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Hinze's conclusions regarding the existence of oscillations of the gas-liquid mixture on a sieve
plate relate also to a sieve plate without downcomer. In this paper the relation is examined between
the frequency and the wave length of the oscillations by statistical analysis of random pressure
fluctuations in the frequency domain. The frequencies appearing in the spectrum are associated
with the standing-wave harmonic motion of the gas-liquid mixture, the resonant frequency
of the air loop i;self and the mechanism of bubble formation. The results in the amplitude domain
point at a monotone’increase of fluctuations of the pressure in the upper level of the plate and
those of the pressure difference across the plate plus the froth with the increasing hold-up- of li-
quid. In the region of homogeneous froth the found statistical characteristics can be used to divide
the plate openings among those passed through by the liquid, the gas and those by-passed. The
cross-correlation functions of the pressure fluctuations differ markedly under different regimes;
the time-lag increases with the increasing hold-up of liquid. The calculation is given of the transfer
of the fluctuations for a plate viewed as a ‘“‘black box”. A reliable generalization of the relations
found requires additional experimental investigation.

The conclusion of more recent studies’ ™% dealing with the hydrodynamics of the
plates without downcomers is that the factor controlling their operation, and to some
extent also the operation of plates with downcomer, under a given regime is the
distribution of the plate free area, i.e. the total number of openings or slots among
those passed through by the liquid, by the gas and those by-passed. This implies
the assumption of different pressure near the openings. Generally one can expect the
pressure to vary with the position on the plate and the time as a consequence of vari-
ous effects

Steiner and Standart!, for instance, give the difference of the “hydrostatic pressure”, i.e.
the difference of the clear liquid height over the openings occupied either by gas or liquid; this
implies that all openings are passed through by either of the phases while the pressures above
and below the plate are constant. Steiner and Kolai® generalize the analysis to account for the
existence of the by-passed openings and give the experimental verification for a plate without
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downcomer with no through-flow of liquid; in another paper* for a sieve plate with uniformly
spaced downcomers.

A more general formulation of the problem can be found in the paper of Prince®*® analyzing
the operation of a sieve plate in the region of weeping. Prince postulates that an opening switches
the passing phases as a consequence of the dynamic fluctuations of the pressure drop across
the plate in the given spot, which may be brought about by different height of]iquid‘, or by dyna-
mic fluctuations of pressure in the gas phase.

The analysis given in the cited paper was made on assumptions that @) all openings are passed
by either of the phase, b) there is no interaction between the gas and liquid streams, and ¢) the
dynamic fluctuations of pressure are the only cause.

The most realistic analysis of a two-phase gas-liquid flow on a plate in our opinion is that
of Hinze”. Although it is devoted to the analysis of a plate with downcomer it may be essentially
extended to a sieve plate without downcomer.

The main purpose of Hinze’s analysis is a study of the conditions on the plate leading to either
purely periodic, damped, or instable oscillations of the gas-liquid mixture. The analysis is carried
out chiefly in the frequency domain without considering the importance of these fluctuations
as a possible cause of alternating flow of the phases through the openings of a sieve plate with
downcomers under the weeping regime. This regime is intimately associated with the operation
of a sieve plate without downcomer, necessitating, however, analysis also in the amplitude do-
main. The work starts from a two-dimensional model of the gas-liquid mixture and a number
of simplifying assumptions the most important of which are:

1) Constant time-averaged porosity of the gas-liquid mixture in the horizontal and vertical
(x, ) direction, i.e. 2 homogeneous mixture.

2) The pressures below the plate, P,, and above the mixture, P3, are constant in space and time.

3) Lmear distribution of the time-averaged static pressure over the height of the mixture:
P—P3=@F —P)U— R

4 The x and y component of the time-averaged velocity of liquid and the x component of the
time-averaged velocity of gas equal zero.

5) The fluctuation components of both the vertical and horizontal velocity of liquid are
functions of x and time; those of the vertical velocity of gas are functions of x, y, ¢ and equal zero
at y = h. The fluctuation components of the horizontal velocity of gas are identical to the cor-
responding component of liquid velocity. The fluctuation components of the height of the gas-li-
quid mixture are functions of y and #. The fluctuation components of the velocity consist of the
oscillatory and the turbulent contribution, the latter having a substantially higher frequency.

6) The magnitude of the fluctuations is small making linearization permissible.

