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Fundamental Characteristics of liquid - solid fluidization at high pressures (up to 21 
MPa) and moderate temperatures (up to 89°C) are investigated. Properties under study 
include minimum fluidization velocity (urn ), bed voidage at minimum fluidization, 
and bed expansion. Devices for in-situ measurements of physical properties of the liquid 
in the bed are developed, and measurements are cam'ed out to quantify the pressure 
and temperature effects on the fluidization behavior. The results indicate that under 
high pressures and moderate temperatures, liquid - solid fluidization behavior is 
affected significantly by the variation of liquid density and viscosity with pressure. As 
the pressure increases, the liquid viscosity and density increase, yielding an increased 
drag force and buoyancy force on the particles, and hence a decreasing urnf and an 
increasing bed expansion for a given liquid flow rate. An increase in temperature has 
an opposite effect on the physical properties of the liquid, increasing urn and decreasing 
the bed expansion for a given liquid flow rate, Various correlations proposed in the 
literature for umf  and bed expansion, including those by Richardson and Zaki (1954) 
and Chitester et al. (1 984), are applicable to high-pressure and high-temperature condi- 
tions when proper account is made of the liquid physical properties under bed operating 
conditions. 

Introduction 
Gas-liquid-solid fluidized beds for industrial applications 

such as hydrogenation reactions are often carried out at high 
pressures (Fan, 1989). Important parameters in characteriz- 
ing the hydrodynamics of liquid-solid fluidization are the 
bed expansion and the minimum fluidization velocity. 
Knowledge of the variation of these two parameters with 
operating conditions (e.g., liquid velocity and liquid physical 
properties, particle properties, and column geometry) is 
essential to the design and operation of these fluidization 
systems. 

High-pressure liquid-solid fluidization represents a limit- 
ing case of three-phase fluidized-bed operations. Hydrody- 
namics of liquid-solid fluidization under ambient condition 
have been extensively studied and reviewed (e.g., Rietema, 
1982; Kwauk, 1992; Di Felice, 1995). Many empirical correla- 
tions were proposed to describe the hydrodynamic behavior 
of the bed, for example, the Richardson and Zaki (1954) 
equation for bed expansion and the Wen and Yu (1966) 
equation for minimum fluidization velocity, u m f .  Little is 

known regarding the pressure and temperature effects on the 
characteristics of liquid-solid fluidization. 

Pressure and temperature affect the hydrodynamics of liq- 
uid-solid fluidization by changing liquid properties such as 
density and viscosity. Studies of these effects for liquid-solid 
fluidization are limited only to ambient pressure conditions. 
With measuring pressure at a given temperature, the liquid 
density and viscosity increase, leading to an increase in the 
drag force of the particle. At a given pressure, increasing 
temperature has an opposite effect on the liquid density and 
viscosity, and hence the drag force of the particle; thus, in 
quantifying the liquid-solid fluidization hydrodynamics at el- 
evated pressures and temperatures, the liquid properties must 
be known. 

In this article, the experimental data for the minimum flu- 
idization velocity and bed expansion of liquid-solid fluidiza- 
tion at high pressures and moderate temperatures are pre- 
sented. Techniques are developed to perform in situ mea- 
surements of the liquid density and viscosity. The values ob- 
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tained for these liquid properties are used in the hydrody- 
namic property analysis. Application to high pressure of the 
well-known equations developed for ambient conditions is 
discussed. 

Experimental 
Flow visualization apparatus 

The diagram of the experimental system for high-pressure 
and high-temperature studies is given in Figure 1. The system 
consists of a vertical column, a liquid supply tank, a liquid 
exhaust reservoir, a piston pump, and a pulsation damper. 
The vertical column comprises plenum, test, and disengage- 
ment sections. The liquid supply tank is jacketed with electric 
heaters that provide desirable temperatures. The pipes and 
column are insulated. The column is made of stainless steel 
and is 80 cm in height and 5.08 cm in diameter. Three pairs 
of plane windows made of quartz are installed on the col- 
umn; each window is 12.4 mm wide and 92 mm long. These 
windows allow viewing throughout the entire test section of 
the column. The present experiments are conducted at pres- 
sures up to 21 MPa and temperatures up to 89°C. The pres- 
sure is controlled by a back pressure regulator installed at 
the outlet of the bed. A perforated plate with 37 square 
pitched holes of 2.4 mm diameter is used as the liquid dis- 
tributor. Uniformly sized spherical glass beads with d, = 0.5, 
1.0, and 2.1 mm, and p, = 2,537, 2,553, and 2,513 kg/m3, re- 
spectively, are used as the solid phase. The liquid velocities 
required to achieve minimum fluidization are determined 

