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Knowledge of the expansion of fluidized 1layers
is important both with regard to calculations connect~
ed with heat and material transfer processes, and for

apparatus design. The expansion of the layer can
- among others - ©be characterized by the void frac-
tion of the fluidized bed. The determination methods

of the void fraction can be divided into three groups:

a) those applicable in the case of fluidization
with a iiquid or a gas,
b) those applicatle only in the case of liquid flu-
idization,
¢) those applicable only in case of fluidization
with 8 gas.

The authors describe the measuring technigues
published in literature according to the asbove group-
ing. A report is presented on the research work carri-
ed out to investigate the applicability of measuring
technigues, the elaboration of new techniques, and to
improve those already xnown. The conditions of the
applicability and the zossibilities c¢f methods for the
determination of the free volume ratioc are summarized

in a tabular form.
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height of the layer/the minimum height of layer ratio - if the
weight of the layer, and the characteristics of the particles and
of the apparatus are known - and the density of the layer - if
the densities of the solid and the fluid are known - can be cal-
culated from the void. fraction; accordingly, the knowledge of the
free volume ratio is sufficient for characterization of the layer
expansion.

The clearing of the conditions of the layer expansion is im-
portant - both from the point of view of the calculations of heat
and material transport processes, and from that of apparatus de-
sign. In addition to measuring techniques for the determination of
layer expansion (void fraction), in the present series of papers
the following problems will also be dealt with: characteristics
and calculation methods concerning the expansion of layers fluid-
ized with a gas or liquid, the influence of auxiliary processes
(e.g. mechanical stirring, etc.) on layer expansion, and other
hydrodynamic problems. ) '

Numerous techniques are known for the determination of flu-
idized layer expansion. These can be divided into three groups:

a) those applicable in the case of fluidization with a
liquid or gas,

b) those applicable only in the case of fluidization with a
liquid, and

c) those applicable only in the case of fluidization with a
gas.

In the following, the determination methods of void fraction
published in literature will be described in accordance with the
above grouping. The new techniques that have been elaborated and

the improvements carried out on existing techniques will also be
dealt with.
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a) The Void Fraction Determination Methods in the Case of

Fluidization with a Liquid or Gas

Determination of Void Fraction on the Basis of the Layer Height

The.simplest and most frequently used method for the deter-
mination of the void fraction is that based on the measurement of
the height of the layer. This can be  used both in case of liquid
‘and gas fluidization. ' '

The calculation directly follows from the definition of void
fraction:

e L — | (1)

If the volumes of the éolid material and layer are expressed, af-

' ter rearrangement the following is gained{

s - Y - F (2)

By means of Eq. (2) fhe veid fraction can be simply calculated
from the characteristics of the layer, the solid pdrticles and the
apparatus. ' ’ )

During the experiments a large number of measurements were
made with various solid materials, liquids and gases. The method
based on layer height determination gave very good results in the
cases of liquid fluidization, whereas in case of gas fluidization
its accuracy.w;s poor, because the boundary of the laygr'was not
sufficiently sharp and consequently the determination pf the layer
height was difficult. A further drawback of this method is that

only the mean void fraction .can be determined.
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The experiments - including the parallel determinations -
led to the conclusion that both in liquid and with a gas fluidi- .
zation the scattering of the measured void fraction values vary.
depending on the extent of layer expansion and three qistinqt

ranges can be defined.

In the case of fluidization with a liquid, the first stage
of layer expansion - where the range 0.50 < E; < 0.65 is valid -
the scattering of the wvoid fraction wvalues is relatively high,
about * 2 %. Although the layer height is well defined, the influ-
ence of the low reading error on the void fraction can be strongly
felt. 1In the second. stage of expansion 0.65 < Eé < 0.75 the scat-
tering of the measured values is lower, about # 1 %.In this range,
the upper boundary of the layer can be well determined and, the
small reading error has no significant influence upon the deter-
mined void fraction values. In the third range 0.75 < E% < 0.9 the
upper. boundary of the layer tends to diffuse, because upon the in-
crease of the flow velocity, the smaller particles reach a state
of levitation. Considerable errors in the measured layer height
are possible, which result in an increased scattering of the void

fraction values; the scattering is about *t 2 %.

