important
f#ctors.affecting column damage, and should be investigated.

Furthermore, it is necessary to determine how and why tﬁe regular gas
pulsations are produced. This requires observation of the gas-liquid
behaviour at the tray holes during pulsation production, and tﬁe determin-
‘ation of how this behaviour results in the measﬁred pulsations.

The experimental apparatus and measurement tecﬁniques required to

achieve these objectives are described in the next chapter.
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Chapter 4.

EXPERIMENTAL APPARATUS AND

MEASUREMENT TECHNIQUES.




Introduction.

Thié chapter contains details of the experimental apparatus and
measurement techniques used to study the effects of the imﬁortant system
parameters, as identified by Chapters 2 and 3, on the production of
regular gas pulsations in sieve-tray systems.

A model sieve-tray column was used, which was sufficiently large as to
be representative of an industrial column. It was a modification of that
column used by Waddington (2). Details of its design and construction
are given at the beginning of the chapter.

Tray geometry has been found to be an important factor governing gas-
liquid behaviour. Various sieve-trays were used, with geometries typical
of those used in industry. Appendix I contains details of the trays used.

Gas and liquid density have been found to affect gas-liquid behaviour;
however, air and water were the only fluids used in this research. Details
are given of the air and water system and the methods of flow measurement
used.

Static and dynamic pressure measurements were made to determine the
static gas resistances across the operating sieve-tray, including the tray
liquid head, and to determine the frequency and amplitude of system gas
pressure fluctuations., The tray and column mechanical vibration levels
were also measured.

It was concluded in Chapter 3 that the mechanism of gas-liquid inter-
action at individual holes on the tray should be studied. Two main
techniques were used. These were: electrical conductivity probes, similar
to those used by other workers, and direct high speed cine photography.

4.1 MODEL SIEVE-TRAY COLUMN. ‘

[} .
The overall arrangement of the experimental rig is shown in Figure 4.1,

It can be divided into three sections: the model sieve-tray column; the
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air flow system and the water flow system. The fluid flow systems
are described in the next two sections of this chapter.

The model column was a modification of that used by Waddington (2).
Waddington used three active sieve-trays; however, in most of this
research, only the centre tray was active, water by-passing the other two
trays. Details of the column design and dimensions are given in Figure
4,2. Figure 4.3 shows an overall view of the columm.

3

4,1.1 Column Construction.

The column was made up of four rectangular sections between which were

fixed three sieve-trays. The sections were made from stress-relieved clear

perspex sheet 6.35 mm. thick welded with polyvinyl chloride (P.V.C.) cement.
The sections were bolted together at flanges made from 12.7 mm. thick clear
perspex sheet welded to the walls of each section and stiffened by 4.76 mm.
thick mild steel backing-plates. The flanges were bolted together by 22,
bolts, 9.53 mm. in diameter and spaced 101,6 mm. (4 ins.) apart.

A sieve-tray, sealed between two 3 mm. thick neoprene rubber gaskets,
was located at each flange connection.

The top of the coluﬁn.was a 3 mm, thick sheet of mild steel clamped to
tﬁe upper flange of the top column section, and sealed with a 3 mm. thick
neoprene rubber gasket.

The column was raised 0.5 m. above the ground.on.a stand made from
mild steel tubing of 38 mm. square cross-section.

To increase column stability the top section was clamped to a concrete
beam in the laboratory ceiling.

4.1.2 Downcomer system and adjustable weir mechanism.

There was a water downcomer, 50.8 mm. wide, in each column section, as
. ' .
shown in Figure 4.2. The downcomers of the two top sections were on the

same side of the column and were sealed where they met at the tep tray,to
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form a single downcomer from the water inlet to the test-tray. At the
test-tray, an adjustable plate screwed to the bottoﬁ of the downcomer and
used for varying the gap between the downcomer and the traf, was set to give
a gap of 6.35 mm. This gap was sufficiently small so as to maintain a
liquid seal and prevent gas leakage into and up the downcomer.

The downcomers of the two bottom sections were on the same side of the
column. .They were sealed where they me? at the bottom tray so as to form
a single downcomer from the test-tray to the water outlet.

Water leaving the test-tray flowed over an adjustable outlet weir,
as shown in Figure 4.4. The weir heighf could be varied between 0 and
114 mm. Two slots allowed vertical adjustment, with two locking nuts
fastening the weir at the selected height.

Two strips of soft rubber, bonded to the edges of the weir, provided
a partial liquid seal between the edges of the weir and the column walls.
Plasticine was used to complete the seal, and adhesive vinyl tape was used
. to seal the joint between the edge of the tray and the bottom of the weir,

4.1.3 Column pipe connections and access hatches.

Two drainage pipes for water and the air inlet pipe were connected
to the bottom column section. The air inlet pipe was connected to a 12.7
cm. diameter hole positioned centrally in a side wall and 15 cm. above the
base. A 2.5 cm. diameter water drainage pipe was connected on the same
gide 3 cm. above the base. The main drainage pipe for water was connected
to a 5 cm. diameter hole positioned centrally in the downcomer outer wall,

18 cm. from the base.

The second column section had an 11 cm.by 20 cm. rectangular access
port positioned centrally in a side of the column, its upper edge being
) . o
12 cm. below the test-tray. The port cover was made from clear perspex

sheet, 12.7 mm. thick and was secured by ten bolts 6.35 mm. in diameter
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set in the column wall. A rubber gasket provided a seal.

The third column section had an access port and a water inlet pipe -
connection. The port was of the same design as the one described above.