from the relationship between the dynamic pressure drop and 
the superficial liquid velocity. The bed expansion is deter- 
mined from direct flow visualization. Paratherm NF heat- 
transfer fluid, a stable organic liquid (Tb = 327°C at 0.1 MPa), 
is used as the liquid phase. The liquid has the following phys- 
ical properties: p = 0.032 kg/m.s and pf = 869 kg/m3 at 25°C 
and 0.1 MPa. 

In situ liquid-property measurements 
The properties of the liquid at elevated pressures and tem- 

peratures are measured in the column. The bed is pressur- 
ized by nitrogen gas. The contribution of liquid vapor can be 
neglected due to its low vapor pressure (Vp = 2X lo-' MPa 
at 150°C and 0.1 MPa). In order to maintain a constant tem- 
perature for the system, the nitrogen gas is preheated by a 
gas heater to the desired temperature before being intro- 
duced into the column. 

Density Measurement. The hydrostatic weighing method is 
adopted to measure the liquid density at elevated pressures 
and temperatures. A cylindrical aluminum tube 0.305 m in 
length and 7.14 mm in outside diameter, shown in Figure 2a, 
has an adjustable metal weight that is submerged in the liq- 
uid. The volume of the tube above the liquid surface varies 
with the liquid density, specifically, the liquid density relates 
to the tube volume above the liquid surface based on the 
Archimedes principle: 
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Figure 1. High-pressure and high-temperature liquid solid flow visualization apparatus. 
SI conversion: L = gal x 3.79; kPa = psi X 6.89. 
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1. Column 
2. Window 
3. Aluminum 
4. Adjustable 
5. Particles 
6. Solenoid 
7. Tubing 
8. Wire 
9. Guiding tube 

(a) (b) 
Figure 2. Experimental setup for the measurement of (a) 

liquid density and (b) viscosity. 

where rn, and m2 are the masses of the aluminum tube and 
the adjustable metal weight, respectively; pf and pg are the 
densities of liquid and pressurized nitrogen gas, respectively; 
and S and S, are the cross-sectional areas of the tube based 
on the outer and inter diameters, respectively. 

The viscosity of the liquid under 
elevated pressures and temperatures is determined using the 
falling-ball technique. The technique is implemented using 
the system shown in Figure 2b, which consists of a ball- 
releasing device and a guiding tube. The magnetically oper- 

Viscosity Measuremenf. 

ated ball-releasing device is placed inside the column to re- 
lease the ball into the guiding tube. The falling process is 
recorded by the CCD camera with an infinity lens situated 
outside the window. At steady state, the terminal velocity of 
the falling ball can be calculated from the falling distance ( L )  
and the elapsed time ( A t ) .  For this measurement, nylon par- 
ticles with sphericity m and p,,=1,130 kg/m3 are 
used. The particle size selected is such that the particle 
Reynolds number, Re,, is less than 2. 

Results and Discussion 
In-situ liquid properties 

Figure 3a shows the density variation with pres- 
sure and temperature for Paratherm NF heat-transfer fluid. 
In general, liquid compressibility can be negligible for a small 
variation of pressure; however, for a large variation of pres- 
sure, the intermolecular distance significantly decreases, 
causing the density to increase. From Figure 3a, it can be 
seen that the density below the normal boiling point in- 
creases by about 5% when the pressure increases from ambi- 
ent pressure to 21 MPa. An increase in temperature results 
in an increase in the free energy of the fluid, enhancing inter- 
molecular movement and yielding a reduction in the density. 
Figure 3a shows that the density decreases by about 6% when 
the temperature increases from 20 to 120°C under the entire 
pressure range studied. 