In the case of fluidization with a gas, the scattering of
the veoid fraction values is gernerally higher than in the case of
fluidization with a liguid. In the first range 0.5 < E; < 0.6
the scattering of the values is ¢ 2 %, this figure being eéual to
that measured in the case of fluidization with a liquid. The layer
is relatively well defined and the layer height can be easily de-
termined. In the second range of layer expansion 0.8 < E% < 0.8

+ 3 %, and a
thin layer is formed whose height can be measured only with consi-
derable difficulty because the bcundary of the layer is diffuse
and variable in time. In the third range 0.8 < £ < 0.9 the

Y
scattering of the results is lower, about * 2 %, despite the fact

the scattering of the values is large, it amounts to

that the dZeterminaticn of the layer height is no better than in
the previous case, only the same fluctuations in layer height man-
1

ifest themselves to z lower degree in the void fraction value.
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Despite the drawbacks described in the foregoing,
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the void

fraction values determined with other methods or calculated with

various equations ape generally com
layer height measurements, because the latter
Plest and most reliable of all the methods

parable with those obtained by
method is the sim-
known for the determi-

nation of void fraction, provided that adequately trained person-

nel carry out a sufficient number of determinations
plication of glass apparatus is possible. THe method is based, in

accordance with the definition of void fra

ment of the layer volume.

Determination of Void Fraction Based on_the Measurement

of a Pressure Drop in the Fluid [i, {]

A technique was elaborated for the determination of the
fraction in fluidized layers, based on the-measurement of the
As it is known, the pressure

sure drop in the fluid [1, 21.

of the fluid across the fluidized layer is
layer weight with reference to a unit cross se

G vy-Yy
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Or, in another form:
apy = Y(1 - &) (y

- Y’)

nearly equal to
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on the measure-

void

pres-

drop
the

(3)

(4)

EqQ. (4) could be applied for the calculation of the void fraction

only if the height of the layer was also measured.

the

latter value enables the free volume ratio to be calculated with-

Out measuring the pressure drop.

If a suitable pair of static pressure-sensing tubes are pla-
ced into the layer in such a way that there is a height difference

(y) between their positions, the

pressure drop in the fluid along
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a given length of the layer can be measured. If this pressure drop
is expressed in accordance with Eq. (4), the following is gained:

bp, = ¥l )y - ¥ (5)

Eq. (5) could be directly applied for the determination of the
free volume ratio on the basis of the pressure drop in the fluid.
However, the following experimental, empirical finding should be
taken into consideration. If the pressure dreop values of the fluid
across the fluidized layer obtained by actual measurement are
compared to those determined on the basis of the layer weight
according to Eq. (3), it is seen that the two sets of values are
not always in exact agreement. In the evaluation of experimental
results, a difference of about + 5 % was found between the meas~
ured and calculated data in the case of liquid fluidization;in the
case of gas fluidization this difference may be as high as * 20 %.
This error can be eliminated, if Eq. (5) is divided by Eq. (3),
since the equation so obtained takes into consideration the devia-

tion of the pressure drop from the theoretical value:

» G AP
€4 = 1 - P A (6)
P

yyF APy

The void fraction of the fluidized layer can be determined to a
satisfactory accuracy by Eq. (6).in a given place of the layer, if
the pressure drop is measured across the whole layer and across a
length (y) at a given plade of the layer [2,3].The accuracy of the
method can further be increased if the pfessure drop across a lay-
er of (¥) height is calculated by summation of the pressure drops
measured across portions of the length (y):

i=n

A = I . 7
Py 2 4py4 (7)
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A schematic representation of the apparatus used for the
measurements in connection with the above considerations is shown

in Fig.l. An interesting feature of the apparatus is that condens-
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Fig. 1.