On linearization of the differential momentum and mass balances and on introducing a normali-
zed disturbance of the height of the gas-liquid mixture as

Jifi = konst. sin 2nx/2) . exp [rt@/W)' 11, )

the author érrives at the following conclusions regarding the existence of the oscillations of the
height of the gas-liquid mixture A:

a) For the dimensionless wave number, N, approaching zero, i.e. the wave length, A, large
in comparison with #, the instabie oscillations of the frequency

o= e/ Wk — 40" 204, 5 @
may oceur if wy; < 4y F. The parameters defined by Hinze are given in the Appendix.
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b) The values of the parameter ¢y; approaching zero, pertaining to small free area plates
of high dry-plate resistance give rise (neglecting the turbulent viscosity of liquid) to purely peri-
odic oscillations i.e. the oscillatory regime of the frequency:

o= (g/D'"? . Nlwu /(N + 2pg)1H2. @

If the turbulent viscosity is not negligible, the oscillations are damped. With increasing turbulent
viscosity and the wave number the damping increases and the frequency @ decreases.

¢) General solutions, that is those for the wave number ranging between 0 and o0 and a finite
dry-plate resistance (y; * 0), can be obtained only in cases of negligible viscosity characterized
by purely periodic oscillations Ny = wy;, N, = 2 of the frequencies

o=@/ W), o= (gn'?. (4a), (4b)

The oscillations are damped if 0 < N < yy;. For non-zero turbulent viscosities the value of Ny
decreases with increasing ¢ and the increasing turbulent viscosity; N, increases.

Owing to non-linearity of the real process the instable oscillations are bounded by non-linear
interactions.

The frequency of the purely periodic oscillations computed from Eq. (3) differs only little
from the frequency of the harmonic standing gravitational waves® found by solving the equations
of motion and the continuity for a potential flow of an inviscid liquid in a two-dimensional
system of finite depth % and linearized boundary conditions on the freeboard:

© = [(2ng/2) tanh 2rE/H1V/2 . )

THEORETICAL

‘From Hinze’s findings it follows that certain fluctuations (instable, purely periodic,
or damped) of the height of the gas-liquid mixture on a sieve-plate always exist.

The model is formulated as a deterministic one, that is no parameter of the model
possesses the character of a random variable. Existing dynamic studies of the gas-li-
quid mixture on a sieve plate®*® allow the process to be viewed as a quasi-stationary
random process with distinctly random character particularly under the mobile
froth regime. Nevertheless, one may assume that the characteristics of the random
process in the frequency domain should reflect at least partially the essence of the
relations derived by Hinze. The found agreement of the expressions for the purely
periodic oscillations in Egs (3) and (5) indicates that the dynamic behaviour of the
gas-liquid mixture on a high resistance plate at sufficient gas velocities approximates
the behaviour of the same depth of liquid in which the standing waves form as a con-
sequence of the harmonic velocity potential. This suggests the importance of the
two-dimensional solution to the wave equation for an inviscid liquid and the stochastic
potential. Some additional considerations regarding the amplitude of these oscilla-
tions and their relation to the flow of the phases through the plate will be presented
in the following.

Consider now a sieve plate without downcomer mounted between two chambers
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of equal cross-section, the lower of which serves as a gas supply. The flow rate of gas,
G, supplied from the lower chamber and escaping from the upper one are both con-
stant.

This physically simulates a plate built into a short Joop of pipeline with a fan of con-
stant volume pumping capacity.

For piessure fluctuations in the upper level of the plate under periodic oscillations
we can write in accord with Hinze

Bi(x, 1) = Py(x, 1) + Asin ot . sin (2nx[4) . (6)

For the spatially averaged pressure fluctuations in chambers P,, P, then

- 9F4(1) -L (6, - 6) = L 06lc [vm( ) + ‘PG(t)] QGI_’GETGA , (7a)
C, Ug C,

dt Cy (2 Vg

P _ 1 (03 YL (75)
dt C, vG ‘

and for the pressure drop fluctuations in a position occupied by gas

Py(x, 1) — Pi(x, 1) = Kgee vG [vi"_(x’_t) — M:‘ (®)

g [

For their spatial average we have

Fo(t) - Bul) = Keto ;—é [M - @] ~ 24P, [M - M] )

2 = —
G L Y P Vg (24

By combining Egs (6)—(8) we get

Koc, Tor 800

(2¢]

+ Fz(t) = Fa(t) + sin wt J Assin (2nx[2) dx —Kgeabe, (p;(t)

0 (10)

Eq. (10) shows clearly the mutual relation of pressure fluctuations above and below
the plate for the model considered.
For constant A one can show that

L
J Asin ot sin (2nx[2) dx = 0,
0
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where L = ni and n is a natural number; in all other instances the integral vanishes.
Admitting though that the amplitude of the fluctuations 4 may be function of x
(for simplicity e.g. in the form of a polynomial) as some papers seem to suggest>*1,
the integral will not vanish for all A given by a polynomial of the first and higher
degree. In this connection it should be mentioned that the observed standing harmonic
oscillations in a finite volume of the gas-liquid mixture'? lag in phase by (r/2)
in contrast to Eq. (6), that is

P\(x, 1) = Py(x, t) + Asin oot cos (2nx/2) . (6a)

Then, of course, the value of the above integral at constant amplitude 4 equals
zero for L = nl/2; in all other cases remains non-vanishing.