The molecular structures of the liquid used in 
this study are complex; there is no theoretical equation that 
is able to accurately estimate the viscosity of this liquid. Thus, 
direct measurements using such methods as falling-ball and 
plate-and-cone or couette-type viscometers are the only alter- 
native. In the direct measurement of liquid viscosity con- 
ducted in this study, the falling-ball method is used. The 
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Viscosity. 
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Figure 3. Variations of (a) density and (b) viscosity of Paratherm NF heat-transfer fluid with pressures and 
temperatures. 
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Reynolds number based on the particle diameter is main- 
tained in all experiments at less than 2 by varying the particle 
sizes. The Stokes (1851) and Oseen (1910) equations given 
below are applied to calculate the viscosity for different flow 
regimes, based on the Reynolds number: 

of e B  (Wen and Yu, 1966; Richardson and Jeronimo, 1979; 
Foscolo et al., 1983). For the range of Re < 500, the coeffi- 
cient j3 has a constant value of -4.7. Combining Eqs. 5 and 
6 gives 

(Re, < 0.1) ( 2 )  

where f, is the correction factor accounting for the wall ef- 
fect, and can be expressed by (Khan and Richardson, 1987) 

f, = 1 - 1.15(dp/D)0'6. (4) 

Figure 3b shows the variations of the viscosity with pres- 
sure and temperature for Paratherm NF heat-transfer fluid. 
The results are partially verified by comparing the measure- 
ments with values provided by the Paratherm supplier at a 
pressure of 0.1 MPa and temperatures below the boiling point. 
The differences between the measured values and the sup- 
plier's results are less than 1%. 

In general, the liquid molecules move within parallel liquid 
layers, where they change their sites by surpassing the activa- 
tion energy barrier (Ewe11 and Eyring, 1937). As the pressure 
increases at low temperatures, the liquid exerts a larger fric- 
tional drag on adjacent layers, and the velocity gradient de- 
creases, which causes the viscosity to increase significantly. 
For high temperatures, however, the liquid molecules have 
excess free energy to overcome the energy barrier, and thus 
an increase in pressure does not significantly affect the liquid 
viscosity. Figure 3b shows that when the pressure increases 
from 0.1 to 21 MPa, the viscosity for Paratherm NF heat- 
transfer fluid increases by 65% at 2VC, but only by 10% at 
100°C. Figure 3b also indicates that the effect of temperature 
on the liquid viscosity is more significant than that of pres- 
sure. 

Macroscopic phenomena 
In liquid-solid fluidization, the fluidized particles are bal- 

anced by the effective gravitational force Feg (which includes 
the gravitational force and the buoyancy force) and the drag 
force FD induced by the liquid flow as given by 

Define the voidage function f(e) as (Wen and Yu, 1966) 

(6) 

where FD is the drag force of a single particle in a liquid- 
solid fluidized bed, and FD, is the drag force of a single par- 
ticle in the infinite fluid, which can be expressed as 
CD( pfu2/2X~dj/4). f ( ~ )  has been proposed to have the form 

where C, is the drag coefficient for a single particle in the 
infinite fluid, which can be correlated for various flow regimes 
(Khan and Richardson, 1987). The correlation for C, was 
given by Clift et al. (1978) for Re I 22 as 

Equations 7 and 8 lead to 

Figure 4 compares the voidage between the calculated results 
based on Eq. 9 and the experimental data obtained in this 
study. It is seen that the calculated results match the experi- 
mental data well; some deviations are noted at higher voidage 
due to the limitation in applicability of the C, equation. By 
using the in-situ physical properties of the liquid, therefore, 
Eq. 7 can be applied to account for the voidage variation in 
liquid-solid fluidization under various operating conditions. 
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Figure 4. Comparisons of the bed voidage calculated 

from Eq. 9 with experimental data. 
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Minimum fluidization 
The minimum fluidization velocity, u m f ,  for various pres- 

sures (up to 20 MPa) is studied at T = 32.5 and 60°C, using 
2.1-mm glass beads. Figure 5 shows the pressure effect on 
umf. The figure indicates that umf decreases with increasing 
pressures at a given temperature. From the discussion on the 
liquid properties given earlier, it is noted that when the pres- 
sure increases from 0.1 to 20 MPa both the density and vis- 
cosity of the liquid increase significantly, with the rate of in- 
crease for the liquid density lower than that for the liquid 
viscosity. The increase in the density and viscosity of the liq- 
uid gives rise to a decreased umf.  

