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Abstract--A light transmittance technique using a dual optical fiber probe was used to measure the local 
solids holdup in a three-dimensional gas-liquid-solid fluidized bed. The bubble can be clearly identified 
in the same signal, thus permitting the simultaneous determination of the local solids holdup profile in 
the wake of a single bubble and the rise velocity and chord length of the bubble. The solid holdup behavior 
was studied in the wake of single bubbles rising in a liquid-solid fluidized bed for different liquid velocities, 
particle sizes and bubble sizes. Over the range investigated in this study, the wake solids holdup was found 
to decrease with decreasing mean solids holdup in the bed, to depend only slightly on bubble Reynolds 
number and to decrease with increasing particle size. 

Key Words: bubble wake, solids holdup, three-phase fluidization, single bubble, optical fiber probe, 
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I N T R O D U C T I O N  

Gas-liquid-solid fluidization offers many advantages f o r  application to a variety of  industrial 
reactions (Fan 1989). Applications may range from fermentation and wastewater technology to the 
hydrotreating of  petroleum residue. These widely different applications involve significantly 
different bubble behavior and, consequently, different mass and heat transfer behavior. The 
understanding of  bubble and bubble wake characteristics in three-dimensional beds is essential to 
a fundamental understanding of  the bed hydrodynamics. 

Bubble sizes are measured typically by either photographic or probe techniques. Probe 
techniques are particularly suitable for three-dimensional beds. Optical fiber techniques for 
measuring bubble properties in three-phase fluidized beds have been developed that detect either 
reflected (e.g. Abauf  et al. 1978; Ishida & Tanaka 1982; de Lasa et al. 1984; Hu et al. 1986; Kitano 
& Fan 1988) or transmitted light (Kitano & Fan 1988). The light transmittance method developed 
by Kitano & Fan (1988) can detect the local solids holdup behavior in a two-dimensional 
gas-liquid-solid fluidized bed. 

Most published research on bed hydrodynamics deals with the measurement and prediction 
of  the individual phase volume fractions at various flow conditions (e.g. Bhatia & Epstein 1974; 
Dhanuka & Stepanek 1978; Michelsen & Ostergaard 1970; Bhaga & Weber 1972). Several 
models for predicting the volume fractions have been presented in which the bubble wake 
has been recognized as a primary factor (Darton & Harrison 1975; Bhatia & Epstein 1974; 
EI-Temtamy & Epstein 1978; Jean & Fan 1987). In these models, a gas-liquid-solid fluidized 
bed is considered to consist of  a bubble (gas) phase, a wake phase and a particulate (liquid- 
solid fluidized) phase; in addition, the wake phase is assumed to travel with the bubble at the 
bubble rise velocity. However, the wake phase has been considered to be both solids-free or 
solids-containing. 

In the generalized form of the wake model, the wake-to-bubble volume ratio, K, and the ratio 
of the solids holdup in the wake phase to that in the particulate phase, X, express the wake 
properties. As described by Kitano & Fan (1988), these parameters have been evaluated 
empirically, but indirectly, or through theoretical developments based upon physical insight 
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(Hetzler & Williams 1969; Henriksen & Ostergaard 1974; EI-Temtamy & Epstein 1978). EI-Tem- 
tamy & Epstein (1978) proposed the equation 

X = 1 - 0 . 8 7 7  Ut 
Vb [1] 

as a correlation for X in terms of bubble and particle properties. In [1], Ut and Ub are the particle 
terminal velocity and relative bubble rise velocity, respectively. Systematic direct measurements of 
wake size and wake solids concentrations are limited and a fundamental understanding of the two 
parameters is lacking. 

Investigations of the wake phase from a fundamental viewpoint have been reported recently. 
Tsuchiya & Fan 0988) investigated the wake structure of a single gas bubble in a liquid-solid 
fluidized bed through visualization; they identified a primary wake region based on the fluid 
mechanical structure of the wake. Kitano & Fan (1988) examined the wake structure in terms of 
both bubble wake size and average solids holdup behavior using a combination of optical fiber 
probe and visual techniques. In both studies, a two-dimensional bed was used to facilitate 
visualization. Based on direct measurement, Kitano & Fan (1988) reported the solids holdup in 
an "effective" wake region to be a constant around 0.42 regardless of bubble size, particle size, 
particle properties and liquid velocity. The effective wake region considered by Kitano & Fan 
(1988), in essence, corresponds to the confined turbulent wake region (Fan 1989) which is smaller 
than the primary wake region defined by Tsuchiya & Fan (1988). In addition, Kitano & Fan (1988) 
found the wake size to be almost independent of bubble Reynolds number (Reb) between 4000 and 
10,000 with the average wake-to-bubble volume ratio being about 2.8: in this case Re b is defined 
a s  pLUbDe/~tL, where PL is the liquid density, De is the sphere-equivalent bubble diameter and #L 
is the liquid viscosity. Miyahara et al. (1988) studied the wake size and vortex shedding behavior 
in a three-dimensional bed with low solids concentrations; they found an average value of the 
wake-to-bubble volume ratio of 2.5 over a wide range of Reb. 