It was positioned centrally in the wall of the column opposite the section
dovncomer, its bottom édge being 6 cm.. above the test-tray. The water
inlet pipe was an 8 mm. diameter polythene tube which passed into the down-
comer via a bored brass plug screwed into the column wall. The tube
protruded about 10 cm. into the downcomer. '

The top column section had an access port, a water inlet pipe
connection, and two air outlet pipe connection. The access port was of
similar construction to the other ports; it was positioned centrally in
the wall of the column opposite the section downcémer, its bottom edge
being 8 cm. above the top tray. The water inlet pipe was connected to a
S5 cm. diameter hole positioned centrally in the downcomer outer wall, 15 cm.
from the top of the columm. One air outlet pipe was connected to a 7.6 cm.
diameter hole positioned centrally in the column wall opposite the section
downcomer, 15 cm. from the top of the column. The other air outlet pipe
was connected to a 15 cm. diameter hole-Bositioned centrally in the top of
the column. |

4,1.4 'Drop catcher' design.

A 'drop catcher' was installed in the column, immediately above the
bottom tray in order to prevent gas-liquid interéction on that tray. It
collected water which had'wept'through the test-tray and it then drained
away into the downcomer. |

The design of the drop catcher is shown in Figure 4.5. It was made
from two thin steel sheets punched with holes of approximately 3 mm.
diameter on apptoximstely 12 mm. square.pitch. The hole burrs were
left protruding upwards to increase the efficiency of water collection.

The steel sheets were jammed in position and fastened to the column walls

by adhesive vinyl tape.
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The collected water drained towards the downcomer and passed
through a small drain hole into the downcomer. Under weeping conditions
a water seal tended to prevent air leakage through the drain hole. In
the absence of weeping the hole was sealed with plasticine.

4.1.5 Sieve-tray design and instalment.

Full details of the sieve-tray design, the range of tray geometries
used, and the procedure for changing the test-tray are given in Appendix I.
Figure I.1 shows the basic sieve-tray design.

The trays were made from 3.175 mm. thick steel plate; the holes were
drilled with sharp edges, and were all on equilateral triangular pitch
(equ.tri.pitch).

The top and bottom trays in the column were bypassed by the water flow,
and acted as constant gas flow resistances. The top tray contained 403,
4,76 mm. diameter holes on 19.05 mm. equ.tri. pitch. The bottom tray
contained 403, 6.35 mm, diametgr holes on 19.05 mm. equ.tri. pitch.

Various test-tray geometries were used as defined in Table I.1, The ranges
covered were: hole diameters between 4.76 mm. and 15.87 mm., equi.tri. -
pitch between 19.05 mm. and 66.04 mm. and number of holes between 38 and

403.

4,2 AIR FLOW SYSTEM AND MEASUREMENT. -

The air flow system in shown in Figure 4.1. The air was supplied
from atmosphere sy a 3.1 H.P, centrifugal fan. Details of the fan #re'
contained in Appendix II. Column volumetric air flow ratesof up to
0.33 m?/s. were possible. |

The air flow rate was regulated at the fan inlet by a 20 cm. diameter
gate valve and a 20 cm. diameter butterfiy valve, in series. A furtﬁer
gate valve, attached Eo the fan outlet, ﬁas permanently open.

Air leaving the fan passed, through a 2.75 m.. length of 15 cm.

diametef flexible plastic pipe, into the orifiece tube for flow measurement.




Details of the orifice tube and flow measurement are given below. Air
leaving the orifice tube passed through a 1.0 m. length of 15 cm. .
diameter flexible pipe into the bottom column section.

After flowing up the column the air left through two flexible plastic
pipes connected to the top column section. One, a 2.0 m. length of 15 cm.
diameter pipe connected to the top of the columm, and the other, a 2.0 m.

. length of 10. cm. diameter pipe comnected to the side of the columm.
Both exit pipes passed through a laboratory window and the air wés vented
to atmosphere.

4.2.1 Airflow rate measurement.

CGas flow rate measurement was by orifice plate and conformed to
British Standard 848 part 1, 1963 'Methods of testing fans: General
purposes.,’

The 11.43 cm. (4.50 inches) diameter brass orifice plate was located
in the orifice tube, as shown in Figure 4.6.

The pressure drop across the orifice plate was measured at D, D/2
pressure tappings, using two inclined gauge manometers. One had a pressure
range of O to 152 mm. (O to 6 in.) of water, with graduationsevery 0.58 mm.
(6.02 in.) of water. The other manometer had. two pressure ranges, one from
0 to 25 mm. of water and the other from 0 to. 12.5 mm. of water with gradua-
tions every O.1 mm. of water and 0.05 mm. of water respectively. The
choice of manometer was determined b& the hole free area of the test-tray;
high free area trays required a greater columm gas volumetric flowrate for
a given superficial hole gas velocity. |

The orifice plate was calibrated using a retating vane type anemometer., ~

Details of the calibration are given in Appehdix II.

1
4.3 WATER FLOW SYSTEM AND MEASUREMENT.

The quantity of water used was considered to be sufficiently small
for it to be drained away and not recycled. Water flow rates of up to

0.467 m3/hr. (500 galls/hr.) were possible.
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Two water supplies were used, as shown in Figure 4.1.

For low flow rates, the water was supplied and regulated by a
laboratory bench tap. From the tap, the water flowed through a 12 mm.
diameter rubber tube into a Drayton flow indicator for measurement.

The flow indicator had a range of O to 0.234 m3/hr.(50 galls/hr.) with
0.00934 m3/hr, (2 galls/hr.) graduations. Its calibration is described
in Appendix III. From the meter the water flowed through an 8 mm.
diameter polythene tube into the third column section downcomer.