For A expressed as a second or higher order polynomial in x the value of the inte-
gral is always non-vanishing. Eqs (9) and (10) express thefefore the relation between
the characteristic pressures for a linearized two-dimensional model of a sieve plate
without downcomer.

Simultaneously one can judge from these equations on the relation between the
statistical characteristics of these fluctuations in case of the random model, i.e. the
variance, the autocorrelation and the cross-correlation functions and the spectral
densities defined in detail in earlier papers®-1°,

From Eq. (10) one can infer that the spatial averaged pressure fluctuations
below the plate are linear functions of the fluctuations above the mixture and
another random input, determined mainly by the dynamic hold-up of liquid on the
‘plate and the fluctuations in the passed through openings.

Predictably, the statistical estimates of the autocorrelation functions of individual
fluctuations P;(f) will not be generally of a simple form. In case of no interaction
between the individual inputs they equal the sum of the contributions of single inputs.
Since the gas-liquid mixture on the plate must be nccessanly regarded as a second-or-
der system, one may expect that with random inputs*?

a0 = ch exp (—a;) [2nb;t + (a;f2nby) sin 2nbyt], i=1,2,3. (11)

The autocorrelation functions of this type satisfy the necessary condition of a continu-
ous differentiable random process, i.e. drpm(0)/dt = 0.

It may be further expected that the strength of the linear relation P, — P;, and
hence the ratio of single inputs in Eq. (10), will differ markedly under various operat-
ing regimes of the plate and will effect the estimate of the coherence function

2% (f) Png(f) ? (12)

Y2 »
P GERf) GER)
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as well as the estimate of the normalized cross-correlation function (the correlation
coefficient)

rlf;’;( ) PzPs(T)/(DPsz(O) DP;P ( ))”2 . (13)

The transformation of the pressure fluctuations in the amplitude domain and the
shift in the time domain may be assessed from the estimate of the gain and the phase-
-lag of the transfer function

H(f e, = [H()*| exp (—j@*(f)) (14)
where
. | lomn e
el = G ) [cp,pzw] ®)

These parameters will probably depend strongly on the regime of the plate which
affects the input ratio in Eq. (10).

Of the prime importance for a deeper study of the plate hydrodynamics aimed
mainly at obtaining general correlations between controlling quantities and for the
plate design are the statistical characteristics in the amplitude domain. In particular,
the distribution and the standard deviation of the pressure differences which can be
determined from a general relation

APU(T) R::;‘(T) + R:;J(T) - R:;J(T) - R:]);I(T) . (16)

TaBLE I

Statistical Characteristics of the Fluctuation Components of Pressures and Pressure Differences
under Various Operating Conditions

Ex-

peri- Regime Vs APy3 z.10° op, Op.  Opy  Oap, OAR,; Tapa
ment

No Ms™H (NMTH (M) (NM™2) )

1 bubbling 015 70 4 172 267 126 - 278 2006 203
2 cellular.foam 035 160 110 306 117 89 375 390 90
3 mobile froth 0:60 400 332 539 176 134 615 601 178
4 oscillatory 1-82 940 712 1098 416 259 1352 1200 466
59 mobile froth 0-80 530 445 — —  — 825 716 272
6*  mobile froth 1:00 680 586 — —  — 893 . 930 295
7°  mobile froth 120 780 641 — — = 1020 976 341

% Supplementary experiments designed to verify Eq. ).
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From Eq. (9) it follows for instance that on the given level of sophistication one
can expect direct proportionality between the standard deviation of the fluctuation
of the pressure drop across the plate on one hand and the standard deviation of the
dimensionless expression (V.5 — $6/Ps) on the other hand.

EXPERIMENTAL

The experiments were carried out with the water-air system in a 300 mm in diameter column
at various operating regimes of a sieve plate without downcomer. The free area of the plate
was 15%, the opening diameter 6 mam.

The plate was built into a closed air loop with a radial fan. A detailed description of the ex-
perimental set-up, the experimental technique, data processing and the accuracy have been given
in an earlier paperlo. The experiments were carried out at the mass velocity of liquid equal
2:0kgm™2 s™1 and the gas velocity ranging between 0:15 and 1-82 m s7L,

RESULTS

Table I summarizes the operating conditions of the experiments together with the
statistical characteristics of the fluctuation components of the pressures and their
differences in the amplitude domain.

Figs 1 through 4 comprise the normalized autocorrelation and the cross-correlation
functions from experiments 1 through 4.

Table I is a summary of the coefficients of the analytical expression in Eq. (11)
of the normalized estimates of the autocorrelation functions rpp,.