This study complements previous studies of the wake behavior by investigating the local solids 
holdup behavior behind a single bubble rising in a three-dimensional liquid-solid fluidized bed. An 
optical fiber probe technique is used to measure both the local solids holdup and bubble 
characteristics in a three-dimensional bed. Examination of the local solids holdup profile leads to 
the direct evaluation of X. 

E X P E R I M E N T A L  

The basic experiment in this study was to inject a single gas bubble into a liquid-solid fluidized 
bed. The system used, which is described in detail in Miyahara et al. (1988), was a 102 mm i.d. 
acrylic column 1.6 m high with a perforated plate liquid distributor. Individual nitrogen bubbles 
were injected into beds of glass beads fluidized by water at a given liquid velocity. The volume of 
glass beads used was varied to maintain a constant bed height and the bubble size was controlled 
by adjusting the injection pressure (Pi) and the electrical pulse width sent to a solenoid valve. Glass 
beads 163, 326, 460 and 760 pm dia were used extensively in this study. Table 1 lists the density 
(pp) and terminal velocity (Ut) for each particle size. The liquid velocity was varied to provide mean 
solids holdups in the liquid-solid fluidized bed ((,) between 0.06 and 0.51. 

Two important experimental techniques were used in this study. (1) A video system recorded 
observations of bubbles emerging from the bed surface. From these observations, a bubble size 
could be calculated based on the projected area of the rising bubble. (2) The second light 
transmittance method of Kitano & Fan (1988) was adapted into an intrusive light transmittance 

Table 1. Particle properties pertinent to the study 

Pp Ut 
Particles (kg/m 3) (m/s) n" 
163#m glass 2.52 x l03 1.7 × 10 -2 4.05 
326#m glass 2.52 x l03 4.4 x l0 -2 3.46 
460pm glass 2.50 x 103 6.8 x 10 -2 3.21 
760#m glass 2.50 x 103 1.18 x 10 - t  2.93 

"Richardson-Zaki index (Richardson & Zaki 1954). 
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measurement zone for each probe is 10 mm. 

probe assembly to measure the bubble size, bubble rise velocity and the local solids holdup within 
the bubble wake. 

The light transmittance probe assembly contained two individual probes separated by a fixed 
vertical distance. The probe assembly was positioned so that the upper probe was located 10 mm 
above the bed surface (0.8 m above the distributor plate). The individual probes consisted of two 
optical fibers supported by stainless steel tubing: one fiber transmits light from a light source to 
the measurement zone, while the other receives light from the measurement zone and sends it to 
a photomultiplier tube. Figure 1 gives a schematic diagram of the actual probe. The optical fibers 
in each probe were 1.0 mm dia and separated by a l0 mm measurement zone. A distance of  0.10 m 
separated the individual probes. The stainless steel support tubes had 1.0 mm i.d. and the copper 
mounting ring was made from 6.35 mm pipe. 
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Figure 2. Typical voltage output signals from the photomultiplier tube for both the in-bed and above-bed 
probes. 
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Figure 3. System opacity as a function of thc mean solids holdup and particle size. Note the decrease in 
probe sensitivity with increasing particlc sizc. 

The photomultiplier, which was connected to a voltage divider circuit driven by a variable high 
voltage (d.c.) source, converted the intensity of the light obtained from the probe into a voltage 
between + 10 and - 10 V. The analog voltage signal was then digitized by a Micro-Byte Dash-16 
A/D converter at a fixed sampling rate and stored in an IBM PC-XT. 

