
 

 

       
         

            
        
      

         
            

          
           

        
          

     
        

           
         
         

           
          

         
          

           
          

         
        

          
        

         
           

        
          

         
          

        
    

         
     

        
         
       

          
     

          
        

       



      

    

 

   

        
  

    

  

    
 

    

     

   

 



   

 

  

   

   

     

 

 

    

  

      
  

  

 

 

 

 

 

 

 

 

 

   
     
    
        

      
      

        
       

         
  

     

   
    
    

  

 
 

   
      

       
       

 
     
     

      
       

   
      

    

 



    

      
   

      
       

      
   

      
     

       
    

    

  

     

  

  

   

    

    

 

 

 

 

 

 

 

 

 

  

     

    

  

  

  

     

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

     
   

     
  

    
 

      
 

     

     

       

       

     
   

     

     

     

     
     

     
  

   
   

    
  

    
   

    
  

   
   

 

 

 

 

 

 

 



  

  

  

  

  

  

  

  

  

  

   

    
  

    
    

  

    
    

   
      

    
    

    
    

  

    
    

   
     

   
    

     
  

   

    

    

        

      

      

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

    

       

      
    

      
    

     

      

    
  

 

       
   

    
  

 

       
   

       
   

       
  

       
   

       
    

       

       
   

      
   

      
   

       

 



 

     

       

        

     

      

      

       

       

       

     

       

       

       

 

 

      
   

      
   

      
  

     
   

       
  

        

        
 

        
 

        
 

       
   



     

   

      

      

     

   

     

      

     

 

 

 

 

 

 

 

 



 

 

       

         

        

         

         

          

    

        

       

          

 

          

        

         

         

    

        

        

         

         

          

            

           

      

         

   





 

  

  

        

      

      

          

        

        

        

          

         

        

         

         

        

     

      

       

          

           

        

   

       

       

 

       

 

       

          



 

           

           

          

           

          

          

          

        

   

     

         

          

          

          

            

         

            

        

        

          

         

         

         

          

       

          

        

         

        



 

           

          

         

         

         

           

         

        

            

           

            

           

            

           

            

           

     

         

           

         

           

        

           

          

          

        

        

         

    



 

           

          

           

          

       

              

        

        

       

        

        

          

          

          

       

          

          

         

        

        

            

          

         

            

           

       

          



 

   

        

         

         

        

          

           

          

              

          

         

         

            

          

         

          

           

         

        

           

          

 

    

         

     

       

       

       

         



 

        

         

  

    

          

          

        

          

            

           

           

           

         

         

          

        

         

          

         

            

        

         

   

        

    

         

         

            

        



 

           

          

        

          

        

  

         

         

        

          

        

      

          

        

          

         

         

 

       

          

        

           

        

         

        

           

            

       

       



 

        

         

        

         

        

          

       

       

          

          

           

        

           

           

         

           

           

        

     

       

          

            

        

         

          

         

           

          



 

          

           

        

           

           

   

        

        

        

         

       

           

          

        

           

          

         

          

             

        

        

         

       

         

    

        

          

        



 

          

            

           

          

        

          

            

         

         

          

        

          

        

          

          

         

         

          

        

          

         

            

         

          

         

         

       

     



 

          

   

          

           

        

           

             

          

        

          

        

          

        

       

          

           

        

           

            

          

          

           

           

           

          

         

           



          

       

 

         

         

           

           

            

            

            

            

          

         

   

        

            

          

          

          

 

         

           

           

         

         

    



 

         
      

     
  

     

     

     

     

     

     

       

       

      

       

       

     

     

        
    

        
    

        
       

        
      

        

         
           

   

        
       



 

        

      

        

           

          

        

           

          

         

        

        

           

           

           

 

 

      

        

          

            

         

        

            

            

            

       

            

        

           

       



 

        

          

           

          

            

           

         

            

     



 

  

  

 

 

 

 

 

 

 

   

     

        

      

     

      

   

  

       

       

       

       

       
   



 

  

 

 

    

      
  

       

       

      

     

    

    

     

     

     

  

   

   



 

 

 

 

       

   

      

   

   
  

   

      
  

      
  

      
  

       
 

       

       
 

      



 

 

 

       

      
     

      
  

      
  

     

     

        
 

       

      

     

    

     

     



 

 

 

 

         

       
      

        
       

       

       

    