For higher floﬁrates, the water was supplied from the main water
tank on the roof of the building. The water flowed through a regulator
valve into a rotameter for flow measurement. The rotameter had a range
of 0.234 m3/hr. to 2.34 m3/hr. (50 galls/hr. to 500 galls/hr.) with
0.0467 m3/hr. (10 galls/hr.) graduations. Its calibration is described
in Appendix III., From the rotameter the water flowed through a length
of 50.8 mm. diameter flexible plastic pipe and then through a length of

50.8 mm. diameter plastic 'durapipe' into the downcomer of the top column

sectibu.

After flowing down the column and across the test-tray, the water
left through the 50.8 mm, diameter plastic. 'durapipe' attached to the
bottom section downcomer. A valve regulated the exit flow and the water
went to drain. The valve was used to ensure a permanent liquid seal at
the pipe exit, thus preventing gas leakage from the coiumn.

Water which passed through the drop catcher and. the bottom tray and
into the gas chamber of the bottom colﬁmn section, left through a 2.5 mm.
diameter plastic pipe at the base of the columm. A valve regulated the
exit flow and the water went to drain.

'
4,4 STATIC PRESSURE DROP MEASUREMENTS.

Chapter 3, section 3.1 identified the three main static pressures

which should be measured:
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i) The pressure in the gas chamber beneath the test-tray, Pl;
ii) The pressure at the top surface of the test-tray, as measured
by pressure tappings mounted in the tray, Py;
iii) The pressure in the gas chamber above the test-tray and gas-
liquid mixture, P3.

Figure 4.7 gives details of the pressure tappings used. Those
mounted in the column wall (P1 and P3) were made from 3 mm. i.d. copper
tube and were flush with the inside surface of the wall. Because water
droplets tended to block these pressure tappings, leading to incorrect
readings, two 'blow' tubes were introduced, as shown in Figure 4.7, to
enable any droplets to be blown away before a measurement was taken.

The nine tray-mbunted tappings (Pz) were made from 3 mm. i.d. brass tube.
They were screwed into threaded holes in the tray and secured by two
nuts. The topsof the tappings were filed down until they were flush with
the upper tray surface. The nine tappings were interconnected using l

polythene tubing and glass junction pieces.

The total tray static pressure drop, (PI-P3) was measured using an

inclined gauge manometer, (Airflow Developments Ltd.). It had a pressure

range of O to 100 mm. of water with 0.2 mm. of water graduations.

The static pressure drops,P,.-P, and PZ-P3, were measured by using the

"1 "2

limbs of a glass U-tube as vertical manometers. A wall pressure tapping
was connected to the top of each limb, and a_glass tube, joined to the °
bottom of the u-tube, connected it to the tray pressure tappings. The
U-tube was filled with water from the tray. Each limb had a mm. scale
and readings were taken through a magnifying eye-piece using the bottom
of the water meniscus|as a reference.

Vertical movement of the u-tube allowed it to be calibrated directly.

With water in the tray tappings just level with the damp. tray surface, the
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tube was moved until the bottom of the water meniscus in each limb
corresponded to zero on the mm. scale, This calibration accounted for
any surface tension effects. A spirit level was used to ensure that

the u-tube was vertical.

4.5 MEASUREMENT OF THE HEIGHT OF THE GAS-LIQUID MIXTURE ON THE TRAY.

The height of the gas-liquid mixture was measured visually using three
vertical scales with 6.35 mm. (0.25 inch) graduations. Two scales were
marked on the column walls, one on each ;ide of the test-tray, and the
third scale was marked on a strip of clear perspex fixed to the flange.

The scales were arranged in a line, halfway along the liquid flowpath, so
that it was possible to view all three scales simultaneously across the
tray.

Height measurements were not taken for operation in the spray regime,

4,6 DYNAMIC PRESSURE MEASUREMENTS.

Dynamic pressure measurements were made using two Kistler quartz
pressure transducers (Type 412). The charge signal from the transducers
was amplified and transformed to a voltage by charge amplifiers. Pressure
transducer 1 had a Universa} Kistler electrostatic charge amplifier,
Médel 568; and pressure transducer 2 had a Vibro-Meter Corporation
Piezo-amplifier type TA-2/C. The amplifier gains were adjusted to give
an output voltage of 10 mV..per 1.0 mm., of water pressure impulse. The
transducers were calibrated as described in Appendix IV.

Typical transducer positions and details of the probe attachments
are given in Figure 4.8. The transducer support brackets were rigidly
bolted to the flange, and é simple test showed the mechanical vibration
response of the transducers to be negligible for this arrangement.

.- : y

The copper gauze hood and cone were attached to the copper probes

to pfevent water dropleté forming at the tip of the probe and interfering
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with the pressure readings. It was shown experimentally that the probe
length did not affect the dynamic pressure reading.

4.7 MEASUREMENT OF THE TEST-TRAY AND COLUMN WALL MECHANICAL VIBRATION
LEVEL.

Mechanical vibration levels were measured using two Brull and Kjoer
lightweight piezo-electric accelerometers, type 4334, and a Brull and Kjoer
vibration pick-up preamplifier type 2625.

One accelerometer was secured to the underside of the test-tray by
a screw tapping, as shown in Figure 4.8. The other accelerometer was
similarly secured to the outer column wall of the test-tray outlet down-
comer, 12 cm. below the level of the tray.

The accelerometer system was calibrated to give an output of 150 mV
for an input velocity of 0.3 m/s., as described in Appendix IV.

4,8 SIGNAL ANALYSIS AND DISPLAY.

Most of the analyses were performed using a real time analyser, .
although some were carried oﬁt.using a Brulll and Kjeer frequency analyser
and level recorder.

Signals weré displayed on a storage cathode ray oscilloscope. A

polaroid camera was used to obtain photographic records of the signal traces.

4.8.1  Real time signal ﬁnalysis.

A Spectral Dynamics Corporation, model SD335, spectroscope II, real
time analyser was used. This had a built-in oscilloscope giving signal
display in the time or frequency domains.