The coefficients were obtained by a computerized non-linear regression due to Mar-

TasLE IT

Explicit Expression of the Normalized Estimates of the Autocorrelation Functions

Exp.

P #h 2k, 2,
J c; aj bj i ¢ a; bj 7 L a b 5

1 1 - — — 1 060 011 1049 1 014 011 1053
2 - — — 2 040 325 000 2 085 278 0-00
3 — p— — —_ —_ —_— — - -_— - —

2 1 075 075 425 1 056 313 2190 1 09 046 037
2 025 1660 21-90 2 044 084 049 - - — —

3 1 102 1674 439 1 102 6193 535 1 078 181 0-00

4 1 098 1028 452 1 067 187 225 1 077 138 212
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quardt'®, The number of the components for individual autocorrelation functions

varies both with single P; and with the regime.

Table III comprises a similar information on the autocorrelatjon function ryp,
for the difference. The spectrum of the fluctuations is in Fig. 5.

TasLE I1I

The Autocorrelation Function of the Pressure Difference Fluctuations

Experiment * % ok
No YAPy2 TAP23
Jooe a; by jooe a; b;
1 el — — 1 079 011 1054
2 - = — — 1 078 3-83 2206
3 1 08 960 453 - = — —
4 1 078 449 273 1 098 2:88 2:32

WWWWWWMW

B3
FAVAVAY A Y
-1 0 1
| s
b
Fic. 1
Statistical Characteristics of Pressure Fluctuations in the Time Domain-Experiment No 1
Experimental, — —— computed. Time 7 given-in s.
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Table IV indicates the cross-correlation of individual fluctuations in the form
of a maximum absolute value of the normalized cross-correlation function and the
time-lag corresponding to the maximum. This Table together with Table V, summariz-
ing the computed estimates of the coherence function for single frequencies (the co-
herence function was computed only for the frequencies whose normalized estimates

TaBLE IV

The Cross-Correlation of Single Fluctuations

E i t
XP:?en [882lmax  IEbalmax  [risbalmax T2 T3 1000 1y
1 0-21 013 0-73 37" — 10 — 47
2 0-17 022 062 1415 —1525 0
3 0-20 0-09 0-36 140 210 50
4 0-40 016 0-51 177 — 80 140

Fic. 2

Statistical Characteristics of Pressure Fluctuations in the Time Domain-Experiment No 2

Experimental, ——— computed. Time 7 given in s.
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of the spectral density, gip,, gp.p,, Were both greater than 0-001) and the 99% con-
fidence intervals'?, evidence the different degree of linear cross-correlation of both
pressures under various regimes and frequencies.

The frequency characteristics — the gain — plotted in Figs 6—9 point out by their
different character on the differences in the mechanism of the transfer of pressure
disturbances under various regimes. Aside from the gain computed from the known
spectral densities Gj,p, and Gpa,, Figs 8 and 9 plot the values computed from Gp.p,
and Gjy,. Thus we get a notion of the accuracy of the estimates which confirms the
estimates of the accuracy made on the basis of the known correlation function!?,
The highest expected accuracy is that of the frequency characteristic in Fig. 9:
in the range 1—10 Hz better than 20%, the worst accuracy for the characteristics
in Fig. 8: in the range 1—10 Hz between 40~70%. The accuracy of the two re-
maining characteristics differs from point to point. )

The verification of Eq. (9) is shown in Fig. 10. The values of AP;, were obtained
from

APy, = APy; — g0, Z, (17)

o
Ij’\
i \ -
e y
-2 -1 o . 1 s 2
o
rv\”)]
1
n .
e
2 1 UYV 1 s2
4k
Sl
r"v":[
2 g o) T2
1 J
Fic. 3
Statistical Characteristics of Pressure Fluctuations in the Time Domain-Experiment No 3
Experimental, ——— computed. Time 7 given in s.
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and from the relation

1 -
AP, = ﬁ 2:15055% (18)
G
derived for the given type of plate by Cervenka!!.

DISCUSSION

THE FREQUENCY DOMAIN

The various mechanisms of the passage of the gas phase through the plate reflect
mainly in the type of the autocorrelation function, or the spectral densities.

It can be said that in the P, spectrum, which is directly associated with the oscilla-
tions of the height of the gas-liquid mixture, the peak appears between 4 and 5 Hz
under all regimes. In experiments under the bubbling regime this component is
accompanied by two more peaks around 10-5 and 21 Hz, under the cellular foam
regime by a peak around 21 Hz, and under the oscillatory regime a peak around
2 Hz.