In Figure 5, the pressure effect on umf at low tempera- 
tures is greater than that at high temperatures. For example, 
when the pressure increases from 0.1 to 20 MPa, umf de- 
creases by 40% at 32.5"C, but only by 30% at 60°C. This is 
because the pressure effect on the liquid viscosity at 32.5"C is 
greater than that at 60°C; hence, at low temperatures the 
magnitude at which the drag force increases is greater, result- 
ing in a higher decreasing rate of umf. The pressure and tem- 
perature effects can be presented in a plot of Remf vs. Ar, as 
shown in Figure 6. It is seen that all data obtained for mini- 
mum fluidization are in the laminar flow regime (Remf I 10). 
The general form of the empirical equations for umf re- 
ported in the literature (e.g., Wen and Yu, 1966; Richardson, 
1971; Institute of Gas Technology, 1978; Grace, 1982; 
Chitester et al., 1984) as given below is examined: 

I I I 

Heat Transfer Fluid 
I I I 

Solid. Glass Beads (dp=2.1 mm, pp=2513 kdm3) 
Experimental data - 

- Chitester et d. (1984) 

- _ -  Grace (1982) - 
Richardson (1971) 

Wen and Yu (1966) 
T=60W 

- - 
_ _ _ - - -  Inst Gas Tech. (1978) 

-.-.._ 0 
.. 

120 7 

._ -. - _  - - -  - - _  - - - _ _ _  _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  h r 
E v 

(10) 

where the constants C, and C, are described in Table 1. Cal- 
culation of umf based on these equations is presented in Fig- 
ures 5 and 6, where the liquid physical properties used in 
calculating umf are taken from measurements obtained in 
this study (Figure 3). In Figures 5 and 6 all correlations seem 
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Figure 6. Relationship between Rem, and Ar for mini- 

mum fluidization at T = 32.5 and 60°C. 

to predict the correct trend, and Chitester et a1.k (1984) 
equation provides the best fit to the experimental data, while 
the Institute of Gas Technology (1978) overpredicts and the 
others underpredict the experimental results. 

The effects of pressure on the minimum fluidization 
voidage E m f ,  are shown in Figure 7. The figure indicates that 
as the pressure increases, Emf  increases initially, and then 
decreases after reaching a maximum value. The maximum 
value of em is also observed to be a function of temperature. 
This behavior can be attributed to the pressure and tempera- 
ture effects on the liquid properties, which in turn affect the 
drag force and the buoyancy force. The relationship among 
temperature, pressure, and Emf  can be accounted for by the 
force balance. It is noted from Figure 6 that the flow under 
the minimum fluidization condition is in the laminar flow 
regime. Under minimum fluidization conditions, Eq. 9 gives 
rise to 

(11) 

The values of Feg and F,, at minimum fluidization vary with 
pressure and temperature. Figure 8 shows the effect of pres- 

Table 1. Values of Two Constants in Eq. 10 

Reference Cl c2 
Wen and Yu (1966) 33.7 0.0408 
Richardson (1971) 25.7 0.0365 
Institute of Gas Technology (1978) 25.25 0.0651 
Grace (1982) 27.2 0.0408 
Chitester et al. (1984) 28.7 0.0494 
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Liquid: Paratherm NF Heat Transfer Fluid 
Solid: Glass Beads (dp=2.1 mm, pp= 2513 kg/m ) 
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Figure 7. Pressure effects on the minimum fluidization 
voidage at T = 32.5 and 60°C. 

sure on Feg and FDs under minimum fluidization for T = 32.5 
and 60°C. The figure indicates that at a given temperature, 
Feg decreases with pressure because the liquid density in- 
creases with pressure. With an increase in pressure, F,, ini- 
tially increases due to the change in the liquid density and 
viscosity; the decrease in umf then becomes dominant, which 
leads to a decrease in FDS. The bed voidage at minimum 
fluidization, emf, can be calculated from Eq. 11, as shown in 
Figure 7. The figure shows that the calculated values for Emf 

match the data reasonably well. 