Of the ten frequency ranges availéble, analyses were carried out with
a range of 0.06 Hz. to 100 Hz. full scale, which gave a 3 dB. resolution
bandwidth of 0.3 Hz. ' Three frequency domain channels were available;'
real time, average memory and storage memory. One or any two channe{n |

could be displayed simultaneously.
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A linear average of four successive 5 second processed signal periods
was carried out, the average being updated with subsequent 5 second periods,
in an exponential manner.

A hand-operated movable cursor, linked to a digital display, gave'
direct readout of the spectrum component frequencies (: 0.2 Hz.) and r.m.s.
amplitudes (: 0.1% full scale). The total signal r.m.s. amplitude was
shown on the extreme right of the display. A full scale deflection of 0.1 v.
wés used for most of the analyses, (for pressure signal analyses this was
equivalent to a full scale deflection of 10 mm. of water or 98.1 J(/mé).

Some real time frequency analysis was carried out using a Schlumberger,
1510, Solatron spectrum gnaleer. For a frequency range with 51.2 Hz.
full scale, this gave a 1.76 dB. bandwidth of 1.5 Hz. Four, 5 second
signal periods were averaged. It had an oscilloscope with a hﬁnd—operated
movable cursor linked to a digital display. This gave direct readout of
the spectrum component frequencies (t 0.2 Hz.) and amplitude (: <12 full
scale). A full scale deflection of 0.1 v was used.

~ Figure 5.3 shows examples of real time analyser signal displays. -

4.8.2 Other signal analysis techniques.

Some frequency analyses were carried out using a Brull and Kjoer
frequency analyser, type 2107, combined with a Brull and Kjoer level
recorder type 2305. ‘

The level recérder paper output gave a permanent record of the
frequency analyses. The lower limits of the frequency analysis was 20 Hz.
Frequencies could be measured to an ac;uracy of ¥ 0.5 Hz, with a 3 dB.
bandwidth of 6X. R.m.s. aﬁplitudes were measured on a dB scale (: 0.5 dB). -~
Analysis by this method was time-consd;ing and less accurate than

‘ .
that using the real time analyser.

4,8.3 Signal display.

Signals were displayed on a Textronix storage cathode ray oscilloscope,

type 564, with a type 3A74 amplifier unit and a type 2B67 time base unit.
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Simultaneous display of up to 4 signals was possible,

8.5 cm. x 10.5 cm. photographs of stored signal tracés were taken
with a Polaroid CR-9 Land camera ('B' shutter setting; f£/11), using
Polaroid Land film type 107 C.

4,9 ELECTRICAL CONDUCTIVITY PROBES.

Gas-liquid interaction at individual holes on the test-tray was
monitored using electrical conductivity probes, of a similar design to
those used by Pinczewski and Fell (28).

Probes were made from p.v.c. coated copper wire (0.6 mm. diameter),
and were mounted, as shown on Figu?e 4.9, on tray pressu;é tappings.
Varioﬁs probe heights were used. |

The probes measured the electrical conductivity between the tray sur-
face and the exposed probe tip. With a 24 volt D.C. potential difference
applied across the probe and the test-tray, current flowed when there was
a liquid bridge between the tray and the tip. The voltage across ihe
probe was monitored on the oscilloscope.

A maximum of six ﬁrobes was used,.as shown in Figure 4.9, with up to
four probe signals being displayed simultaneously on the oscilloscope.
Probes 1 and 2 were each connected to an oscilloscopg channel, the other
two channels being connected to six-way switches, each of which could
select any one of the six probes. .

Examples of probe signals are given in Figure 6.1, 6.2 and 6.3.

4,10 HIGH SPEED CINE-PHOTOGRAPHY.

The gas~liquid interaction at holes over part of the test-tray was
studied directly using high speed cine;photography.. This required modifi-
cation of the column and test-tray.

4.10.1 Modifications to the Model Column and test-tray.

In order to permit direct photography from above and below and level

with the test-trays, two main modifications were necessary. A section of
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colum wall and flange was removed and replaced by a 3 mm. thick glass
plate,and a section of the test-tray was removed and replaced by a 3 mm.
thick perforated glass plate. Figure 4710 gives details of the modifi-~
cations and Figure 4.1l shows a typical camera view from beneath the test-
tray, with the camera position being similar to that shown in Figure 4.3.

The wall glass plate was secured by grooved perspex brackets screwed
to the column and it could be easily removed to allow the test-tray to be
;hanged. Two tight-fitting 6.35 mm. diameter steel locating rods set in
the flange, enabled the bracket grooves to be easily re-aligned following
a tray change.

The glass tray inserts were drilled so as to ensure the production of
square-edged hbles, without chipping, as described in Appendix I, Glass
was used because it is wetted by water, (perspex is not wetted aaé could
have affected the gas-liquid interaction at the holes.)

The tray insert was glued into position, and rested on five metal
lugs welded to the underside of the test-tray. Care was taken to ensure
that the top of the insert was level with the upperbtray surface, and i

that the holes conformed with the tray hole pattern. The joint between

the tray insert and the wall glass plate was sealed with perspex cement.

J

4.10.2 Cine-photography.

Films were taken using a Kodak high speed camera (Ser. No. 1978) with
a Kodak 63 mm., £/2.0 luminized lens. The film used was i6 mm. Ilford
Mark V motion picture safety film, type 782. An entire film length of
30.48 m. (100 £ft.) had to be used for each rum.
Film speeds of between 350 frame/second and 2250 frames/second were
used. The camera internalitiming lamp marked the edge of the film at 10
'

millisecond intervals, enabling the exact film speed to be calculated.

The length of film required to reach constant frame speed varied from 12 m.

at the lower speeds to 20 m. for the higher film speeds.