FiG. 4
Statistical Characteristics of Pressure Fluctuations in the Time Domain-Experiment No 4
Experimental, ——— computed. Time 7 given in s.
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0 5 10 15 20w 25 0 lo 100y 10
FiG. 5 F1G. 6

The Spectrum of B, Fluctuations in Experi-
ment No 1

16 L L
16" 10° 10'

f{Hz)

Fic. 7

Amplitude Frequency Characteristic for Ex-
periment No 2

O Values computed from Ggp, and
G5

[FitE1ge)

102

Amplitude Frequency Characteristics for Ex-
periment No 1
O Values computed from G;,":{,z and
*
GP:’:'

10’ T T

10° - B

107 v
° ' 10"
o ftHz)

FiG. 8
Amplitude Frequency Characteristic for Ex-
periment No 3

Values computed O from G5, and GEby
* % Kok
® Gp,p, and GPsz'
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Table VI gives the frequencies computed from Eq. (3) or (5) for the wave length
A = D[4 together with the frequencies of the corresponding component computed
from the experimental data by the above mentioned method. The differences of the
stochastic and the deterministic model, of course, has to be taken into account.

10’ T 1 150 T —
® o
3
ey Gap,(NM)
¢ |
10° 2 100} °° B
(] A‘ oce
.. .
©
70" : 50 1
{ ®0
o
2 1 L. L L
o o
0 10° 0 qHz) 107 50 150 gB MY T 250
F1G. 9 Fic. 10

Amplitude Frequency Characteristic for Ex-
periment No 4

Values computed O from Ggp, and
Gik,, @ GE%, and G,

A Comparison of the Experimental oap,,
with Eq. (9

AP, computed O from Eq. (I7), ® from
Eq. (18).

150
APy,
(NM2)

100

FiG. 11
A Comparison of the Experimental cap,,
with the Theoretical Relations
Eq. (23), ——— Eq. (24) according

to Prince.
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In accord with the model used for the calculation of the autocorrelation function!!
Eq. (11), we have

a, = 2nf,¢, (19
by = 2nf,(1 — EAY2, (20)

where f, is the resonance frequency of the system, ¢ the coefficient of damping.
From the values of b; found it follows that ¢ ranges approximately between 5—16,
the corresponding (1 — &2)"/2 values being only in the range 0:98—0-77. This indi-
cates that even a marked change of £ or a,, which is immediately associated with the
dynamic characteristics of the system, brings about only an inconspicuous change
in the frequency spectrum, or in the shift of the corresponding peak with respect
to the resonance frequency of the system. X

As to the higher components found in experiments under the bubbling and the
cellular foam regime it seems well founded to assume that these relate to the equa-
tions for bubble formation in single openings under conditions when the control-
ling term in the balance of forces is the surface tension!. On increasing the gas
velocity from 0:15 to 0-35ms~! the average frequency of this “bubbling” com-
ponent doubles and its relative presence in the spectrum diminishes to be replaced
by the component with the peak around 4-5 Hz. The existence of the component
with the peak around 21 Hz under the bubbling regime remains still unclear. This
component though is not important for the mechanism of the flow through the
plate openings and it does not appear in the fluctuations of P,, P, or the pressure
difference.

The existence of the 2-5 Hz component under the oscillatory regime of the gas—li-
quid mixture corresponds to the oscillations of the wave length A = D, which have
been observed under this regime. Visually they show up as a symmetric swelling
of the level of the gas-liquid mixture near the column walls and in the center of the
plate.

According to the simplified concept from the theoretical part there is no reason
to expect the component corresponding to the oscillations of the gas-liquid mixture
in the spectrums of the fluctuations of P,, P; in case of the homogeneous mixture
and under wave lengths satisfying D = nl/2. From the presence of the 10 Hz com-
ponent from P, spectrum appearing also in B, and P, spectrums under the bubbling
regime one can infer that a large number of openings operates to an appreciable
extent simultancously, similarly as bubble formation in a single opening®, causing
a regular fluctuation of the gas flow rate through the plate. On transition to the cel-
Tular foam regime a similar 21 Hz component appears only in P, spectrum as a con-
sequence of a stronger coupling between the openings and the space below the plate
in contrast to the relaxed coupling with the space above the plate due to the forth
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formation. Nevertheless, the character of the corresponding component of the auto-
correlation function points also at the randomized mechanism possibly by a random
change of the number of the bubbling openings. In the spectrums of P, and P,
under both regimes, and in P, spectrum under the mobile froth regime we find very
low frequency components about 0-3 to 0-5 Hz.

In this limiting case b, — 0 under the bubbling regime one can determine the re-
sonance frequency from the corresponding autocorrelation function of P,, Py as
a,[2n. Clearly, it is the resonance frequency of the whole air loop determined generally
with the effect of inertia and the friction forces in the air tubing and the fan,

The simplified concept admits only capacity effects. By substituting the following
values there result: 3-25[2m or 2782, i.e. 0-519 or 0-442 Hz (the difference can be
attributed to the expected statistical accuracy). The frequencies found in experiment 2
were 0-49 or 0-37 Hz; in experiment 3 in P, spectrum then the frequency 1-82/2x,
i.e. 0290 Hz.