For a single large bubble, typical output signals from the photomultiplier are given in figures 
2(a, b). Figure 2(a) is from the in-bed probe, while figure 2(b) is from the above-bed probe. The 
characteristic signal for the bubble can be identified in each signal. The bubble rise velocity can 
be calculated by dividing the 0.10 m distance separating the two probes by the time elapsed between 
when the bubble first passes the in-bed probe and when it first passes the above-bed probe. These 
signals represent the raw data for the experiments. The raw data must be converted to solids 
holdup. 

The basis for the local solids measurements is that the intensity of light absorbed in passing 
through a measurement zone will depend on the solids holdup in that zone. The Lambert-Beer 
law, slightly rearranged, expresses the solution opacity (Op) in terms of the solute concentration: 

I0 
Op = ~ = exp(~Cx), [2] 

where I is the measured transmitted light intensity, I0 is the light intensity transmitted through the 
solvent alone, ~ is the absorption coefficient, C is the solute concentration and x is the thickness 
of the absorption cell. As an approximation, [2] can be extended to a liquid-solid medium by 
replacing the solute concentration with the solids holdup (Es). This approach was valid at low solids 
holdups, but, as indicated by Kitano & Fan (1988), does not extend well to the full range of solids 
concentrations. 

Since the Lambert-Beer law failed to adequately describe the opacity behavior over the entire 
solids holdup range, a simple calibration was used. The procedure involved two main steps: first, 
the intensity of light passing through a liquid medium (I0) was measured; and second, for a given 
mean solids holdup, the light intensity was measured as a function of time and then averaged. The 
second step in the procedure was conducted for various mean solids holdups. 

Figure 3 shows the average opacity vs mean solids holdup for liquid-solid fluidized beds of 163, 
326, 460 and 760 #m dia glass beads. As illustrated, the 163 pm glass beads show the greatest 
increase in opacity with increasing solids holdup; the 326 #m glass beads show a lesser increase, 
as do the 460 and 760/~m glass beads. Each particle size shows similar opacity behavior: at low 
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Figure 4. Typical local solids concentration signal subdivided into the pre-bubble, the bubble and the 

post-bubble regions. 

solids holdup the opacity increases almost linearly with means solids holdup while at large solids 
holdup the slope becomes much greater. The probe sensitivity towards the solids holdup can be 
quantified for each particle size through the change in opacity with mean solids holdup. 

R E S U L T S  A N D  D I S C U S S I O N  

The technique for measuring the local solids holdup provides local solids holdup data prior to, 
during and after the passing of the bubble. Figure 4 presents a representative local solids holdup 
profile and identifies the regions and parameters important to the analysis of the data. The signal 
is subdivided into the pre-bubble (prior to passing), the bubble and the post-bubble (after passing) 
regions. 
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Figure 5. Solids holdup measurements behind single bubbles created under identical conditions (note the 
sampling rate for these data is 100/s). 
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The pre-bubble region, typically, shows high frequency fluctuations or noise characteristics of 
both the probe and particle size dimensions. In addition, depending on the flow conditions, global 
variations can be identified which depend on the hydrodynamic conditions within the bed: these 
global variations should depend on particle size and reflect the bed hydrodynamics. 

In the bubble region, the value of the solids holdup is meaningless. Ideally, the bubble can be 
identified as two characteristic peaks separated by a stable region of high intensity [e.g. see figure 
2(a)]. This stable region corresponds to the transmission of light through nitrogen. The peaks 
represent a sharp decrease in light transmission followed immediately by a sharp increase: the 
decrease in transmission in the initial peak or the increase in the final peak may be masked if the 
mean solids holdup is high (e.g. see figure 4). The bubble chord length (¢) was defined as the time 
difference between when the apex of the initial peak and the apex of the final peak occur multiplied 
by the bubble rise velocity. At high mean solids holdups, the chord length is based on the initial 
point of sharp increase and the final point of sharp decrease in intensity coming after the stable 
high transmittance region. 

The post-bubble region starts after the bubble base peak and continues to the end of the signal. 
This region consists of the wake (both primary and secondary), and, in some cases, a zone of stable 
liquid-solid fluidization. Generally, the wake has solids holdup variations larger than those found 
in the pre-bubble region. 

The local solids holdup variations in the wake can be analyzed both qualitatively and 
quantitatively to provide insight into the wake structure. Quantitative analysis of the average wake 
solids holdup based on these signals requires determination of the boundary between the primary 
and secondary wake, since the boundary cannot be distinguished based on the local solids holdup 
signal by itself. 