- 61 -




wallglass

Via

oy ‘

supporﬁng

perforated glass lugs perforated tray

tray insert / area
o : ' o
' I
'
! !
1
o . ' o
)
b——— -———t
o o o ° 0
;

Fig.4.10. RIG MODIFICATIONS FOR CINE-PHOTOGRAPHY







Lighting was provided by two 1000 w. Colortran flood lamps.

The films were developed by the departmental photographer, and
analysis was carried out using film negatives. Some film prints were
obtained but did not prove to be more useful for analysis thaﬁ the
negatives,

4.,10.3 _ Film analysers used.

Detailed measurements on the film were carried out using two film
analysers, a Vangard M;tion Analyser and an L.W. Photo-optical Data Analyser,
Model 224-A. |

The Vangard Motion Analyser was iocated in the Department of
Metallurgy, University.of Newcastle. The analyser had a Model M-16C
projection head. This gave motorised? variable speed, projection up to
30 frames/second in forward or reverse directions and it had a digital’
frame counter with zefo reset,which added or subtracted. The analyser
had a Model C-11 projection case. The image was back-projected on to a
screen which had two, hand controlled, movable cross-hairs for X-Y
measurements. The X and Y coordinates were displayed on a variable gain -
digital voltmeter readout system, which had a zero reset. The voltmeter
éain selected gave X-Y coordinates to an accuracy of 20.1 m. (tray/
colum dimensions).

The Photo-optical Analyser was located in the Univefaity of Sheffield
Traffic Engineering Laboratory, Department of Civil and Structural Engineering.
The image was back-projected on to a plain screen. It had a variable speed
control giving forward or reverse frame speeds of 1, 2, 4, 6, 8, 12, 16.and

24 frames/second. It had a forward/reverse digital frame counter with a

zero reset.
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4.11 SUMMARY.

The experimental rig allows the study of a single active sieve-
tray of varipus hole geometries, contained in a large model column and
operating over a wide range of air and water flow rates.

The measurement techniques allow accurate determination of the
column static and dynamic pressures and mechanical vibration levels, with
real time signal analysis and display.

Electrical conductivity probes and higﬁ speed cine.pho:ography
allow the direct study of the gas-liquid interaction at individual holes
on the tray.

The next two chapters describe the experimental work carried out using

the above apparatus and measurement techniques,
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Chagter 5.

EXPERIMENTAL WORK AND RESULTS -~ I.

EFFECTS OF SYSTEM VARIABLES ON THE

REGULAR GAS PULSATIONS.
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Introduction.

Damaging column vibrations have been found to result from regular
pulgations in the column gas flow, induced by the gas-liquid interaction on
the sieve-tray.

The major system parameters affecting the gas-liquid behaviour on the
tray have been identified as:

i) Superficial hole gas velocity;

ii) Tray liquid head;
iii) Hole pitch; |
iv) Hole diameter;
v) Number of holes;
vi) Tray liquid crossflow velocity;
vii) Capacitance of the chamber beneath the test-tray.

In this chapter is described the experimental investigation carried out
to determine the effects of these system variables on the amplitude and
frequency of the column gas pulsations.. The results of this investigation are
also given. |

The effects on the pulsations of the tray vibrational response and the
syatém acoustics were also investigated. .

Experimental work carried out to determine why and how the gas pulaationa
are produced by the gaa-liquid interaction on the tray is described in the next
chapter. | |

Some preliminary experimental work was carried out using thfee active
sieve-trays. The main findings of this work are given in the next section.

5.1 PRELIMINARY EXPERIMENTAL WORK.

Preliminary experimental work showed that when the model column was

|
operated with three active sieve-trays, the operating conditions on each tray

were different. Furthermoie,,gas pulsations produced by one tray could be
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detected throughout the column, and it was not possible to be certain from
which tray the measured pulsations emanated. When more than one tray
produced pulsations, more than one pulsation frequency could be detected at
any point in the column. It was therefore decided to carry out the experi-
mental work using only one active sieve-tray, the water flow bypassing the
top and bottom trays.

Appendix V contains a description of work carried out, using a single
active tray, in an attempt to reproduce some of the results obtained by
Waddington (2), using three active trays. It was found that the pressure
pulsations reported by Waddington for a weir height of 76.2 mm. could not be
reproduced by a single active tray operating at the same water flow rate.

It is possible that liquid leakage past the weir on the top tray may have
reduced the tray liquid head sufficiently to allow the production of the
reported pulsations there. This exemplifies the difficulty in obtaining
accurate results using three active trays.

Good agreement was found with the pulsations reported by Waddington at
a weir height of 25.4 mm. However, there was an indication that Waddington
underestimated the airflow rate by about 10%.

5.2 EXPERIMENT I. INVESTIGATION OF THE EFFECT OF THE SUPERFICIAL HOLE GAS
VELOCITY, THE TRAY LIQUID HEAD AND THE TRAY GEOMETRY ON THE GAS DYNAMIC
PRESSURE BENEATH THE TEST-TRAY.

The tray geometrical parameters considered were hole diameter, hole pitch

and the number of holes. The trays used are listed in Appendix I, Table I.1l.
They were all 3 mm. (0.125 in.) thick and could be termed 'thin trays'.
Measurements were taken over a range of superficial hole gas velocity
and tray liquid head for each tray, using the procedure described in section
5.2.1. A weir height of 76.2 mm was used to minimise tray liquid crossflow,
and there was normal chamber capacitance. (Normal chamber capacitance refers

to that of the chamber beneath the test-tray with the column arranged as shown

i.n Figute l’ -2 o)



The tray liquid head was calculated from the tray static pressure drop'
measurements using the procedure described in Appendix VI.

5.2.1 Experimental Procedure.

For a given tray geometry, chamber capacitance ;nd weir height, the
experimental procedure used was as follows.