Bed expansion 
Pressure Effect. Figure 9 shows the relationship between 
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Figure 8. Pressure effects on Fes and F,,, at T=32.5 

and 60°C under minimum fluidization condi- 
tions. 

the bed expansion and the superficial liquid velocity at four 
different pressures for glass beads of diameter 2.1 mm under 
T = 23.5 and 60°C. It can be seen that for a given tempera- 
ture and particle size, the bed expansion increases with an 
increase in the liquid velocity and pressure. Based on Eq. 7, 
FDs increases with pressure and liquid velocity, while Fyg de- 
creases with pressure, which leads to an increase in E .  In 
Figure 9, comparing the bed expansion at 0.1 and 20 MPa at 
the same liquid velocity, it is seen that the bed height at 0.1 
MPa is about 20-30% lower than that at 20 MPa. 

In Figure 10, it can be seen that at a given temperature the 
higher liquid velocities exhibit a greater effect of pressure on 
the bed expansion. This phenomenon can be attributed to 
effects on the Reynolds number, and thus on drag forces, 
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Figure 9. Pressure effects on the bed expansion for dp = 2.1 mm at T = 23.5 and 60°C. 
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10. Pressure effects on the bed expansion for 2.1-mm glass beads at various liquid velocities and T = 23.5 
and 60°C. 

from variations in pressure and liquid velocity. To illustrate, 
the force balance equation (Eq. 7) is rearranged to 

Consider liquid flows at velocities, u and xu (where x > l), 
which fluidize a bed of particles at two different pressures 
but the same temperature. The change in bed voidage be- 
tween low and high liquid velocities at a given pressure can 
be quantified by the following relationship: 

The property measurement of the liquid reflects that Feg can 
be considered as constant due to insignificant effects of pres- 
sure and liquid velocity at a given temperature. FDS, how- 
ever, is a complex function of pressure and liquid velocity, as 
liquid velocity has both positive and negative effects on F,, 
through the liquid properties and C,, and pressure has posi- 
tive effects on F,,y through C,  and p f .  Note that C,  within 
the range of bed expansion of this study is very sensitive to 
the Reynolds number (0.1 < Re < 221, as shown in Figure 11; 
hence, one only compares the change in drag force (AF). 
Based on the prescribed conditions, consider four drag coef- 
ficients shown in Figure 11: CAI, Ck,, Cb2, and Ck2. Sub- 
scripts 1 and 2 represent the high and low liquid velocities, 
and the superscripts 1 and h represent the low and high pres- 
sures, respectively. The differences between drag coefficients 
at high and low pressures for two liquid velocities, AC, and 
AC2, are defined below: 

CAI = Cb, + AC, (14) 

Ch2 = Cb2 f AC2 (15) 

At low pressure, the change in drag force from low liquid 
velocity to high liquid velocity can be given by 

At high pressure, by substituting Eqs. 14 and 15, the change 
in drag force from low liquid velocity to high liquid velocity 
can be obtained from 

Glass Beads (dp=2.1mm, pp=2513kglm3)// 
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Figure 11. Variations of the drag coefficient and 
Reynolds number with the liquid velocity for 
dp = 2.1 mm at T = 60°C and P = 0.1 and 20.5 
MPa. 
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Figure 12. Pressure effects on F,, under various liquid velocities at T = 23.5 and 60°C. 
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It can be seen from Figure 12 that the increase in F,, with 
increasing pressure at a higher liquid velocity is greater than 
that at a lower liquid velocity. This behavior means that A F h  
is always larger than AF‘, and x 2 A C , - A C 2  must be posi- 
tive. In fact, data presented in Figure 11 support the preced- 
ing observation, and the value of x 2 A C ,  - A C 2  is always 
found to be positive. 