1 - quantity meter 8 -~ deaeration stopcock
.2 ~ support plate g - oblique-tube type prassure
3 - glass apparatus gauge

bo- cyclone 10 - capacitor plates

5 - effluent 11 - cepacity measuring device
6 - pressure measuring probes 12 - meter

T - scale, subdivided in mm. 13 - potentiometric recorder
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er plates _were placed on the oblique-tube type micromanometer tu-

bes and the capacity - proportional to the displacement of the.
manometer 1liquid - was measured.  The capacity values, which are.
proportional to the pressure drop, were recorded by a potentiomet-~

ric strip-chart recorder,whereby not only the pressure drop values,
but also any fluctuations in them could be determined. In experi-

ments where fluidization was carried out with a gas, slightly acid-
jified water was used as the pressure gauge fluid, whereas in the

case of fluidization with water, carbon tetrachloride was applied.

Pressure drop across the total height of the layer, alorig a 2 cm

portion on its bottom,as well as the layer weight and layer thick-
ness were determined.Knowing the specific gravity of the particles

and the I.D. of the apparatus, the void fraction of the lower part

of the layer was calculated by Eq.(6), whereas the mean void frac-

tion of the whole layer was determined from the layer height value

by Eg. (2).

Fig.2. shows the difference between the mean free volume ra-
tio (determined by layer height measurement), and that pertaining
to the lower part of the layer (determined by measurement of the
pressure drop along a given height) plotted against the mean value
determined by layer height measurement for the case of fluidization
of sand with water and air, respectively. It is apparent from the
Figure that both in the case of fluidization with a gas and with a
liquid there is a difference between the values determined with
the two methods, but this difference is slight in the case of flu-
idization with a liquid.This experimental result is in good agree-

‘ment with that obtained by COEURET and LE GOFF [4], who studied
changes in the void fraction along the axis of the layer - among
other methods - by conductance measurements. They came to the
conclusion that the decrease of voidage along the height axis is
not significant, i.e. the void fraction pertaining to the. lower
part of the 1layer differs (is lower) only slightly from thé mean
value, if a narrow fraction of particles is studied.

It is also apparent from Fig.2. that in the case of fluidiza-
tion with a gas there is a considerable deviation between the com~

pared values.This considerable difference originates from the fact
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Fig.2. o - sand-water system; e - sand-air system

that in systems fluidized with a gas, the mean void fraction is
Substantially different from that of both the dense and the thin
layers, and it was the dense layer in which the void fraction was
determined on the basis of the pressure drop. The difference shown
in the Figure is, to a good approximation, equal to the difference
of the void fraction of the dense layer and the mean void fraction.

In addition to the apparatus described in the foregoing, an-
Other apparatus was constructed in which a pair of probes could be
moved along the height and along the radius of the apparatus,where-
by the pressure drop produced across a 1 cm portion of the layer
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could be determined. The pressure drop was measured by high-sensi-
tivity micromanometers filled w1th alcohol. In the experiments the
pressure drop was measured along the helght and at different dis-.
tances from the axis of a layer fluidized with different air flow
rates. The void fraction values were calculated from the vmeasured
pressure drops with Eq. (6) in such a way that the 4py values were
determined by summation of the measured pressure drop values in ac-
cordance with equation (7).
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Fig.3. Sand-air system.
d = 0.1 - 0.2 nm e - u' = 0.132 mfseec
% < u' = 0.04 m/sec o - u' = 0.265 m/sec
A - u' = 0.067 m/sec x - u' = 0.595 m/sec

Fig.3. snows the mean void fraction values measured at five
different air flow rates, determined on the basis of the pressure
drop at different distances from the middle of the layer, plotted
against the distance measured from the fritted plate, in the case
of fluidization of sand of d = 0.1 to 0.2 mm particle size with
air. It is apparent from the Figure that there is a jump-like chan-
ge in the void fraction values at a height of about 6 cm, as meas-
ured from the fritted plate (Ym = 5.4% cm).
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The mean values of void fractions determined on the basis of
pressure drop measurement at different heights of the layer were
compared to the mean void fraction values obtained by calculation
on the basis of layer height determinations and it could be con-
cluded that the deviation was smaller than + 5 % and consequently
the accuracy of the method is adequate and therefore it can be
applied to the determination of the mean void fraction. The method
described in the foregoing, based on pressure drop determination
in the fluid, are especially important in connection with experi-
ments where the wall of the apparatus is opaque. Both the mean
void fraction of the layer and the dependence of the free volume
ratio dn place can be determined relatively easily and quickly
even in such cases. By means of the apparatus shown in Fig.l. it
is possible to record continuously the value of the pressure drop
and consequently changes and fluctuations of it and of the void
fraction in time can also be recorded. A drawback of the technique
is that the mean void fraction is not determined directly, and the
probes brought into the layer slightly disturb the motion of the

particles.