       

      

        
 

   

      
       

      

  

   



 

 

       

    

        
        

     
  

  

     
  

       

      

      

        
       

       
      
     

      
  

      



 

 

 

 

       
  

      

       

      

      
      

      
     

    

    
 

       

      
   

     

      

     



 

 

   

   

       

  

     
      

   

     

        

     

     

    

    

   

    



  

 

   

        

          
 

        
   

    

     

     

      
       

   

     
      

       
      

      
       

       
   



 

 

 

 

 

       
         

      
     

      
      

        
    

       
 

  

 

    

      

   

        
   

        
  

   



    

    
  

       

      

   

 

 



 

    

  

  

 

 

           

  

 

       

      

 

  
  

 
  

  

      
   

     
   

    

 

  

 
 

  

 

  

  

 

  

  

  



 

    

        

         

 
 

 

  

       

 

  

           

     

  

   

            

 

     

            

          

        

       

    



 

    

        

  

  

   

 

   

 

  

   

     

  

   

  

  

 

  
        



 

        

  

 
  

  

        
    

   

        

           

     

       
  

        

   

    

    

    

    

     

          

          

          

       

   



 

   

          

          

  

    

         

       

      
   

 

 

   

            

     

                

  

  

   

        

           

   

     

           
  

 



 

        

              

  



 

   

   

        

          

     

 

  

           

          

   

  

 

   
 

    

    
   

  

      

         

          

        

         

        

  



 

  
 

        

           

          

         

         

        

              

           

           

         

   

          

       

   

  

  

  

          

           

           

     

     

  

 

 

  



       

        

  

 

 

  

        

 

  

        

 

  

         

            

         

         

         

         

         

        

         

        



         

 

 

 

  

   
 

 

  

  

 

  

 

  

          

        

        

       

        

 
 

          

          

            

        

  



 

    

  

       

  

   

  

   

          

  

 

 
  

 

  

          

            

         

          

          

         

            

      

          

        



 

          

           

           

     

       

         

  

 

     

 

  

      

         

   

 

  

           

       

           

            



 

   

     

  

    

 

          

          

          

          

             

  



 

       

          

          

         

           

      

         

        

         

          

         

 

      

 

          

 

         

     

  

 

  

        

            

           

          

            

          



 

           

          

            

   

        

 

        

           

    

        

           

           

           

          

             

             

           

         

           

         

            

  

         

            



 

         

          

 

  

          

            

       

 

         

           

  

 

 

  

             

            

          



 

       

       

       

         

 

        

         

         

         

  

       

           

    

  

        
 

  

        

  

  

  



 

     

          

            

         

         

      

     
 

            

         

          

         

      

        

         

           

           

             

    
  

  

           

       



 

    

           

             

 

 
   

 

 

          

     

        

      

 

 

 

        

            

        

           

    



 

        
     

       

  

  

           

           

           

          

           

      

  

           

 

 

  

  

           

          

             

           

         

            

         

           

        



 

          

         

          

      

   

  

            

          

      

  

 

           

       

       

   

  

   

        

         

           

         

          

          

       



 

          

 
  

 

     

 

  

      

  

  

           

         

        

       

    

        

 

       

 

            



 

         

           

        

           

           

    

         

         

       

          

           

          

          

        

            

          

            

            

           

            

         

           

          

           

          

           

          

             



 

       

         

      

 

    

 

           

       



 

         

 

        

          

          

          

         

         

 

       

        

 

    

     

       

   

       

          

         

       

         

       

          

       

           

        

          



 

          

         

     

 

  

          

          

 

 

  

             

  

         

            

    

 

     

  
   

  
 

         

 



   
   

 

   

 

  

 

  

        

           

            

           

        

         

   

     

 

 

         

      

  
 

     

          



 

          

          

        

          

  

     

   

   
 

    

       

  

   

   

   

  

   

   
 

 
    

  

           

      

         

 

        

         

        

   



 

          

  

            

 

  

  

            

        

          

          

          

         

          

         

       

         

          

            

        

    

  
   

  
   

           

           



 

          

            

     

    
 

     

           

          

            

            

       

 

           

              

          

         

          

          

         

       

     

  

       

  
 

 
 

  

 

         



 

         

           

       

          

          

            

           

          

         

   

    

          

           

        

             

           

       

  



 

    

         

            

  

        

       

     

 
 

