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1. INTRODUCTION 

In the area of environmental technology development, multiphase pressure drop data is an 
important technical base for designing waste slurry and sludge processing systems. For  instance, 
a nuclear waste immobilization technology called nitrate to ammonia and ceramic (NAC) process 
(Mattus et al. 1994; Ebadian 1995) produces a mixture of water, hydrogen and ammonia gases, 
and gibbsite (A1203.3H20) solid. To scale-up and design the transportation and treatment system 
for the process, rheological data must be provided. Many operating parameters can effect the 
pressure drop in a pipe. These include flow velocity of each phase, the solid concentration, particle 
size and its chemical nature, pH value, and the temperature of the bulk flow. This study has 
emphasized the investigation of parameters which have the most effect on the viscosity. The solid 
content of the slurry, the amount  of air, and the temperature have been examined. 

A review of  the research on multiphase pressure drop reveals that many studies have been 
conducted regarding two-phase (gas/liquid and solid/liquid) flow systems. The rheology of coal 
slurry was studied by Round and Hessari (1987), who examined the effects of slurry pH and solid 
particle size distribution on water- and oil-based slurry shear stress using a Haake RV12 
viscometer. Sellgren (1987) studied the effect of  temperature on pressure drop and determined 
viscosity using a tube (diameter = 0.5 cm) viscometer. 

Temperature-dependent changes in rheological properties were evaluated for clay, coal, and iron 
ore slurries in low temperature range of 0.5-20°C. Much higher shear stress was observed when 
the temperature of  slurry was close to 0.5°C. Bouzaiene and Hassani (1992) reviewed and classified 
pressure drop prediction methods reported in literature. Some of  the methods were examined using 
literature data of multiphase flow. For  other types of multiphase phase flow systems, Lahey 
et al. (1992) tested the global volumetric phase fraction in horizontal multiphase flows of  gas, 
water, and oil. A detailed set of  phasic volume fraction data was measured in a 183 cm length 
test loop for the various flow regimes. These data were then correlated with generalized 
mathematical expressions. Unfortunately, no pressure drop measurements and correlation 
were reported in the paper. Kasturi and Stepanek (1972a, b) made a comprehensive study of 
multiphase flow of air/corn/sugar/water and air/glycerol/water solutions in helical coil. Their 
investigation was limited to the influence of liquid properties and flow rates on void fraction and 
pressures drop. They treated the multiphase phase flow as a two-phase system composed of gas 
and a uniform solution. The experimental results were correlated by Lockhart-Martinelli  and other 
methods. 

To our knowledge, the pressure drop measurement and correlation for three-phase flow of  
nuclear wastes have not been widely investigated. Therefore, the present study aims to shed light 
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on the complicated three-phase flow system and provide basic rheological data for the design of 
pump and pipeline system in nuclear waste treatment processes. 

2. EXPERIMENTAL 

The schematic of experimental apparatus is shown in figure 1. The water/gibbsite slurry was 
pumped from a mixture reservoir, which was also used as air separator, and passed through a flow 
meter and a cooling section into the air/slurry mixing unit. The three-phase mixture flowed through 
a visual section located approximately 30.5 cm downstream from the mixing unit, and then entered 
the test loop and finally the air separator. A pressure gauge was mounted on the outlet of slurry 
pump and a thermocouple was inserted into the test section. Compressed air was passed through 
a pressure regulator, a gas flow meter, and injected into the mixing unit. The three-phase flow 
entered the air separator through a nozzle on the top. The air is separated from the slurry in the 
tank and escapes to the ambient through a coil condenser. The condensed liquid in the coil flows 
back into the tank. There is a 5 m long introducing section between the pump and the test 
loop. The test loop consisted of a horizontal stainless-steel pipe with an inner diameter of 0.025 
and 2.14 m in length. The stainless-steel pipe was electrically heated to maintain the inside mixture 
at specified temperature. Pressure drop along the test section was measured by a differential 
pressure transducer (wet wet) which was routinely calibrated before performing each set of 
experiments. 

Gibbsite/water solution was prepared for each set of experiments at concentrations of 20 and 
30 weight percent. The gibbsite particle size distribution was as follows: d o > 15ktm, 10wt%; 
7 < d p <  15/~m, 40wt%;  3 < d ~ < 7 / ~ m ,  40wt%;  and d p < 3 # m ,  10wt%. At each gibbsite 
concentration level, three temperatures--50, 65 and 8 0 C - - w e r e  investigated. For each 
combination of gibbsite concentration and temperature, experiments were performed at three slurry 
flow rates and nine air flow rates. The readings of slurry flow rate, air flow rate, temperature, and 
pressure drop under each experimental case were recorded when the system reached steady state. 