Thus with the increasing velocity of gas the peak of this slow component shifts

TABLE VI
Computed Frequencies

A= D[4 A=1D

Eszimem oui Fui b, f2n w/2n o/2n wf2n

()

from Eq. (3) from Eq. (5) from Eq. (3) from Eq. (5)

1 3-74 0278 — 3-92 4:02 1-03 1-09

2 6-49 0118 425 4:58 434 172 171

3 12-62 0344 439 2-93 4-65 2:27 2-26

4 20-10 0-500 452 1-91 4-65 175 229

TABLE VII

Fractions of the Total Area of Plate Passed by the Phases and the By-Passed Area

Experiment Liquid By-Passed Gas
No —0 < APy, < —AP, —APg< APy < AP, AP, < AP, < ®©

1 0-0244 0-3846 0-5910

2 0-0281 0-3966 0-5753

3 0-0548 0-1195 0-7257

5 0-0694 0-1664 0-7642

6 0-0808 0-1311 0-7881
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toward low values. The relative presence of the slow component under the bubbling
and the mobile froth regimes is approximately equal to that of higher components
of P,. On other hand, in P spectrum the slow component is present in a greater
degree.

Under the mobile froth and the oscillatory regime the P, spectrum contains com-
ponents corresponding to the wave motion of the gas-liquid mixture. A feasible
explanation rests in the non-homogeneity of the froth — see Eq. (10). The presence
of the same component in the spectrum of P, under the oscillatory regime may be
brought about by the same cause although its transfer from below the plate via air
loop and fan cannot be ruled out.

In the spectrum of the pressure difference fluctuations, and hence in their auto-
correlation functions computed from Eq. (16) as a linear combination of the cor-
responding auto- and cross-correlation functions, we find components from the
spectrums of individual pressures in proportion to their- amplitude characteristics
and the magnitude of their cross-correlation. In this respect as the most interesting
appears the spectrum of the pressure difference AP, fluctuation associated directly
with the mechanism of the gas flow through the plate openings.

Under the bubbling regime we find only the 10-5 Hz component in this spectrum;
the other components do not appear.

The spectrum is most complex under the cellular foam regime and it comprises
the components from the spectrum of P,, i.e. the one around 0-4 Hz and both
components of P, spectrum with the peaks around 4-5 Hz and 21 Hz. The mechanism
of the gas flow through the plate openings thus combines the wave mechanism and
that of the flow of single bubbles. Under the mobile froth regime, however, the only
controlling factor of the gas flow through the plate is the wave motion of the gas-liquid
mixture and in the spectrum of AP,, we find a single peak around 4-5 Hz.

The controlling effect under the oscillatory regime are the waves of 1 = D, as it is
evidenced by the presence of a single component around 2-3 Hz in the spectrum.
In a similar way one can examine the spectrum of AP, fluctuations in relation
to the flow of the gas through the froth. Here too, one has to expect certain fluctua-
tion of the height of the gas-liquid mixture to appear as a consequence of the wave
motion. Under the conditions of our experiments, i.e. a large space above the gas-li-
quid mixture, the effect of the space between the plates is rather weak.

This becomes manifest particularly in the mobile froth and the oscillatory regime
experiments: the 4-5 Hz component markedly prevails in the spectrum of the former,
while in the latter regime we find a single component corresponding to 1 = D.

In the experiment under the cellular foam regime the presence of the 4-5 and 04 Hz
components points out to the effect of the waves in mixture as well as the flow oscil-
lations in the air loop on the flow rate of gas through the froth. Similarly, under the
bubbling regime it is the existence of the 10-5 Hz component and the one correspond-
ing to the resonance frequency of the air loop.
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In the spectrum of tota] pressure drop AP, ; fluctuations one must expect the com-
ponents of P, and P, spectrums.

Again, in the combination the amplitudes of individual components become im-
portant. As has been observed under the bubbling regime, there is only one (10-5 Hz)
component present in the spectrum of AP, ; the slow component 0-5 Hz has vanished
altogether owing to several times greater amplitude of P, fluctuations and its
weak representation in P, spectrum. A different situation occurs under the cellular
foam regime. The approximately equal amplitudes of P, and P, fluctuations caused
the 0-4 Hz and 21-5 Hz components to appear in the spectrum of AP, .

The autocorrelation function of AP,, fluctuations under the mobile froth regime
suggests the presence of the slow component from the spectrum of P fluctuations.
The frequency corresponding to the wave motion of the gas-liquid mixture is almost
undetectable owing to a largely random character of P, fluctuations and a weak
P, — P correlation. Under the oscillatory regime one finds only the component
controlling the total pressure drop fluctuation of the frequencies induced by the wave
motion of the gas—liquid mixture of 2 = D.