   
 

        

 

  

 

 

  

 

 
 

         

     

          

         

          

 



 

       

  

     

       

         

  

     
 

        

   

        

    

            

            

            

           

         

           

          

           

         

          

      



    

    

    

    
        
        

  
  

  
  

  
  

   

   

 
  

 
    

     
    

    
   

    

       
      

       

   

       
       

  

    

        
   

        
  

        
   

   

   
      

    

   

   

  

     
 

     

 



   

        
         

        

       

       
   

 

      
   

   

  

      
  

    

        
  

       
 

    
 

    
 

     
 

       
  

      
 

     
 

 



    

   

    
        
        

  
  

  
  

  
  

 
  

 
  

 
 

    
    

    
   

 

  
  

   

    
    

       
    

      
    

     

     

  

    

        
   

        
  

    
   

   

   
  

  

    
    

    
     
 

   

   

  

     
 

     



 

    

       
    

   

       

        

       
 

     
     

  

      
  

  

      
  

  

     
  

  

      
  

  

      
  

  

     
   

   

     
   

   

     
  

  

     
   
   

      
    
   

 

 
 

 
 

 
 

 

 
 

 
 
 

 

 

 
 

 

 



 

  

  

       

          

       

        

          

          

         

         

       

          

 

         

            

          

        

        

      

          

         

            

          

         

     

          

      



 

          

   

         

       

           

        

        

          

       

        



 

     

      

  

         

          

          

       

  

          

        

         

           

  

   

         

    

  

  

        

        

               

        

         



 

         

           

          

           

     

   

         

 

  

       

           

         

       

          

        

        

          

         

            

           

        

        

          

   

       

          

         



 

         

  

         

          

            

            

         

       

          

           

           

        

          

  

          

          

        

           

         

              

         

            

           

        

             

          

         

          



 

      

  

       

       

          

            

  

  

          

        

        

            

    

   

         

         

            

            

      

  

  

           

          

          



 

        

          

           

           

           

  

          

           

         

          

        

        

            

        

          

       

         

           

         

        

         

              

             

          

   



 

   

          

    

  

          

          

         

        

       

        

        

         

         

          

          

        

            

          

         

          

                

          

         

    

           

          

        



 

        

      

        

             

          

        

          

       

        

        

          

        

        

         

            

            

         

           

  

        

          

           

           

           

          

          

         

          



 

         

           

            

           

            

            

         

         

       

       

         

         

             

           

           

          

           

        

        

         

        

         

          

         

           

         

   

       



 

          

        

         

          

           

           

           

        

           

         

        

         

          

         

          

            

         

          

        

         

         

         

   



 

    

  

           

            

            

            

            

            

       

          

          

         

  

  

         

           

        

  

          

           

              

      

          

   

        

         



 

       

  

  

           

          

          

        

           

         

          

          

          

        

            

            

            

        

          

          

            

        

   

        

         

          



 

        

           

     

  

          

         

          

    

         

          

         

         

             

           

         

            

         

 

          

         

           

           

          

           

      

           

        



 

             

             

          

        

         

        

          

          

        

         

         

           

           

           

           

           

           

             

           

           

            

        

         

         

  



 

    

  

           

          

          

           

          

           

           

        

  

            

           

           

        

           

          

            

      

          

   

        

         

       



 

  

  

         

           

           

         

           

           

           

           

         

         

            

        

           

           

         

        

 

  

        

   

  

          

           



 

        

          

 

         

           

          

           

         

          

           

             

        

          

            

          

           

 

         

          

          

            

           

          

         

         

        

            

     



 

           

      

      

       

           

           

            

             

             

          

          

         

         

         

         

        

            

            

       

          

          

           

            

          

       

         

        

      



     

          
   

  

 

         

          

        

          

         

           

        

          

            

        

        

  

          

          

          

          

           

        

           

           

          

            



 

          

    

          

   

     

       

 

 

   

           

           

           

         

          

            

            

          

     

  

  

         

           

             

         

           



        

   

 

         

           

           

          

        

          

           

         

        

  

  

          

        

            

          

          

            

         

            

      

           

           

        

         

          



 

         

          

         

     

        

          

        

           

         

           

           

           

        

          

        

           

         

       

        

         

           

         

          

     

          

          

           

         



 

          

             

             

             

            

         

        

        

     

           

             

         

           

    