3. DATA TREATMENT 

To simplify the data correlation, the three-phase flow system was treated as a two-phase flow 
of gas (air) and liquid (gibbsite slurry). The pressure drop was correlated using the 
Lockhart-Martinelli  method (1949). The variables introduced into the model were the pressure 
drop multipliers 0[ and 0~, which are defined as follows: 

l•tMix 
0~ = I l l  

Chiller 

Slurry ~ - -  
flow meter Pressure gage 

Thermcouple (~ Test / Heat section (~ ~<M~lxer 

~ , [  ~ ~ ~ [ ]  Air flow mete 

Slurry pump Air separator 

Figure I, Schematic of experimental setup. 
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and 

,/,g = [2]  

where (AP/L)M,x represents the pressure gradients along the test section. The Lockhart-Martinell i  
parameter  X 2 is defined as: 

x ~ [31 

where (AP/L)L and (AP/L)G are the pressure gradients for flow of  liquid or gas alone, which can 
either be measured or calculated from the single-phase flow system. In this investigation, the 
pressure drop multiplier ~ was used for data correlation. The pressure gradients of  (AP/L)M~ and 
(AP/L)L were measured. The parameter  X 2 may be evaluated in terms of the air mass fraction, x, 
and physical properties of  each single phase. As quoted in the work of Butterworth and Hewitt 
(1977), the )(2 was written as: 

[4] 

where pL and pG represent the viscosity of  liquid and gas, pL and pG indicate the density of  the 
liquid and gas, D is tube diameter, G is mass flow rate in the tube, and x is mass fraction of  air 
in the mixture calculated by 

GAir 
x - GMix" [5] 

GBS = 30 wt ~;Temperature = 65 C 
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Figure 2. Dependence of Lockhart-Martinelli parameter X on air flow rate (GBS concentration: 30 wt%; 
temperature: 65°C). 
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Table l. Values of parameter C 

Gibbsite Temperature ( C )  
Concentration 50 65 80 

20 41.3 52.9 77.6 
30 34.9 43.4 47.5 

The pl  is taken as the average density of  gibbsite and the water  and calculated by 

pL : pw(1 ---¥,~i,s) + pG~sXc~BS [6] 

where pw is water  density, p~;Bs is gibbsite density, and x(;~s is the mass tract ion of  gibbsite in the 
water -g ibbs i te  slurry. The viscosity for air, /~c~, was found in handbook  (Perry and Green 1984). 
The viscosity of  slurry was calculated using two empirical  equat ions obtained f rom work of  
Ebadian  (1995). 

Figure 2 shows the dependence of  X on air mass fraction, x. The values of  q~ and X ~ were 
correlated using an empirical equat ion (But terworth  and Hewitt  1977): 

C 1 4~=l+x+x : .  [71 

Paramete r  C in this equat ion was established by per forming  a least-squares fit to the experimental  
data.  

4. RESULTS A N D  D I S C U S S I O N  

The est imated values of  pa ramete r  C in [7] are shown in table 1. Compar i sons  of  the data  with 
the Lockhar t -Mar t ine l l i  correlat ion are shown in figures 3 8. The experimental  data  and 
correlat ion indicate that  the amoun t  of  air induced into the system exerts a very strong effect on 
the pressure d rop  multiplier.  When the air flow rate is high enough to make  pa ramete r  X less than 
40, the pressure d rop  multiplier  dramat ica l ly  increase (see figures 3-8). If  the air is reduced to a 
level close to zero (that is, X increase to infinity), the pressure d rop  multiplier correspondingly 
declines to a value of  1. This is true because when there is no air in the system, the (AP/L)M~ equals 
(AP/L)L as indicated in [1], and which results in ~b~ = 1. 
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Figure 3. Pressure drop multiplier as a function of 
parameter X (GBS concentration: 20 wt%: temperature: 

5O C). 
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Figure 5. Pressure drop multiplier as a function of 
parameter 1" (GBS concentration: 20 wt%; temperature: 

80°C). 
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Figure 6. Pressure drop multiplier as a function of 
parameter 1" (GBS concentration: 30 wt%; temperature: 

5ooc). 

The effect of temperature on the pressure multiplier can be determined from the C values listed 
in table 1. As indicated, higher C values were obtained at higher temperatures, and higher th~ 
resulted from [7]. In fact, when the temperature is high, the volume flow rate of air increases. This 
results in a higher superficial air velocity and a higher pressure drop (that is, the (AP/L)M~x is higher). 
On the other hand, the temperature change has no major effect on the slurry volume flow rate and 
the (AP/L)L remains constant. Therefore, the final result is that the pressure drop multiplier 
increases as the temperature increases. 
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Figure 7. Pressure drop multiplier as a function of 
parameter X (GBS concentration: 30 wt%; temperature: 

65°C). 
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Figure 8. Pressure drop multiplier as a function of 
parameter 1" (GBS concentration: 30 wt%; temperature: 
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It is interesting to note that a lower pressure drop multiplier is obtained at a higher gibbsite 
concentration. For  example, at a constant temperature of 50'C, the C value at 20 wt% is about l 5% 
lower than that at 30 wt%. One possible explanation for this phenomenon is that concentrated slurry 
produce a larger pressure gradient in terms of (AP/L)L than (AP/L)M~. It appears that the overall 
effect of gibbsite concentration is to reduce the pressure drop multiplier. 

5. CONCLUSIONS 

Pressure drop measurements have been carried out in ranges of temperature and solid 
concentration. The Lockhart Martinelli method correlates well the data. Both experimental and 
correlation results indicate that amount of air introduced into the flow system exerts the strongest 
effect on the pressure drop. The effect of temperature on the pressure drop multiplier through the 
air velocity was observed in the experiments and represented by the model. It has also been found 
that the concentration of gibbsite is another factor that influences the pressure drop multiplier. A 
brief explanation of these effects has been presented based on experimental data and correlation. 
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