The discussion of the results from the frequency domain may be summed up as
follows: In the spectrum of the pressure and pressure difference fluctuations one
finds components associated with the harmonic standing waves in the gas-liquid
mixture together with the resonance frequency of the air loop and the mechanism
of bubble formation in a single opening. A statistical analysis of the random data
in the form of the spectral densities and the autocorrelation function enabled the
examination to be made of the relations following from the deterministic model
of Hinze.

Although the components with the peaks around 105 and 21 Hz could be related
to the frequencies 2-3 and 4-5 Hz (which would correspond to 2 = D/16 and 4 =
= D[64) offering a relation between the distribution of the bubbling openings, plate
geometry and the hold-up of liquid on the plate, such assertion requires more ex-
tensive experiments.

On the other hand, under certain conditions*!, the oscillations of the gas-liquid
mixture of A = 2D do occur (unsymmetric swaying from one wall to the opposite)
under which the frequencies of about (only an experimental average) 1-5 Hz (ref.*!)
were found which further supports the relations presented here between the wave
length and the frequency.

THE CrOSS-CORRELATION OF PRESSURE FLUCTUATIONS;
THE PLATE AS A SYSTEM WITH AN INPUT AND OUTPUT

From the maxima of the cross-correlation function of the pressure fluctuations
ﬁz and P, in Table IV one can infer that the strongest correlation between these
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fluctuations exists under the bubbling regime; the weakest under the mobile froth
regime. Accordingly, the lowest values of the coherence function from Table V
are those under the mobile froth regime.

Consider now these fluctuations as an input or an output of a system which in a first
approximation is regarded -as a “black box”. In case of an ideal linear system with
constant parameters, a single input and output and no noise in the input and the
output, the coherence function in the whole frequency domain should equal unity!3.
In practice when the coherence function varies between 0 and 1 there are three
explanations at hand. The presence of the noise in the input and/or output, the non-
linearity of the system, and, finally, the system may be controlled by additional inputs
and/or outputs.

Although the first two explanations are not implausible, it seems obvious already
from Eq. (10) that the possible existence of other inputs, which may include noise,
should be examined first. In case that these inputs are uncorrelated, one has to con-
sider the frequency characteristics based on individual inputs.

On the given level of experimental knowledge it is difficult to asses the justification
of such approach because the computed frequency characteristics, particularly those
under the bubbling and the oscillatory regimes do not indicate its inadequacy. As
to the time-lag summarized in Table IV, its relation to the mechanism can be suc-
cesfully interpreted only in experiment 1: The maximum increase of the pressure
in the space above the plate caused by the flow of gas is followed after 10 ms by an in-
crease of the pressure in the level of the plate accompanied apparently by weeping.
This in turn is followed after 37 ms by an increase of the pressure below the plate
accompanied by the bubble break-through and the flow of gas.

The explanation of the relation of the time-lag to the mechanism under other
regimes requires additional experimental investigation accounting necessarily for the
non-uniformity of the distribution of P; over the plate at higher gas velocities. One
can conclude only that the time-lag between P, and P, fluctuations increases with the
increasing height of the gas-liquid mixture.

To sum up one can say that the cross-correlation function, the correlation function
and the computed frequency characteristics seem to indicate a direct relation to the
mechanism of plate operation under various regimes. Quantitative conclusions,
however, require additional experimental investigation.

THE AMPLITUDE DOMAIN

The results given in Table I as the standard deviations of individual pressure fluctua-
tions point out unambiguously to the increase of the fluctuations in the level of the
plate with increasing hold-up of liquid. Even here though one has to consider ¢are-
fully the problem of having a sufficiently representative sample of P, fluctuations
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at high gas velocities, particularly under the oscillatory regime. This relation does not
reflect in the pressure fluctuations above and below the plate.

The individual fluctuations under various regimes have different importance for the
calculation of the standard deviation of the pressure differences AP, and AP,
which control the operation of the plate. The effect of the fluctuations above and
below the plate, however, cannot be generally neglected in this respect and particularly
not so under the bubbling regime, i.e. under low gas velocities. The standard devia-
tion of the pressure fluctuation across the plate openings and the froth also increases
monotonously with the increasing velocity of gas and liquid hold-up. On the other
hand this character does not reflect in the standard deviation of the fluctuation
of the total pressure drop which has not been thus far explained.

From the o, versus AP, plot in Fig. 10 one can see that the o,p /AP, ratio
has a constant value in the range of gas velocities where the assumption of homo-
geneous froth is justified. The average value of the ratio for AP, computed from
Eq. (18) equals 0-92. For the values AP, , computed from Eq. (17) this ratio amounts
to 0:91.

