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Table 4.2  Agglomeration and defluidization temperatures. 
Material Defluidization Temp Agglomeration Temp 
Na2CO3 ~520°C Not available 

0.3% Carbon 450°C 490°C 
2% Carbon 460°C 530°C 

17% Carbon Not available (>652°C) Not available (>652°C) 
 

 

Figure 4.10 is a graphical representation of the data in Table 4.2 and shows how 

the agglomeration and defluidization temperatures are affected by carbon content and bed 

material. Defluidization occurs at a lower temperature in the two low carbon content bed 

materials (0.3% and 2%) than the pure sodium carbonate (0% carbon content). The high 

carbon content material (17%) did not defluidize up to 650°C. In the absence of carbon, 

the bed materials would be expected to sinter at a lower temperature than pure sodium 

carbonate because of the impurities present. A reduction of sintering temperature due to 

KCl was shown previously by Dunaway (2005). The increase in defluidization 

temperature at high carbon content was expected given the experience in field and pilot 

scale testing. A discussion of reasons for the change in sintering temperature will 

continue after the presentation of SEM images of the bed particles. 

The defluidization temperature is lower than the agglomeration temperature in 

each case the two were measured. This is consistent with the observations in the reactor 

that a bed which defluidized could be refluidized by lowering the bed temperature. The 

temperature at which the particles would begin to bond and cause fluidization problems 

occurred before particles became attached to surfaces with bonds strong enough that they 

remained after cooling. This suggests that the defluidization was occurring over a 

significant volume in the bed where flows were slower, not in a localized region of high 

temperature. While the defluidization temperature was approximately the same at 0.3 and 





 48

two different samples where taken.  One sample, from each carbon concentration, was 

taken from the loose material left in the reactor and one was taken from a large 

agglomerate in the 2% carbon pilot material. 

Figure 4.11 through Figure 4.13 are the same particle cross-section of an 

agglomerate of the 2% carbon content, pilot bed material. Figure 4.11 is a high quality 

304x magnification backscattered electron (BSE) image while Figure 4.12 and Figure 

4.13 are x-ray elemental maps of the same particle.  The dark gray rings in the BSE 

images are the layer of the lower atomic mass particles while the light gray areas are high 

atomic mass materials. Correlating Figure 4.11 with the x-ray images (Figure 4.12 and 

Figure 4.13) shows the low atom mass (dark) areas contain carbon (C), potassium (K), 

and chlorine (Cl).  The light gray areas of the image are the heavier materials, Na, O, and 

Ca. The white specs are the heaviest element, silicon (Si). Both the backscatter and x-ray 

maps show a well defined layer of C, K, and Cl on the outside edge of each particle. This 

layer is present on all the particles shown in the figures except where the particles have 

become indistinguishable from each other, i.e. one solid mass as is exemplified by the 

oval region in the top right of Figure 4.11.  It is in these regions that the particles have 

sintered forming a single particle.   
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Figure 4.11  BSE image of the cross-section of a 2% pilot bed particle received from UofU.  

As mentioned above, Figure 4.12 and Figure 4.13 are elemental x-ray maps of the 

particle in Figure 4.11 but Figure 4.12 has had the brightness increased so that the 

location of each element can be more easily determined; while, in Figure 4.13 the 

brightness is relative to the respective concentrations. Light areas are where the element 

is detected and dark areas indicate the element is not found. Both figures show a 

concentrated layer of C, K, and Cl on the outer surface of the particles. This layer can 

also be seen by the lack of Na and O in those regions.   
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variables are known well enough to conclude that sintered particles will break apart 

unless located in stagnant regions of the bed. If transported out of stagnant regions before 

reaching agglomeration temperatures, the material will break up and refluidize. 

8. Heat transfer coefficients in the literature were above and at best twice those 

measured in the reactor. When Vreedenberg’s correlation was tuned using the measured 

data, it was useful in successfully modeling temperatures in the fluid bed. 

The agglomeration temperatures reported by Dunaway (2005) were apparently 

defluidization temperatures. The defluidization temperature is a function of bed material 

and decreases with decreasing carbon content for the steam reformed bed material. 

Sodium carbonate remains fluidized at higher temperatures than the 0.3% and 2%, carbon 

GP bed materials.  The three different carbon concentration materials (0.3%, 2%, and 

17%) had different agglomeration temperatures.  As stated in Table 4.2, the 

agglomeration temperatures of the 0.3, 2, and 17 percent carbon concentrations were 

490°C, 530°C, and greater than 652°C respectively.   

There is a trend of increasing bond strength with increasing temperature.  Also, 

there is a sudden increase in strength near the defluidization temperature that has been 

observed in the bench scale reactor.  The collision force depends greatly on the relative 

velocity of the two particles.  Relative velocities on the order of one-fortieth of the 

fluidization velocity result in the collision force and bond strength being approximately 

the same. The relative velocity can be increased by increasing the free stream velocity, 

increasing the collision force, and in turn, increasing the agglomeration temperature. 

A couple of conclusions can be made from the SEM images taken of the three 

different coated particles. Various shells are formed as black liquor coats the particles and 
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is gasified. These shells still can be gasified even though they are not on the surface.  The 

shells are visible for the 2% and 17% carbon particles. The lowest 0.3% carbon bed 

material had very little carbon, potassium, and chlorine and shells are not visible.  The 

shells are the thickest in the 17% carbon content particles.  The SEM images also suggest 

that the carbon gasifies not only on the surface but throughout the particle. 

The heat transfer model will predict the temperature difference between the heater 

surface and the bed material.  This difference can be used as a sign of agglomeration or 

particle growth since the heat transfer will decrease as the particles defluidize or grow. 
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Figure A. 1  5-13-05 Temperature plot 
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Figure A. 2  5-13-05 Particle size distribution. 
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Figure A. 3  6-10-05 Temperature plot. 
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Figure A. 4  6-15-05 Temperature plot. 
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Figure A. 5  7-1-05 Temperature plot. 
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Figure A. 6  7-1-05 Particle distribution plot. 
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Figure A. 7 5-26-05 Temperature plot. 
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Figure A. 8  5-26-05 Particle size distribution. 
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Figure A. 9  6-7-05 Temperature plot. 
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Figure A. 10  6-22-05 Temperature plot. 
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Figure A. 11  6-22-05 Particle size distribution. 
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Figure A. 12  6-01-05 Temperature plot. 
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Figure A. 13  9-08-05 Temperature plot. 
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Figure A. 14  5-20-05 Temperature plot. 
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Figure A. 15  5-20-05 Particle size distribution. 
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Figure A. 16  5-24-05 Temperature plot. 
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Figure A. 17  6-17-05 Temperature plot. 
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Figure A. 18  6-28-05 Temperature plot. 
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Figure A. 19  6-29-05 Temperature plot. 
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Figure A. 20  7-27-05 Temperature plot. 
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Figure A. 21  7-28-05 Temperature plot. 
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Figure A. 22  8-05-05 Temperature plot. 
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