The air flow rate was set at a constant value, corresponding to a
superficial hole gas velocity of x m/s. and the orifice plate pressure drop
was recorded: The water was then turned on (the tap water supply was used,
unless flowrates greatér than 0,234 m3/hr. (50 galls,/hr.) were required,
when the main tank supply was used), and the water level on the tray built
up until gas-liquid interaction occurred over part or all of the test-tray.
The water flow rate was recorded and the system allowed to reach steady state,
this being indicated by a constant tray total static pressure drop, Pl - P3.
The air flow rate was then adjusted, if necessary, to maintain a velocity of
x m/s. At steady state conditions, tﬁe following measurements were carried
out and recorded:

i) The tray Fotal‘static pressure drop, ?1 = Py;

ii)  The tray hole static pressure drop, P, - Pi;
iii) Tﬁe gas-liquid mixture static pressure drop, }3 - P3;
iv) The height of the gas-liquid mixture;

v) The frequency and amplitude of the main components in the frequency
‘spectrum of the dynamic pressure in the chamber beneath the test—tray.. |
Pressure transducer 1 was used to monitor the dynamic pressure, and it was
positioned as shown in Figure 4.8. Most.of the frequency analysis was carried
out using the Spectral Dynamics Corporation (S.D.C.) real time analyser.
When a different analysis instrument was used this is indicated in the present-
ation of the results;

vi) A visual description of the gas-liquid regime'and the weep rate.

Details of the terms used are given in Appendix VII.




The above procedure was then repeated using a slightly higher water
flow rate, sufficient to increase the value of P, - PZ by about 1.0 mm. of
water, However, if this increase resulted in an unusually large change
in the &ynamic pressure frequency spectrum, water flow rates giving inter-
mediate values of Pl - P2 were used also.

The water flow rate was incfeased in this manner until the dynamic
pressure frequenéy spectrum no longer exhibited detectable components in the
fréquency range 0.06 Hz. to 100 Hz.

Measurements were also taken at conditions corresponding to the point at
which the amount of liquid on the test-tray had fallen to the point where the
gas-liquid interaction at the tray holes just ceased.

Having taken measurements over the range of water flow rates, the air flow
was adjusted to give a gas velocity of (x+1) m/s or (x-1) m/s., and the above
procedure was then repeated.

The air flow rate was varied in this manner over the necessary range of
gas velocities. The maximum gas velocity used was that at which no frequency
component could be detected for any water flow rate. The minimum gas
velocity was determined by the onset of serious liquid dumping.

*- All the air flow rates used were above that corresponding to the limit
of the orifice plate coefficient, as calculated in Appendix II, section II.3.

Care was taken to ensure that no gas-liquid iqteraction occurred on the
top or bottom sieve-trays. For high gas flow rates, entrained water built
up on the top tray, and had to be removed.

It was shown experimentally that the measurements taken at steady sfate
conditions did not depend upon whether the air or water flow rate had just
been increased or just been decreased; i.e.; there was no hysteresis effect

of fluid flow rate. '

The measurements taken were recorded on data sheets, a completed one

being shown in Figure 5.1.
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5.2.2 Results of Experiment I. - Part I, The occurrence and amplitude

of the regular pressure pulsations.

The operating conditions over which pressure pulsations were detected are
identified in terms of the superficial hole gas velocity and the tray liquid
head. Details are given of the variation in pulsation amplitude, within that
region of operation, and an indication is given of the corresponding gas-liquid
regime on the tray. Details of the measqred pressure pulsation frequencies are
given in the second part'of these results. |

The test-trays are referred to by letters (A to 0), as defined in Appendix
I, Table I.l., which lists details of the geometry of the trays.

5.2.2.1 The nature of the pressure pulsations.

Figure 5.2 shows the dynamic pressure beneath three of the test-trays,
operating at various values of gas velocity and tray liquid head. The
frequency f(Hz), and the root mean square amplitude, A(N/mz), are for the
pressure pulsation fundamental frequency.

Figure 5.3 shows the frequency spectrum for aéme of the pressure signals,
as displayed on the S.D.C. real time analyser. The fundamental frequency is
clearly defined in all cases, and is seen to have a r.m.s. amplitude just
less than that of the total signal (given at the extreme right of the display).

The harmonics of the fundamental frequency may result from the irregular
shape of the pressure pulse. For example, a pure sine wave; when transformed
into the fréquency domain, will produce a frequency spectrum exhibiting a single
component at the fundamental frequency, fo. However, the spectrum of a
triangular wave form of the same fundamental frequency will exhibit components
at fo’ 3fo ’ Sfo etc,; and a sawtooth wave form will exhibit peaks at fo’
2fo, 3f°, 4fo etc. The pulse shape of signal (e) in Figure 5.2 clea;ly

resembles a sawtooth sigﬁal, and would be expected to have harmonics in its

frequency spectrum.
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System 'noise', measured at about 200 Hz, can be detected in the
pressure signals. No significant system 'noise' was detected below 150 Hz,
and it is;thereforg assumed to have negligible effect on the pressure puls-
ations at a much 16wef¢frequency. |

5.2.2.2 The range of operation corresponding to pulsation production.

Regular pulsations of the gas pressure beneath the test-tray were
produced by all'of the trays investigated. Figure 5.4 shows the range of
operation over which pulsations were produced for different test-trays, in
terms of the gas velocity and the tray liquid head. - The variation in the
r.m.s. amplitude of the pulsation fundamental frequency component is
indicated by lines or contours representing‘io N/m2 increments in the amplitude.
For example, between the '10' and '20' lines the measured pulsation amplitude
was in the range 10 N/m2 to 20 N/mz.