       

       

           

          

          

         

          

       

           

         

         

          

            

            



 

        

          

           

     



         
    

  

 

        

           

         

          

          

           

         

    

  

         

          

         

           

    

        

            

          

         

          

   



     

      

     

   

   

 

 

 

 

 

 

 

 

           

            

         

            

          

             

          

          

         

 

  

  

           

          

        

           

          

           



 

 

           

             

        

        

   

          

         

              

          

    

  

         

         

            

           

          

            

        

         

            

          

            

          

        

           

           



 

          

            

          

       

          

          

           

           

           

         

          

        

          

         

   

            

         

         

           

         

           

         

           

    

         

           

         

         



 

          

           

           

    

         

        

         

        

           

            

        

           

          

             

           

      

     

   

   

         

       

          

            

            

          

         

         

          

         

         



 

         

          

           

           

         

           

          

          

          

          

          

           

          

        

         



       
    

  

 

         

           

          

        

          

  

         

         

         

              

           

         

            

             

          

             

          

           

          

            

         

          

     



 

   

          

           

     

  

  

           

          

           

      

   

          

  

  

           

         

           

          

          

         

          

          

    



       
          

  

 

         

          

         

          

         

          

         

           

          

         

           

         

        

  

         

          

        

           

             

          

         

           

              

 



 

           

         

         

          

           

           

     

           

          

           

            

           

    

     

      

      

   

   

 

 

 

 

 

          

          

          

           

         

              

           



 

          

  

  

      

           

         

          

       

        

          

           

          

         

         

          

       

           

 

   

        

            

         

           

          

              

           



 

            

  

        

          

        

          

         

         

        

          

         

         

            

            

           

           

          

          

     

         

         

          

         

           

            

          

              



 

        

        

          

         

        

        

        

          

           

           

         

          

          

    

       

         

          

           

          

 

          

          

           

           

          

         

           

          



 

       

           

            

        

          

         

         

        

        

          

         

          

         

        

           

        

         

          

         

           

    

          

           

          

          

          

           

           



 

         

      

         

           

        

            

            

            

           

     

       

          

           

           

          

           

         

            

          

  

        

          

        

        

         

            

         

           



 

          

           

    

 

  



        
      

  

 

          

          

           

         

             

           

           

            

   

  

         

        

           

          

             

            

         

         

              

 



     

       

 

      

   

   

 

 

 

 

           

            

            

          

          

               

              

         

           

        

         

        

  

  

         

           

           

          



 

        

          

           

          

         

          

           

         

           

        

            

           

            

          

        

 

   

         

           

          

          

         

    

  

      

         

      



 

           

         

         

        

          

        

        

          

          

        

           

            

         

          

  

        

            

          

             

        

           

          

           

        

         

          

         

          



 

       

          

         

             

  

         

          

           

          

        

            

         

           

        

          

          

          

            

 



       
      

  

 

          

          

           

         

          

          

          

        

        

       

         

       

  

         

       

        

         

          

           

          

           

          

        

         



 

         

          

             

         

           

           

           

           

          

         

          

   

     

       

 

      

   

   

 

 

 

           

           

           

          

           

             

          

   



 

          

         

          

          

  

  

        

          

           

            

         

           

        

 

         

          

            

         

          

            

            

           

        

   

         



 

          

         

    

  

        

         

        

         

        

         

         

            

      

        

          

           

             

         

            

           

            

         

          

            

           

 

         



 

          

         

          

          

               

           

         

          

       

        

          

     

            

           

         

          

             

         

          

        

          

         

   

          

          

          

          

         

      



      
         

  

 

          

             

           

          

          

           

          

           

           

          

            

           

            

           

       

          

           

        

          

    

  

         

          

                 



 

            

           

           

         

         

 

        

            

            

         

          

          

            

   

          

          

        

          

          

          

        

          

          

          

  

          

         

          



 

           

           

           

          

          

         

           

            

             

 

     

      

      

   

 

 

 

 

 

          

   

           

            

         

            

            

           

          

         

            



 

           

         

        

   

         

          

          

           

             

           

           

            

            

         

           

          

         

        

          

          

  

  

        

          

         

           



 

           

      

   

         

            

      

  

            

           

         

           

          

         

        

           

         

            

          

          

           

              

       

           

          

          

          

            



 

        

        

        

            

           

            

         

    

          

            