Three data sets, each corresponding to a single bubble injected under identical conditions, are 
presented in figures 5(a-c): in this case, Reb = 7200 (P~ = 30 psig) and the mean solids holdup was 
0.34. As shown, the chord length observed is not the same for each repetition: the signal in figure 
5(a) has the largest measured chord length, figure 5(c) the smallest and figure 5(b) falls in between. 
The differences result because the bubbles do not necessarily strike the probe at the same lateral 
location for each repetition; consequently, the probe measurements can be used to infer insight into 
the local solids holdup at different lateral locations within the wake. For bubbles of a given volume, 
a larger observed chord length suggests the probe passed through the bubble closer to the central 
axis. The similarity between the wake solids concentration profiles in figures 5(a, b) suggest a near 
uniform solids concentration region near the central axis. However, in figure 5(c), the signal with 
the smallest measured chord length, which represents a profile closest to the bubble edge, the 
concentration varies significantly over a short distance through the wake and from that found in 
figures 5(a, b). 

The behavior pictured in figures 5(a--c) agrees with that found by Kitano & Fan (1988) in 
two-dimensional beds in that: (i) a stable solids region exists in the wake near the bubble central 
axis; (ii) close to the bubble edge a vortex sheet region exists: in the stable solids region the solids 
concentration variations are relatively small, while in the vortex sheet region the solids concen- 
tration variations could be relatively large. Also evident in figures 5(a-c), is that solids holdup 
variations prior to the passing of the bubble are small compared to those found after, the 
disturbance caused by the passing bubble continues for a significant time and the local solids 
holdup in the wake can exceed the mean solids holdup. Large-scale solids concentration 
disturbances like that shown in figure 5(c) may indicate the presence of coherent vortical structure. 
The location of these disturbances can vary from signal to signal due to the unsteady nature of 
the vortex shedding process and differences in probe location relative to the bubble central axis. 

The experiments in this study were designed to investigate three important properties of a 
gas-liquid-solid fluidized bed: the mean solids holdup in the bed; the bubble size; and the particle 
size. The experimental system, however, had limitations on both the bubble and particle sizes which 
will be indicated by the results. 

Figures 6(a-c) show signals for a fluidized bed of 163/am glass beads typically found over a range 
of mean solids holdups. At a high holdup (~'s = 0.50), measurement of the local solids holdup 
indicates only a very small change between the data found prior to the passing of the bubble and 
that following. The sole effect seems to be a very slight decrease in solids holdup [see figure 6(a)]. 
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At a lower solids holdup (~s = 0.37), wake effects begin to become evident: as shown in figure 6(b), 
in the post-bubble region, the local solids holdup variations begin to increase; the overall pattern 
seems to be sinusoidal with a long wavelength. At a still lower solids holdup (~ = 0.27), the local 
variations become more intense; as shown in figure 6(c), the wake itself is evident, but a 
demarcation between the primary and secondary wake is not. Note that at times sufficiently long 
after the passing of the bubble the solids holdup behavior returns to that found prior to its passing. 
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Figures 7(a-c) show typical signals for a fluidized bed of 326/~m glass beads at relatively low 
solids holdup. In these signals, a low solids concentration region, or liquid wake, exists. In figures 
7(a-c) particularly, the spike identifying the bubble base is followed immediately by a low 
concentration region. Note, however, the low concentration region was not found in all signals for 
a given set of conditions. Such behavior is in agreement with the observations of Kitano & Fan 
(1988). The tendency for liquid wakes to exist increased with an increase in particle size and a 
decrease in mean solids holdup. Also evident in figures 7(a-c) is that at low mean solids holdups 
the intensity of the solids concentration variations in the wake begins to decrease with decreasing 
mean solids holdup. 

Figures 8(a-d) and 9(a--d) show examples of signals for 163, 326, 460 and 760 #m particles from 
the in-bed and above-bed probes, respectively. Inside the fluidized bed, the variations in local solids 
concentration, both in the pre- and post-bubble regions, become larger with increasing particle size. 
In addition, the intensity of the variations in the wake region increases with increasing particle size. 
The increase in intensity of the variations stems from both a decrease in probe sensitivity and 
changes in the hydrodynamic behavior within the bed itself. At higher liquid velocities in the 460 
and 760 pm glass bead cases, the large-scale variations can actually mask the passing of the bubble. 
However, the solids holdup profiles obtained from the above-bed probe show clearly when bubbles 
pass the probe and thus, these signals remain useful, but are still subject to the decrease in probe 
sensitivity. The observed solids holdup profile at the above-bed probe contains two important 
phenomena: at very short times after the passing of the bubble the data should represent the solids 
carried up from the bed in the wake, while at later times the effect of particle drift from the bed 
surface becomes important. Note that lower solids concentration regions can also be observed in 
the above-bed probe signals [see figure 9(d)]. 