Excessive liquid dumping prevented operation at gas velocities much
below 4 m/s. The lower limit of the tray liquid head corresponds to the
cessation of gas-liquid interaction on the tray.

All the plots in Figure 5.4 are seen to exhibit a specific area éf
operation over vhiﬁh pulsations of the highest amplitude are produced. An
increase in either the gas velocity or the tray liquid head, beyond this area
of operation, tends to decrease the pulsation amplitude.

The gas velocity above which no pulsations were detécted is seen to be
in the range 11 m/#.to 12 m/s. for most of the trays, with no apparent
dependence on the corresponding gas volumetric flowrate.

The maximum tray liquid head at which pulsations were detected was in the
range 15 mm. of water to 20 mm; of water, except for trays N and O,for which .
relatively low amplitude pulsations were detected at heads of up to 40 mm. of
water. !

Most of the measured pressure pulsations had an r.m.s. amplitude of

below 40 N/mz, although amplitudes of up to 60 N/m2 were detected.
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5.2.2.3 The effect of the tray geometry on the occurrence and amplitude

of the pulsations.

i) Number of holes. In Figure 5.4, comparison of the three series of

plots: (b) and (c); (d) (e) and (£); and‘(i) and (j); shows that decreasing

the number of holes in the tray, whilst the hole diameter and hole pitch are

kept constant, has the general effect of reducing the pulsation amplitude,

but has little affect on the opergting range over which pulsations occur.
Decreasing the number of holes in the tray decreases the gas volumetric

flowrate corresponding to a given superficial hole gas velocity. fhis

decrease in flowrate.could account for the drop in pulsation amplitude.

ii) Hole diameter. A reduction in the corresponding volumetric flowrate,

for a given velocity, also occurs when the hole diameter is decreased, for a
constant number of holes. In Figure 5.4, comparison of the two series of
plots: (a) and (b); and (h), (i) and (j); shows that a reduction in the hole
diameter does result in a general decrease in the pulsation amplitude.

A decrease in the hole diameter is also seen to increase the gas velocity
at which pulsations of the maximum amplitude occur, and, generally, to decrease
the tray liquid head above which no pulsations are produced.

iii) Hole pitch. In Figure 5.4, comparison of the series of plots
(c),” (d) and (e), shows that a change in the hole pitch has no major effect on
the pulsation amplitude. However, there is an indication that an increase in
pitch generally raises the gas velocity at which ﬁulsations of the highest
amplitude are produced, particularly for the range of tray liquid head from
5 mm. of water to 12 mm. of water. Comparison of plots (i) and (k) in
Figure 5.4 shows that the increase-in pitch nearly doubles the maximum tray

1iquid head up to whic? pulsations are produced. The same trend was apparent

for trays K and N. .

5.2.2.4 The operating regimes corresponding to pulsation production.

Figure 5.5 indicates the types of gas-liquid regime which prevail on the
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tray,during operation at conditions for which pulsations are produced. The
regimes were determined visually and therefore the boundaries for regime
transition can only be taken as approxim;te. Comparison of these regime
boundaries with Figure 2.2 shows them to be in general agreement with the
froth-spray transition points reported by other workers. It can be seen
that pulsations are produced predominantly for conditions corresponding to
some form of spraying regime., This varied from a fine spray of droplets
(fine spray regime); to a condition in which there was still substantial
droplet formation but in which bubble formation was apparent over part or all
of the tray (bubble-spray regime). Further build up of liquid on the tray
resulted in froth formation.

For gas velocities of up to 12 m/s., Figure 2.4 indicates that, for a
single 6.35 mm. diameter hole, the meniscus regime (with minimal gas-liquid
interaction) occurs at tray liquid heads up to about 4 mm. of water, and tﬁat
at higher liquid heads, imperfect bubbling predominates.

Figure 5.5(a) shows that there is apparently a spraying or jetting
regime occurring at liquid heads as low as 1.5 mm. of water., This disagree-
ment with Figure 2;4 at low liquid heads could be due either to the relatively
close proximity of holes on the tray, or to the possibility that the single
hole in perspex of Muller and Prince (37) was not properly 'wetted'. On
the metal sieve~trays the holes were 'wetted', with a thiﬁ layer of water
clinging to the inner surface of the holes. When tray F was'oéerated with
0il contamination of the holes, which prevented them from wetting, the tray'
liquid head at which gas-liquid interaction began was raised, from about 2 mm.
of water, to nearly 4 mm. of water. Furthermore, the frequency (see Figure
5.8(b)) and amplitude of the pulsations were thanged, this change being
greatest for gas velocities above 8 m/s., for which the amplitude of puls-
ation was considerably reduced. Tﬁese results indicate hole 'wetting' to be

an important factor affecting tray behaviour and further study of this wetting

phenomenon may be worthwhile.
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It has been reported that increasing the hole diameter tends to favour
the spraying or jetting regimes. For the largervhole sizes, therefore,
this is likely to be an important regime of operation during which pulsations
may occur.

Apart from the initial build up of liquid on the tray, the amplitude
plots in Figure 5.4 exhibit no sudden changes in amplitudé, indicating any
change of interaétion mechanism at the hole, over this area of operation, to.
be either gradual or to have little effeet on pulsation production.

Figure 5.6 indicates the weep points for several of the trays. Comparison
of these points with Figure 5.4 shows the pulsations to be produced independ-
ently of weeping, with no specific variation in amplitude corresponding to the
weep points.

The weep points were determined visually, and represent the point at
which all weeping ceases. They are seen to be quite similar for most of “the
trays. That found for the 6.35 mm. diameter holes is seen:to‘agree fairly
well with the correlation of Eduljee (34) (section 2.1.7; equation 2.1).
However, some disagreemedt.with the correlation is apparent for the larger
hole sizes, for oﬁefation at lower liquid heads. This disagreement may be
because the correlation of Eduljee was based upon data obtained using hole
diameters <€ 7.93 mm. (5/16 inches) and for operation at tra& liquid heads
above 14 mm. of water. The correlation was therefore not claimed to be
accurate for low liquid heads.