Another direct approach to compare A F h  and AF‘ is to 
construct a figure relating Re, drag force, and liquid velocity, 
as shown in Figure 13. From this figure, one can choose any 
two liquid velocities and draw two horizontal lines that inter- 
sect the pressure lines to obtain the corresponding Reynolds 
numbers. From the Reynolds numbers, the drag forces can 
be evaluated and the A F h  and AF’ can be determined. From 
this figure, one always obtained a larger value for A F ” ,  which 
implies that a higher liquid velocity yields a larger effect on 
pressure. It also explains that at higher Reynolds numbers, 
the effects of pressure on bed expansion are lesser. A more 
detailed analysis of the pressure effects on bed expansion is 
given in Appendix A. 

Figures 14 and 15 show that at a given temperature and 
liquid velocity, the larger particle size exhibits a larger effect 
of pressure on the bed expansion. Equation 7 can also be 
applied to illustrate this phenomenon. Assume that particles 
of two different sizes are used as solids in a fluidized bed 

O.OE+O - 

52 January 1997 
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operated at two different pressures, but at the same tempera- 
ture and velocity. The change in bed voidage between these 
two particle sizes at low and high pressure is then given by 

Figure 13. Variations of the drag force and Reynolds 
number with the liquid velocity for dp = 2.1 
mm at T = 60°C and P = 0.1 and 20.5 MPa. 
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3 P f U 2  

= [  4( Pp - Pf ) 
(2--2), (19) 

where subscripts B and S represent, respectively, the large 
and small particles. The differences in drag coefficients be- 
tween high pressure and low pressure for two particle sizes 
are denoted as AC, and AC,, as shown in Figure 16 and 
expressed below: 

Liquid Paratherm NF Heat Transfer Fluid 1 Solid GlassBeads 1 
T = 6 0 ° C  
u = 1 0 cmls 

' O.' t h 
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Figure 15. Pressure effects on the bed expansion for 
different particle sizes (dp=0.5, 1.0 and 2.1 
mm) at 7=60"C. 

Substituting Eqs. 20 and 21 into Eq. 19, yields 

+ (2 2)] 

From Figure 16, it can be seen that AC, is always larger than 
ACB. Since d ,  is smaller than dB,  the value of AC,/d, - 
ACB/dB is positive; therefore, the effect of pressure on bed 
expansion for small particles is more significant than that for 
large particles at a given velocity and temperature. It also 
means that a larger Reynolds number gives rise to a lesser 
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Figure 16. Variations of the drag coefficient and Rey- 

nolds number with the particle size for u =  
1.0 m/s at 7 = 60°C and P = 0.1 and 20.5 
MPa. 
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Figure 17. Temperature effects on the bed expansion 
under P = 13.7 MPa for 2.1-mm glass beads. 

effect of pressure on the increasing rate of bed expansion. A 
detailed analysis of pressure effects on bed expansion of dif- 
ferent particles is presented in Appendix B. 

Figure 17 shows the temperature ef- 
fect on the bed expansion at the pressure of 13.7 MPa using 
2.1-mm glass beads. The figure shows that for a given liquid 
velocity the bed expansion at low temperatures is more 
prominent than that at high temperatures. An increase in 
temperature reduces the liquid density and viscosity, which 
causes Feg and F,, to decrease; however, as the temperature 
increases, the rate of change for density is less than that for 
viscosity, yielding an increase in the ratio of Feg to FD,. The 
bed expansion is therefore greater at a lower temperature. 
Comparing the bed expansion at 23.5 and 88.5"C at the same 
liquid velocity, it can be seen that the bed expansion at 23.5"C 
is about 50% higher than that at 88.5"C. This implies that the 
temperature effect on bed expansion is more significant than 
the pressure effect at a given liquid velocity, which can also 
be seen in Figure 9. 

The Richardson and Zaki (1954) equation 
given below is applied to examine the bed expansion: 

Temperature Effect. 