          

          

         

        

            

             

           

          

          

        

        

            

            

   

        

  

       

         



 

            

            

         

        

           

          

          

         

          

         

          

        

            

 

          

            

   

           

          

        

          

          

         

          

        

   

         

            



 

          

         

           

   

       

           

           

       

 

         

         

           

   

      

           

     

          

    

         

          

         

    

    

        

   

          

         

          



 

         

           

          

      



 

    

     

      

           

          

          

        

           

        

         

         

          

       

          

        

          

         

          

        

          

       

  

         

         

           

      

           



 

         

         

           

           

           

           

           

       

          

         

         

        

         

          

          

        

          

           

           

         

          

        

         

         

         

        

         

         



 

          

        

          

         

         

          

          

  

     

       

         

         

         

         

        

        

         

        

          

          

            

            

       

         

         

        

          



 

        

    

        

         

        

           

            

          

            

            

          

          

           

           

          

           

         

           

         

          

           

           

           

           

           

         

            

         



 

           

         

      

       

         

           

             

           

          

           

        

          

         

        

         

          

         

         

          

          

         

      

          

       

         

          

        

       



     

 

 

         

           

         

         

         

         

          

           

         

        

           

           

           

      

        

       

        

          

          

        

      

       

         

         

   

        

       



 

       

           

           

           

  

         

        

         

        

           

        

         

          

        

           

        

           

         

       

         

          

           

      

         

            

         

       

          



 

          

       

       

         

 

         

          

            

            

      

 
 

 
 

             

        

         

           

         

          

         

         

            

 

         

        

        



 

           

        

         

       

          

         

         

        

           

       

   

      

          

          

       

             

          

          

        

            

     

        

        

       

        

         

          

          



 

         

        

       

     

      

       

         

          

        

           

         

            

           

          

            

    

      

       

          

          

         

          

           

          

          

           

          

            



 

         

          

            

     

         

          

            

           

         

          

        

          

        

          

           

        

          

            

          

           

   

     

       

          

           

          

          

           



 

         

           

              

         

          

         

        

      

     

        

         

          

          

            

           

           

         

            

        

           

         

        

         

          

         

        

          

        



 

         

           

           

       



 

  

         

         

        

        

          

          

  

         

     

       

      

        

           

      

        

          

         

    

         

          

         

            

           

         

          

  



 

         

         

          

          

          

            

          

     

          

           

           

          

           

        

          

         

        

        

         

           

     

        

           

       

          

         

     

        



 

         

            

        

        

         

         

  

        

  

           

        

        

 

          

         

        

     

        

         

         

         

            

         

         

 



 

     

       

      

    

         

        

         

          

 

         

  

        

        

          

          

         

  

       

       

        

          

        

         

         

        



 

          

           

            

         

        

           

            

       

   

    

        

            

          

         

         

           

       

   

          

            

            

        

        

           

           

           

         



 

        

          

        

    

   

           

         

         

        

  

    

          

         

          

 

       

          

       

        

         

         

          

       

         

        

     



 

        

         

             

            

          

            

           

            

           

          

       

    

        

           

          

         

         

          

           

        

 



 

  

      
  

       
        

      
    

     
    

      
         

        

       
        

       
 

        
      

       

      
        

       
 

        
          

    

       
       

      

      
          
          

       
 

       
      

     

        
          

 



 

     
        

     

     
        

      
       

      
       

      
       

     

     
    

       
    

         
         

     
 



 

  

       

       

        

       

      
       

        
  

       
     

         
       

       
       

 

     
  

       
       

     
      

  

       
       

      
       

           
      

        
 

       
    

         
    



 

   

    

  

  

    

    

     
 

     
 

    

  

  

  

   

  

  

    

      

    
 

      
  

     
  

     
  



 

    

      

      
   

  

          
         

         
    

         
        

      
         

     

          
       

        

           
          
          

         
         

         
        
         



 

      

         

      
     
     

      

      
     

 
   

     
        
      
      
    
    
       

     
      
    
      
    
      
       
    

     
      
      
    
    
      
    



 

        

        
     

      

       
     

  
   

       
    
    
    
    
      
    
    
    

     
    
     
    
    
     
      

     
    
      
      
      
      

     
    
    
    
    
      
    
      

     
     
     
     
      
       
       



 

       

         
      

      

       
     

  
   

     
    
    
    