Determination of the Void Fraction on the Basis of y-Ray

Absorption [5, 6]

A method was élaborated for the determination of the void
fraction of layers fluidized with a gas by application of a radi~
ating isotope [s].

The phenomenon of y-ray absorption makes it possible to de-
termine the thickness and real density of solid and liquid materi-
als as absorbents with reference to the unit area. According to
the basic law of the phenomenon, the y-radiatiun of fYO intensi=~-
ty, having passed a material of p, "surface density”, is

according to the formula:

weakened

“aPp (8)
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By expressing the "surface density" the following Equation holds:

I

Y
- log —2 (9)
a I

v

2.3

Pp -

The void fraction can be calculated from the "surface density", if
the length of the layer (y) in which the y-rays are absorbed, is
known: -
Y
e = 1--EL (10)
pry

The above basic principles were considered in the void fraction

determination based on y-ray absorption.

A chromium-51 isotope was used radiating y-photons of 0.33
MeV energy as a radiation source in the gas fluidization experi-
ments. The apparatus was made so as to allow exact determination

of the position of the practically point-like radiation source in
the layer [5]

An improved model of this apparatus was produced [6]. This
apparatus alsoc enables experiments of fluidization with liquids to
be carried out. In the experiments made with water, a sodium-51

isotope radiating y-photons of 1.27 MeV energy was used as a ra-
diation source.

Accordingly, the determination of the void fraction of a
fluidized layer based on y-ray absorption can be used with fluid-
ization both with a liquid and a gas, and this technique makes it
possibie to determine changes in the void fraction along the ra-
dius and also along the bed height [6]. '

It is a drawback of the technique that due to the radiating

isotope used it requires a "hot" laboratory, and expensive instru-
ments are needed.
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b) Void Fraction Determination Methods in the
Case of Fluidization with a Liquid

Determination of the Void Fraction Based on the Measurement of the

Layer Density [7]

In the case of fluidization with a liquid, the void frhction

of the layer can be determined on the basis of the bed density ([71.

The apparent layer density can be obtained from the- densities

of the fluid and solid material:

b, = e’ p? + (1 - ¢e”)p (11)

By expressing the void fraction the following is gained:

(12)

.Aécordingly, in order to be able to calculate the void frac-
tion, one has to know densities of the solid and the liquid, and
the density of the layer has to be determined. The latter was de-
termined by a hydrometer. This method was compared to that based
on layer height determination; the two methods showed good agree-
ment [7]. The layer density method is very simple. However, it can
be carried out only rarely. It can be used only with apparatus ha-

ving transparent walls and it furnishes information only on the

mean void fraction.In such cases, the method based on layer height
measurement can be applied equally well, the latter method being
simpler and more reliable for mean void fraction determination. A
of the density method is the use of a hydrometer
of the particles and the

larger than that

further drawback
which interferes with the free motion
diameter of the apparatus has to be considerably

of the hydrometer.
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Determination of the Void Fraction Based on the Measurement of the
Conductance of the Layer [7]

In the case of fluidization with a liquid, the void fraction
of the layer can be determined on the basis of the conductance of
the layer [7]. The method is based on the fact that the conductan-
ce of the layer depends on the magnitude of the space between the
particles, because any changes in the voidage also cause the use-
ful cross section to be changed. Having established a calibration
curve, the method is applicable both in the case of electrically

insulating and of electrically conducting solid particles.