Since the statistical distribution of the amplitude of the pressure fluctuations and
their combinations may be justly regarded as normally distributed® (as follows for
instance from the autocorrelation function) we find that the quantity (AP, — AP,,):
:0:91 AP, , is one with a normal distribution N(0, 1).

Considering now that the flow of gas in a given point of the plate can occur if
AP, > AP,, (where AP, is the pressure difference corresponding to the surface
tension forces) and, on the contrary, the flow of liquid can occur only if APy, <
< —AP,, one can determine from the knowledge of AP, the fraction of the time,
0, during which the plate in that point is by-passed by both phases. This time is then

(AP, — AP,,)[0-91 AP,

0 = [in.p.d.f] - . (21a)
(—AP, — AP,)[0-91 AP,
The time when the plate is by-passed by the liquid phase is then
©
6 = [inp.df] B o, (21b)
(AP, — AP,,)[0:91 AP,
or when it is by-passed by the gas phase
(=AP, — AP,,)0-91 AP,
0 =[i.n.p.d.f] . (21¢)
— 0
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The pressure difference necessary to overcome the surface tension forces can be
calculated for a given type of plate from the equation derived by Cervenkal?

AP, = 2:350/d = 286 NM 2 (22)

Clearly, this pressure difference is determined only by the properties of the liquid
and the opening diameter. Thus it follows necessarily with increasing AP, , the rela-
tive fraction of the time of by-pass is decreased. Table VII shows these times calculated
from Eqs (2I) for experiments in which the structure of the froth may be regarded
as homogeneous in horizontal levels.

In such a case the local time distribution of the amplitude can be transformed
to give the distribution over the area of the platein a given instant and the fractions
in Table VII can thus be regarded as those of the total free area of the plate passed-
through by the gas, or liquid, or those by-passed by both phases.

Under the operating conditions, which exclude assumption of the homogeneous
froth in horizontal levels (in our case at gas velocities greater than 1 m), the time
distribution of the amplitude must be supplemented still by the distribution over
the plate; the mentioned transformation then cannot be naturally utilized.

A comparison with the results of Prince and Chan® is furnished in Fig. 11 illustrat-
ing the agreement of experimental o,p,, with those computed from:

Oapy = 0-91P, = 091 (3003) 2:150505 (23)

and with the theoretical equation

1 2-7812\3 1:69GH\!/37)?
Oapry, = 7 [( ) + ( ) :| (24)
4o oL (]

following for the given plate from the cited paper.

From the amplitude distribution of the pressure fluctuations in the level of the
plate one can clearly see the increase of the standard deviation with the hold-up
of liquid. A similar character display also the fluctuations of the pressure drop across
the plate and the froth.

The normal distribution of these fluctuations found permits their interpretation
in relation to the division of the free area of the plate into that passed either by a single
phase and that by-passed by both phases. The effect of the fluctuations above the
froth and below the plate is not negligible and particularly not at low gas velocities.

For a limited set of experimental data the found semi-empirical dependencé of the
standard deviation on the velocity of gas in the region of homogeneous froth dis-
plays a substantially better fit than the theoretical relation of Prince and Chan®,
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APPENDIX
The definition equations of Hinze’s parameters Fy;, ¢y;, wy; are as follows
Fyi = (1 — @) /g2, @9
g Um0 e 1 ;
Hi = g Ko’ (26)
a—op?
Yy =2 1—-2——|.

LIST OF SYMBOLS

A amplitude in Eq. (6) (ML™'T™2)

C acoustic capacity (L* M1 T2)

D column diameter (L)

D variance

Fu; Froude number defined by Hinze, Eq. (25)
G gas mass flow rate (MT"‘)

G spectral density

H(f) transfer function
single-phase resistance coefficient of the plate
height of the plate (L)
liquid mass flow rate  (MT ™)
= (2n/A)h wave number
pressure (ML—1 T’Z)
autocorrelation function
constants in Eq. (1)
opening diameter (L)
frequency (T™1)
acceleration due to gravity (LT~ 2)
normalized spectral density
height of the gas-liquid mixture (L)
exponent in Eq. (1)
normalized correlation function
velocity (LT™Y)
horizontal coordinate (L)
vertical coordinate (L)
time (T)
hold-up (L)
porosity of the gas-liquid mixture
coherence function
wave length (L)
surface tension (MT~ l)
standard deviation
time-lag (T)
parameter in Eq. (19)
plate free area

o>

S MM Q o NN R Nm R e YYEQR SRR NN X
c)
=
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Pup Wi Hinze’s parameters defined by Eqs (26, 27)
w = 2nf frequency (T'l)

] fraction of time
Subscripts

1 in the level of the plate

2 below the plate

3 above the gas-liquid mixture

G gas

— average

~ fluctuation component

4 difference

e

statistical estimate
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