      
      
    
      
      
    
    
      

     
    
    
    
    
    
    
    
      
    
    
      

       
    
    
    
      
    

     
    
      
      
    
      
    
       
    
     
      

      
    
    
      
    
      
      
      



      
  

     
     

     
   

    

     
    
    
    
    

     
    
    
    

 



 

      

  
   

  
  
  
  
  

    

    
      
  

    

       
      

    
    
    
    
    
    
    
    

       
        
        

      
      
      
      
      
      
      
      

       
         

       
      
      
      
      
      
      

       
        

      
      
      
      
      
      
      
      

       
        

      
      
      
      
      
      

       
        

      
      
      
      



 

      

        
     

   
   

      

         
      
  

    

       
       

         
      
      
      
         
      
        
      

       

       
         

        
        

        
      
      
         
      

          
       

         
      
      
         
      
         

   



 

    

      

      
      

   

       
   

   

       
    

      
     

      
     

      
      
      
    



       
    

      

          
       

       
   

      

 

      

          
          

   
        

   
          
          

    
          
          
          
          
          
          
          

      
          

              
 

           
 

  
 

  
 

  
 

       

    
    

     
     



  

  

  
  

    
  
  

   
  
  
  
  
  
  
  

 

       
     

        
       

       
   

      
      

        
        

      
       

       
       

       
       
       
       
       
       
       



  

  

  
  

   
  
  

   
  
  
  
  
  
  
  

 

        
     

        
       

       
   

       
      

          
        

     
      

        
        

        
        
        
        
        
        
        



 

  

  
 

 
  
  
  

   
  
  
  
  
  
  
  

 

      
     

        
       

       
   

      
      

      
      

    
  

      
      

      
      
      
      
      
      
      



 

  

   
   

     
    
     

        
        

       
   

      

       
       

 

   
        

 
          
          

 
          

 
          

 
          

 
          
          
          
          
          

      
          

              
 

           
 

  
 

  
 

  
 

        

    
    

     
     



 

         
     

          
        

        
   

      

          
          

      
       

 
         
         
 
         
 
         
 

         
 
         
         
         
         
         



 

           
     

          
        

       
   

      

            
          

     
      

 
          
          
 

          
 
          
 
          
 
          
          
          
          
          



  

  

  
 

 
 

  
  

 
  

 
  

 
  

 
  
  
  
  
  

 

      
   

        
         

        
   

      

      
      

    
  

      
      

      

      

      

      
      
      
      
      



         
    

     

             
          

        
     
        

   
    

         
         

 

 
 

   
       

  
         
         

 
         

 
         
        

 
         
         
        

      
          

              
 

           
 

  
 

  
 

  
 

        

    
    

     
     

 

 
 

 

 
 

 
 
 



 

       
    

    

             
          

        
     
        

   
    

          
          

      
       

 
         
         
 
         
 
         
         
 
         
         
         



         
    

    

             
          

        
     
        

   
    

         
        

     
      

 
        
        
 
        
 
        
        
 
        
        
        

 

  
  

  
  

  

  
  

  
  
  



 

  

  
 

 
 

  
  

 
  

  
  
  

 
  
  
  

     
   

     

           
          

        
      

 

        
   

    

       
      

    
  

      
      

      

      
      

      
      
      



 

      
     
     

        
         

       
       
     

   
    

          
          

   
        

         
         
         
         
         

         
         
         
         
         
         

     
          

              
 

           
 

  
 

  
 

  
 

       

    
    

     
     

 
 
 
 
 

 
 
 
 
 
 



 

       
  

   

         
         

       
       
      

   
    

          
          

      
       

 
         
         
         
         
         

         
         
         
         
         
         



      
    
   

         
        

        
       
      

   
   

          
        

     
      

        
        
        
        
        

        
        
        
        
        
        

 

  

  

  
  
  
  
  

  
  
  
  
  
  



 

  

  
 

 

  
  
  
  
  

  
  
  
  
  
  

     
  

   

       
         

 

       
       
      

   
   

       
      

    
  

      
      
      
      
      

      
      
      
      
      
      



 

         

    
   

      

       

        

     

         

        

      

       
       

      
        
         
        

      
         

    
        

         
          

     

          
            

            

         

      

    

     

    

     



 

    

    

       

      
 

    

 

 

 

 

 

   

    
  

     
 

     

      