In the determination of the wake boundary, it is desirable to consider that of the primary wake, 
defined based on the flow pattern in the wake by Tsuchiya & Fan (1988). As noted earlier, 
Miyahara et al. (1988) reported an average value of the ratio of the primary wake volume to the 
bubble volume of 2.5. For a spherical-cap bubble, this volume ratio yields a value for the relative 
wake depth (hw/~, where hw is the wake depth and ~ is the corresponding chord depth) of 2.5. An 
extensive analysis of the data has revealed that the variation of the average wake solids holdup 
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with hw/~ in the parametric range of this study is fairly insensitive when hw/~ is between 1.5 and 
3. The results of the analysis are exemplified in figures 10(a, b) which show the solids concentration 
in the wake averaged over various prescribed wake sizes, expressed in terms of the relative wake 
depth, for many single bubbles injected under the same conditions. As shown in figure 10(a), the 
scatter in the average wake solids holdup, indicated by the error bars, is largest at small wake sizes, 
but stabilizes at large wake sizes. The scatter is a composite of differences due to variations in 
location within the wake and also the unsteady state of the wake itself. The mean of the data, as 
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shown in figure 10(b), shows approximately a steady value of 0.33 for hw/¢ between 1.5 and 3 and 
progressively approaches the mean solids holdup in the bed, i.e. 0.37, as the wake depth increases. 
Thus, for practical purposes, a choice of hw/~ of 1.5 was used for all conditions in the present 
calculation. 

Since the in-bed signals for the 460 and 760/~m particles showed such a high degree of 
fluctuations within the bed, while the above-bed signals provide a clear signal, the consistency 
between the data from these two probes was checked for the smaller size particles to allow the use 
of the above-bed signals to obtain data for the large particle systems. Average local solids holdup 
data for individual bubbles taken both by the in-bed and above-bed probes for a bed of 163/~m 
glass beads are shown in figure 11. Good agreement exists between the data obtained at the different 
locations not only for the 163 pm glass beads, as shown, but for the 326 #m glass beads as well; 
since good agreement exists, wake solids holdup data for 460 and 760/zm particles were obtained 
from the above-bed probe. Due to the inherent unsteady nature of the vortex formation and 
shedding process, significant scatter exists in the data; therefore, averaging a group of data obtained 
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Figure 13. The relative solids holdup vs the mean bed voidage as a function of  particle size for a bubble 
injection pressure of  30 psig. 

under identical conditions provides a better estimate of the average solids concentration in the wake 
region. 

The ratio of the solids holdup in the wake to the mean solids holdup, or the relative solids holdup 
(X), found for 163 #m glass beads for three different bubble sizes is shown in figure 12: the error 
bars indicate the standard deviation of the data. At a low bed voidage, X is near 1 and the data 
shows little scatter. For increasing bed voidages, X decreases and the variation in the data increases. 
As can be seen in the figure, bubble size (bubble injection pressure) only slightly affects the wake 
solids holdup. Reb values range from 4200 to 5000 for a 7 psig injection pressure, from 5900 to 
7200 for a 20 psig injection pressure and from 7200 to 8200 for a 30 psig injection pressure: note 
that the variation in Reb is not directly related to the variation in bed voidage and Reb has a minor 
effect on X. 

Particle size has a much greater impact on X than the bubble size over the conditions studied. 
In figure 13, X is shown to decrease as the particle size increases from 163 to 460 #m. Reb values 
range from 7200 to 8200 for 163/~m particles, from 7400 to 7800 for 326/,m particles, from 5400 
to 6600 for 460 pm particles and from 5200 to 5400 for 760/~m particles, and, once again, no 
significant direct relationship between the Reb and X is evident: also, note that the larger 
fluctuations in solids holdup behavior found in large particle systems are indicated through the size 
of the error bars. Also shown in figure 13 is the corresponding prediction of E1-Temtamy & 
Epstein's correlation [1] for these data. In the prediction, the experimental values of Ub are used. 
Clearly, the correlation provides a reasonable prediction of the magnitude of the wake solids 
holdup, yet does not sufficiently reflect the effect of changing bed voidage. 