5.2.3 Results of Experiment I -~ Part II, The Effects of System

Variables on the Pressure Pulsation Frequency.

The fundamental frequency component of the pressure pulsations beneath

the test-tray was determined, over the full range of pulsation production

_ operation, for each test-tray. Typical results are presented to illustrate

the effects of the major system variables on the frequency.
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All of the ffequencies found were in the range 12 Hz. to 40 Hz., which
corresponds to the frequencies reported to be associated with tray damage.
The effects identified for each variable are treated in turnm.

5.2.3.1 Superficial hole gas velocitf.

In all cases the frequency increased with increasing gas velocity. .This
can be seen in Figure 5.7, which shows the frequency plotted against tray
liquid head for various values of gas velocity (test-tray B).

"In Figure 5.9, plots (c) and (d) show that the rate of increase of
frequency with increasing gas velocity, (for operation at a constant value of
tray liquid head) to be little affected by changes in tray geometry or the
value of tray liquid head.

Waddington (2) reported a similar inc;ease of frequency with increasing
gas velocity. Comparison of the frequencies reported by Waddington (2) in
Figure 3.1, with those in Figure 5.7, make it apparent that the Waddington
frequencies were produced at a tray liquid head of between 5 mm. of water and
6 mm. of water. For this tray liquid head there is also reasonable agree-~
ment between the overall r.m.s. pressure amplitude reported by Waddington in
Figure 3.1, and the amplitudes shown in Figure 5.4(a).

‘The frequencies reported by Brown (54) for trays containing 41 and 49
holes of 6.35 mm. diameter, (Figure 3.2), are plotted on Figure 5.9(d).

The frequency dependence'on gas velocity is seen to be very similar to that
of the other results shown. There is also good agreement of the frequencies
with those found for tray B, even though Brown's results were reported to
have occurred at a tray liquid head of SO‘mm. of water.

The frequencies reported to be associated with single hole operation
are generally much lower than those found for the multi-hole trays. This is

“{1lustrated by the frequencies for a single 6.35 mm. diameter hole (from
Figure 3.3) which are plotted on Figure 5.9(d). Furthermore, it can be seen

that for a single hole, increasing the tray liquid head leads to a fall in the
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rate at which the frequency increases with increasing gas velocity. Such
behaviour was not found for_multi-hole trays opérating at a tray liquid head
below 20 mm. of water, but did occur at higher heads for trays N and 0, as
shown in plots (e) and (f) of Figure 5.8.

5.2.3.2 Tray liquid head. The tray liquid head was found to have

a definite effect on the pulsation frequency. Figure 5.7 shows that the
frequency increases with increasing tray 1iqui& head ('small pitch' behaviour).
This dependence was found for all the trays with a 19,05 mm. hole pitch,
Figures 5.8(a) and 5.10(a) giving further illustration of this. However,
for the larger pitches, the frequency was found to be either little affected
or to decrease, with increasing liquid head ('large pitch‘ behaviour). This
is shown in Figures 5.8(d) and plots (b) and (c) of Figure 5.10.

For operation at a relatively low liquid head, and particularly in the
region of initial liquid build-up, many trays exhibit local fluctuations in
the pulsation frequency with changing liquid head. Also, for operation at
low gas velocities, for some trays, there is a rapid decrease in frequency as
the liquid head is'decreased below about 7 mm. of water. Such behaviour can
be seen in Figure 5.7 and in plots (b), (c) and (d) of FigureVS.S.

" Brown (54) reports that there is no recognisable effect of liquid depth
on frequency, for depths of water between 25 mm. and 100 mm. He did report
however, that the frequency decreased with increasing liquid density, with
frequency bel’;ng proportional to 99.-0'8-4 in his correlation.

For a single 6.35 mm. &iameter hole, Muller and Prince (37) reported that
for operation in the pulsating jet regimé, the frequency decreased with
increasing liquid depth, but that for operation in the bubbling regime,
frequency is independent of depth. This is shown in Figure 3.3.

5.2.3.3 Hole pitch.

It has been shown that the value of the hole pitch has a significant

effect on the way in which the tray liquid head affects the pulsation frequency.
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Plots (a), (b), (c) and (d) of Figure 5.8 show pulsation frequencies for a
series of trays containing 108, 9.53 mm. diameter holes,with hole pitches.
of 19.05 mm., 27.8 mm.; '33.00 mm.; and 38.1 mm., respectively. The
changes in the dependence of frequency on tray liquid head from a 'small
pitch' behaviour to a 'large pitch' behaviour is clearly evident, with
most of the change occurring between hole pitches of 27.8 mm. and 33.0 mm.
However, at the lowest gas velocities the 27.8 mm. pitch tray exhibits

some 'large pitch' behaviour, and, for the highest gas velocities, the 33.0
mm. pitch tray exhibits some 'small pitch' behaviour. This indicates that
the change between the two types of behaviour is also dependent upon the gas
velocity.

Apart from changing the effect of liquid head on pulsation frequency,

increasing the hole pitch can also be seen to decrease the frequency slightly.

Figures 5.10(b) and 5.8(e) allow the comparison of two trays containing
38, 12.3 mm. diameter holes, with hole pitches of 38.1 mm. and 66.0 mm.
respectively. Both show 'large pitch' liquid head behaviour, with the

frequencies for the smaller pitch being slightly higher. Figures 5.10(c)

and 5.8(f) allow a similar comparison for trays containing 15,87 mm. diameter

holes., The 38.1 mm. pitch tray shows some evidence of 'small pitc