An experimental apparatus was constructed, its schematic
drawing is shown in Fig.4. This differs from the apparatus already

6]
\/

5 — ]

b —]

3\

2]

Q=]
3]

Fig.u.
1 - flow meter 6 - eyclone
2 - support plate T - effluent
3 - platinum electrodes 8 - conductivity meter
L - scale, subdivided in mm 9 - meter
5 ~ Perspex glass apparatus 10 - potentiometrie recorder
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described [7] inasmuch as instead of the conductivity meter opera-
ting at 2000 c.p.s. frequency, a special conductivity meter of ex-
ceptionally wide measuring range, operated at 50 c.p.s. frequency
was used. The Perspex glass apparatus was of 5 x 5 cm? crbss sec-
tion and there were platinum electrodes placed -on. the oppoéite
sides in order to measure the conductance of the fluidized layer.

Experiments were carried out with sand and porous burnt
clay fluidized in tap-water. The conclusion was reached that the
current proportional to the conductance of the fluidized layer (I)
divided by the current proportional to the conductance of the lig-
uid (Io) gives, to a good approximation, the void fraction of the

layer:

e} = — (13)

The differences between the respective void fraction values
determined by the layer height measurement on the basis of Equation
(2) and by conductivity measurement on the basis of Equation (13)
plotted against void fraction values determined from layer height
determinations are shown in Fig.5. As it is apparent from the Fig- .
ure, the values determined with the two methods show a very good
agreement and even the highest difference is below * 10 %.

Accordingly, this method can be applied for void fraction

determination in measurements carried out with fluidization with

a liquid. An advantageous property of the method is that it can

also be used with an opaque-walled apparatus, and the result of

the measurement can easily be recorded. Moreover, if more than

one pair of independent electrodes is placed into the apparatus

at different levels, the distribution of the void fraction can

also be determined. The dependence of the void fraction on place

(along the height and radius) can alse be determined in such a
way that an adequately shaped,
conductivity determination. For example,
appara-

movable probe is brought into the

layer and used for
COEURET and LE GOFF [4] used for such experiments, in an

tus for fluidization with a liquid, 10 cm in diameter, a conduc-

tivity probe movable in the layer and comprising electrodes of



L6 T. Blickle and Z. Ormds Vol. 1.

5 mm diameter and 20 mm length, fastened at a distance of 15 mm
from each other. 1In this way, they determined - among others -
variations in the void fraction along the axis of the apparatus.
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Fig.5. O - burnt clay - water system; e - sand - water system.

Despite its numerous advantages, the method can rarely be
applied, because the particles fluidized in a liquid frequently
release components which are ‘soluble in the liquid and alter its
conductance. Furthermore, every change which tends to alter the
conductance of the liquid-br the particles - such as adsorption,
ion excharre, and change in temperature, etc. - naturally inter-

feres with tue method and affects its accuracy to a high degree.
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¢) Void Fraction Determination Methods in the Case

of Fluidization with a Gas

Determination of the Void Fraction on the Basis of X-ray

Absorption [8]

GROHSE [8] proposed a method for the determination of the
voild fraction based on X-ray absorption. The basic principle of
the technique is similar to that using the absorption of y-rays
emitted by a radiation source. The X-ray absorption method cannot
be easily realized in practice because it necessitates an expen-
sive apparatus. In addition to the above, the place requirement
of the method is high, and due to the radiation hazard it pe-
quires a separate laboratory to be established. These factors

contribute to the difficulties of sprending of the technique.

Void Fraction Determination Based on the Measurement of Layer

Capacity
zabaclty

The void fraction at various places of a layer fluidizea
with a gas can be determined in the following way: small pairs of
Capacitor plates are placed into the layer and the
these condensers is determined [9]. If the capacitor p e
sufficient small, the distribution of the veoid fracricn aliong the

radius and the height can also be determined.

Void fraction determination technique based on the

. it cossible o des
7easurement was improved so as to make it pcssible

The essence

“he  void fraction of the whole layer [1C]. Th
TeTthod is as follows: capacitor plates were p.aced on two opposi
“alls of the Perspex glass apparatus of rectangular Cross-

P 5 -
nd an overflow tube was applied over the capaciter p

m

@]

. . . -~ N +
2Pacity determinations were carried cut according te
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system, but the details will not be dealt with here. The results
of the capacity measurements enabled the void fraction of the flu-
idized layer to be calculated, as well as the height and void
fraction of the dense and the thin layers, respectively [@O, li].
It was found that the vrelative error of the experimental void

fraction determinations was * 5 %.