Comparison. 

where n is a function of the Reynolds number based on the 
terminal velocity of the particle, Re,, and the ratio of dp/D.  
Considering the wall effect and the ratio of particle to col- 
umn size, the comparison of experimental results of bed ex- 
pansion with the Richardson and Zaki correlation is pre- 
sented in Figure 18. The figure shows that, using the liquid 
properties evaluated at the operating conditions, the bed ex- 
pansion can be well predicted by Eq. 23. 
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___ Richardson and Zaki's correlation 
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Figure 18. Experimental results vs. prediction by the 
Richardson and Zaki correlation. 

Concluding Remarks 
The fundamental characteristics of liquid-solid fluidiza- 

tion at high pressures (up to 21 MPa) and moderate tempera- 
tures (up to 89°C) are investigated. Properties under study 
include u,,,, bed voidage at minimum fluidization, and bed 
expansion. Devices for in situ measurements of the physical 
properties of liquid in the column are developed and mea- 
surements are carried out to quantify the pressure and tem- 
perature effects on the fluidization behavior. The results in- 
dicate that under high pressures and moderate temperatures, 
liquid-solid fluidization is significantly affected by the varia- 
tion of the liquid density and viscosity. As the pressure in- 
creases, the liquid viscosity and density increase, yielding an 
increased drag force and buoyancy force on the particles, and 
hence a decreasing u,,,, and an increasing bed expansion for 
a given liquid flow rate. An increase in temperature has the 
opposite effect on the liquid physical properties, which re- 
sults in an increase in urn, and a decrease in the bed expan- 
sion for a given liquid flow rate. Based on the measured liq- 
uid physical properties under bed operating conditions, the 
study indicates that the liquid velocity and bed voidage at 
minimum fluidization and the bed expansion can be well pre- 
dicted, respectively, by the correlations of Chitester et al. 
(1984) and Richardson and Zaki (1954). 
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Notation 
Ar =Archimedes number tf; pr( pp - p,)g/p* 
D =diameter of column, mm 
d, =diameter of particle. mm 
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g = gravitational acceleration, m/s2 
I =length of aluminum tube defined in Figure 2, m 

I ,  =length of aluminum tube defined in Figure 2, m 
l2 =length of aluminum tube defined in Figure 2, m 
p =pressure (MPa) 

Re,, = Reynolds number based on minimum fluidization velocity 
PJ m /  (Ip/p 

T,, =boiling point, “C 
u ,  =particle terminal velocity, m/s 
x =ratio of high liquid velocity to low liquid velocity 

Greek letters 
y =numerical exponent 
E =bed voidage 
p =liquid viscosity, kg/m.s 

pp =particle density, kg/m3 
rr =surface tension, N/m 
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In liquid-solid fluidization, the bed expansion can be de- 
scribed by 

where n > 1. The term pp - pf is approximated as a constant. 
Equation A1 can be expressed as 

E n  a CD p p 2 .  

For Stokes ’ regime 

is given by 
The drag coefficient for a single particle in an infinite fluid 

24 24p 
C D = z = p r u d  (A3) 

Based on the present measurements, the liquid viscosity can 
be related to pressure by 

(A4) 

where m > 0 and P > 1. Substituting Eqs. A4 and A3 into 
Eq. A2 yields 

a p u  a Pmu.  ens- 24PPfUZ 

PfUd 

Therefore. 

Consider two fluidizing velocities, u1 and u2,  that differ by 
Au, that is, 

u1 = u2 + Au.  (A71 

The Taylor expansion of E ( U ,  P )  around u = u2 gives 

Stokes, G .  G., “On the Effect of Internal Friction of Fluids on the 
Motion Of Pendulums,” Trans. Cambridge Phil. SOC.9 9, 8 (1851). 

Wen, C. H., and Y. H. Yu, “Mechanics of Fluidization,” Chem. Eng. 
Prog. Symp. Ser.. 62, 100 (1966). 

F~~ high pressures (indicated by subscript h), the increase in 
voidage A E ~  from u2  and u1 is given by 

A Eh = E(U19  Ph) - E(U2 9 Ph) 

Appendix A d€ 
= - I .*Au. 

These Appendices provide the proof that at a given tem- d U  

perature, the effect of pressure on the bed expansion in- 
creases as the liquid velocity increases. This Appendix con- 
siders the case of constant particle diameter with varying liq- 
uid velocity. Appendix B considers the case of constant liquid 
velocity with varying particle diameter. 