The measurements and results of this study pertain to spherical-cap bubbles with a volume-equiv- 
alent diameter between 1.5 and 3.0 cm and with Reb in the range 4000-8000. In this range, the wake 
size as reported in the literature is a relatively weak function of the Reb (e.g. Tsuchiya & Fan 1988) 
and the rising motion of the bubble is rectilinear. The rectilinear motion of the rising bubble 
increases the probability that the bubble will strike the light intensity probe. Particle size and mean 
solids holdup in the bed affect the bubble motion and hence, should affect the wake solids holdup 
behavior. The relative motion between both the bubble and the liquid and the bubble and the 
particles play important roles in the wake behavior. The combined data for the four particles 
systems considered in this study can be described in terms of the bubble size, particle properties 
and liquid velocity. The wake solids holdup can be described adequately through two dimensionless 
quantities: 

e,w = 0.52 \Re,/ (g~),/4 [31 
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Figure 14. Correlation of the wake solids holdup (~w): includes data for 163, 326, 460 and 760 pm glass 
beads. 

or  

(Reb~  1/8 
x = 0.52 \ e:et} [4] 

In [3] and [4], Rct is the particle Reynolds number at tcrrninal velocity defined as ppUtdp//JL, where 
dp is the particle diameter. 

Figures 14 and 15 show qw and X as functions of (Rcb/Rct) I/8 (E,)5/4 and (Reb/RCt) I/8 (~,)i/4, 
respectively. As shown, the wake solids holdup can bc predicted very well by [3]. The data for the 
163 and 326/~m glass beads show the best fit; those for the 760/tin glass beads show the largest 
deviation from the prediction, but also the largest error. In terms of X, the deviation between the 
predicted and experimental values is larger, but the error in the data is also magnified duc to 
division by ~, (or c,p, the solids holdup in the particulate phase), a quantity < I. Note that (sp is 
essentially identical to Es for a single bubble rising in a liquid-solid fluidizcd bed. The data can also 
bc satisfactory predicted by a simple model proposed by Krcischcr (1989) based on the spherical 
vortex concept. 
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Figure 15. Correlation of the relative wake solids holdup (X): includes data for 163, 326, 460 and 760 #m 
glass beads. 
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Under most conditions in this study, the wake solids holdup was found to be lower than the 
corresponding results found in a two-dimensional system by Kitano & Fan (1988). This deviation 
arises from the difference in the definition and the resulting sensitivity of the effective wake utilized 
to evaluate the average solids holdup in the wake. As noted in the introduction, the effective wake 
is taken as the confined turbulent wake (CTW) (Fan 1989) by Kitano & Fan (1988); in the present 
work, it is taken as the primary wake which includes the regions of the CTW and the shedding 
vortical wake (SVW) (Fan 1989), although in a three-dimensional wake considered in this study, 
the solids holdup is relatively insensitive to the boundary of the wake defined. The wall effect in 
two-dimensional systems where particles tend to concentrate and flow down along the wall may 
also contribute to the deviation of the results by Kitano & Fan (1988) from their study. 

CONCLUDING REMARKS 

Several important points are immediately evident from this study: first, the optical fiber probe 
provides a good means of measuring the local solids holdup within a liquid-solid fluidized bed and, 
in particular, the local solids holdup within the bubble wake; second, the probe can be used to 
identify such phenomena as the liquid wake behind a bubble rising in a liquid-solid fluidized bed; 
and third, the ratio of the wake solids holdup to the particulate phase holdup falls between about 
l and 1/2 for the conditions covered in this study. 

Important considerations to calculate the average wake solids holdup in a three-dimensional flow 
field include: 

(i) The wake size was determined based on the wake boundary relationship of 
hw/~ = 1.5; extensive analysis of the wake behavior indicated that, within a 
reasonable range of wake sizes, including that prescribed, the average solids 
holdup in the wake was relatively insensitive to the chosen wake size. 

(ii) An arithmetic average of data obtained from a given size bubble could 
adequately characterize the wake solids holdup. 

Despite the limitations inherent in these assumptions, the experimental technique provides a 
useful method to directly measure the wake solids holdup. 

The wake solids holdup and the relative wake solids holdup can be described by [3] and [4], 
respectively. However, extension to a multi-bubble system is necessary for direct application to the 
holdup prediction in a freely bubbling fluidized bed; thus, the effect of bubble-bubble interactions 
on the solids holdup in the wake must be considered. 
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