It is easier to carry out the technique based on capacity
measurement in the laboratory than either of those based on y-ray
or X-ray absorption. The capacitive method can also be used with
apparatus whose walls are opaque. Despite the advantages detailed
in the foregoing, this method is rarely applied, partly because
it requires instrumentation and partly because the measurement is

rather cumbersome and time-consuming.

The conditions and possibilities of the application of the
different void fraction determination methods are summarized in

Table I.

Used symbols

d particle diameter (m)

cross section of apparatus (m?)

]

G weight of solid particles present in the iayer (kp)

I current in the case of a fluidized layer {amperes)

I, current in the case of pure liquid (amperes)

IY intensity of y-radiation after absorption (counts ‘=2c)

IY intensity of y-radiation before absorptiocr /counts/sec)
U’o linear velocity of fluid as referred to the total cross

section of the apparatus (m/sec)
v volume of solid particles present in the layer {m¥)

v volume of the layer (m?)
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given distance along the height of the layer (m)

height of the layer (m) .

mass absorption coefficient (m3/kp.sec?)

density of solid particles (kp/m3)

density of fluid (kp/m3)

pressure qPop of fluid across a length y of the layer (kp/m2)

pressure drop of fluid across the total height (Y) of the
layer (kp/m?) '

value of voidage at a given place of the layer {dimensionless)
calculated mean void fraction of the layer (dimensionless)

void fraction calculated on the basis of the conductance of

the layer (dimensionless)

mean void fraction determined on the basis of the measurement
of the layer height (dimensionless)

void fraction determined on the basis of y-ray absorption
(dimensionless)

void fraction determined on thé basis of the pressure drop

measurement in the fluid {(dimensionless)

void fraction determined on the basis of the layer density
measurement (dimensionless)

density of solid particles (kp sec2/m")
density of fluid (kp sec2/m4)
density of fluidized layer (kp sec2/m%)

"surface density": mass of the solid particless with reference
to a unit surface area (kp sec?/m3)
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PE3KME

3HaHWe pacnpoOCTPaHEHWA . NCEBACCHMUMEHHEX CNOEB ABARETCH BaMHLIM
C TOYEeH 3IPEHMA Hak pacyeTa MPOUECCOB Mepejayu Tenna v MaTepuanos,
TAK WM NPOEKTHPOBHM YCTaHOBOH, PacrnpocTpaHeHue cnos — MEMAY
NPOYMM  — MOMHO XapakTepu3oeaTes Joned ceoboancro obfkema. MeToau.
NOAXO4AWME H M3MEPEHHWK AONM CBOoGOAHOro ofbema MOMHO NoApa3dennTe 8
TpM rpynnu:

a/ NPHUMEHMMLE MpW GANUAM3ALMM HAK C MWLHOCTbLI TaH W rasom,

6/ NPUMEHMMHE TONBKO NpH GAKWIAM3AUHWK C MUAHOCThID,

8/ NPUMEHMMHE TONLHO MNPW GAKKMAM3aEUMM C Fa30M.

Haxogumee B nauTepaType MeTo4s M3MEpPEHHA OnMcaHe AaBTopamd a
YH@3aHHOU FpyNNUPOBHE, Janee AaH MMM OTHET O pe3yibTaTax Wccaeno-
BATENLCHON paboTh, BHNOAHEHHOM NO MCNETAHWIO MPUMEHWMOCTH MEeToL0B
W3MEPEHWA, MO pa3paboTHE HOBHX METOA0B W3IMEPEHHA W YCOBEPWEHCTBO-
8aHWI0 M3BECTHLX MEeToA0B. YCNOBWMA W BO3IMOWMHOCTHM NPUMEHEHWA MeTo008
onpeneneHus Aonu cBoBofHOro ob6beMa cocTasners 8 Tabnuuye.
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