Hence, 

a ( i 2  -u(l/n)- 1 ) h  pm/nA u.  

(A9) 

(A10) 
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For low pressures (indicated by subscript I ) ,  the increase in 
voidage AE,  from u2  to u ,  is given by 

Based on the measurements, the liquid density can be related 
to pressure by 

(A1 1) 

where y > 0. 
Subtracting Ae, in Eq. A11 from Aeh in Eq. A10 gives Substituting Eq. 21 into Eq. A20 yields 

Since n > 1 and rn > 0, Eq. A12 leads to 

Ph"/" - P;"/" > 0 ,  

which proves that 

(A13) 

(A211 

With the Taylor expansion of E ( U ,  P), and following the same 
procedures as earlier, the difference between Aeh and A € ,  
can be expressed by 

Pl'/"). (A23) 

> A€, .  (A141 Since y > 0 and n > 1, it proves that 

That is a larger increase in bed voidage at high pressures 
than at low pressures. 

Appendix B For I < Re < 500 regime 
Consider that the liquid velocity is constant and that the 

term p p  - p f  can be approximated as constant for all pres- 
sures. Equation A1 can be simplified to 

The drag coefficient can be approximated by 

24 

D -  Re 
C - -(1+ aReb) ,  (A151 

(B1) CD Pf E"a- .  
d where 0 < a  and b < 1. 

Substituting Eqs. A4 and A15 into Eq. A2 gives 

E a (pm/nu'/n)(l+ aReb)lln 

For Stokes ' regime 
Substituting Eqs. A3 and A4 into Eq. B1 yields 

where (Y = a( p fd )b  is virtually a constant, since the Pressure 
effect on density is much less than that on viscosity. With the Consider two particle sizes, d, and d,, that differ by Ad,  that 

i r  
fro, Taylor expansion of E ( U ,  P) and rearrangement, the increase 

in voidages A E ,  and A el from u2  to u , ,  can be expressed by d ,  = d2 + Ad.  (B3) 

bKh 

PT f Kh 
With the Taylor expansion of d d ,  P) ,  and following the same 
procedures as given in Appendix A, the difference between A eh a ( .! u$'/")- I )  ( P r  + Kh)'ln ( 1 + ------ ) 

n - ,  
Aeh and A q  can be expressed by 

where K ,  = and K ,  = a ~ i P / ' - ~ ) ~ .  Since b < 1, 
K increases monotonically with pressure. The factor (P" + 
K)V" [1+ bK/(Pm + K ) ]  would increase monotonically with 
pressure. Thus, the bed expansion is greater at higher pres- 
sures, that is, A Eh > A el. 

AE,  - A q  a -d;(2/")-' (ph"/" - P"'/")Ad I . (B4) (n' 1 
Since m > 0 and n > 1, it proves that 

For Re > 500 regime Aeh > A q .  

The drag coefficient can be approximated by 
For 1 < Re < 500 regime 

Substituting Eqs. A4 and A15 into Eq. B1 gives C, = 0.4. 

Substituting Eq. A19 into Eq. A2 leads to 
E a (Pm/"d-(2/n')(1+ aRebIVn 
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where A = a( p f ~ ) b  is a constant. With the Taylor expansion For Re > 500 regime - 
Substituting Eqs. A19 and A21 into Eq. B1 yields of E(d, P )  and rearrangement, the increase in voidages Ach 

and A q  from d ,  to d,, is given by 

. ,  

( P p  + Hh>'ln ( 2- - p:~,, )" (B7) With the Taylor expansion of d d ,  P )  and following the same 
procedures as before, the difference between AE,, and Ae1 
can be expressed by 

where Hh = Ad,bPi'-b'm and HI = Ad:P,"-b'm. Since b 
H increases monotonically with pressure. Therefore, by com- 

Hence, with y > 0 and n > 1, it proves that Aeh > A q .  

paring Eqs. B7 and B8, it proves that A q  > A q .  Manuscript receiued Jan. 16, 1996, and reuision received by July 12, 1996 
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