 
 

 
 

 
 

 
 

 
 

 
 

   
 

 
 

 
       

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

                        

   



 
 

 
 

 
 

 
 

 
    

 
 

 

 
     

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 
 

 
 

 
 

 
 

 

   



   

 
 

 

 
    

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 
 

 
 

  
 

 
 

 

   



  

 
 

 

   
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

   



 
 

 
 

 
 

          

 
 

 
 

 
 

 
 

 

 
  

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

   



 

  

 
 

 

 
     

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

   



  

 
 

 

 
     

 

  

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

   



  

 
 

 
    

 
 

 
 

 
 

 
 

 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

 

   



 
 

 
 

 
 

  

 
 

 
    

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

   



 
 

 
 

 
 

 
 

 
 

 
  

 
 

 
    

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 

                       

   



 
 

 
 

 
 

   
  

    
 

 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

   



  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
     

 
 

 
 

 
 

 
 

 
  

 

 
 

 
 

 
 

 
 

 
 

 
 

   



 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

   
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

   



  

       

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

   



 
 

 
 

 
 

  

 
 

 
    

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

   



 
 

 
 

 
 

 
 

  
 

 
 

  

 
 

 
    

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

  
 

 
 

 
 

 
 

 

   



 
 

 
 

 
 

 
 

 
 

 
  

 
     

 
 

 

 
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

   



 

 
 

 
 

 
     

 

 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

 

 

 

 
 

 
 

 

 
 

 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

 

   



 

 
 

 
 

 
 

 
        

 

 
 

 

 
 

 
 

 
 

  

 

  

 
 

 
 

 

 
 

 
 

 

 

 

 
  

 
  

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

  
 

   



 
 

 
 

 
 

 
 

 
  

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

  

  

 

 

 
 

 

 
 

 

 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

 

   



    

 
    

 

 
 

 
 

 

 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 

 

   



   

 

   
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

  
 

 

 
 

 
 

 

 

   



   
 

  
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

 

 

 
 

  
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

   



 

  
 

   
 

  

 
 

 
 

 
 

  

 
 

   
 

 

 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

   



 

 
 

 
 

 
 

 
   

 

 
 

 
 

 
 

 
 

 

 
 

 

 
 

 

 
 

 
 

 
 

 
 

 
  

 
 

 

 
 

 
 

 
 

 

 
 

 
 

  
 

 
 

 
 

 
 

 

 
 

 
  

 

 

   



 

  
 

    
 

 
 

 
 

 
 

 

 
 

 

 
  

   

 
 

 

 

 
 

 

 
 

 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 

   



 
 

 
 

 
  
  

 

 
 

 
 

 
  
 

  
 

 

     

 
  

 

 

 

 

 
    

 

  

 

  

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

   

   

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

 

   



 
 

 
 

 
 

 
 

  
 

  
 

     
 

  

  

 
 

   

 

   

 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

    

 

 

 

 
 

 
 

 

 

 
 

 
 

 

 

 

   



 
 

 
 

 
 

 
   

 
 

 
  

 
    

 

   

 

  
 

 
 

 

 
 

  

 
 

 
 

 

 
 

 
 

 

 

 

 

 

  
 

 
 

 
 

 

 
 

 
 

 

 

 

 

 
 

 
 

 

   



 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

  
 

 

 

 

 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

   



     
   

  

  
   

  

 

 



     
   

 

 
     

   

   

  
 

  

      

 
 

  

 



 

      
 

 

   

 
  

 

   



     
  

 



       
 

 



 

       

 
 

 



        

   

   

 



 

        

 



        

   

  

 
 
 

  

   

  

 
 

 
 

 



       
  

   

  

 
 

 

 
 

 
 

 



Fluidized Bed Combustion of waste Material 

Volume 2 of 2 

Appendices 

by 

Colin Robert Cole 

Submitted in fulfilment of the requirements for the 
degree of 

Master of Engineering (Mechanical) 

at 

University of Central Queensland. 
Rockhampton. 

Department of Mechanical Engineering 

James Goldston Faculty of Engineering 

Submitted January, 1994 

i 



Table of Contents 

Title Page 

Table of Contents 

List of Tables 

List of Figures and Illustrations 

A. sample Calculations 

B. 

c. 

D. 

E. 

F. 

G. 

H. 

I. 

(a) Theoretical Calculations 
(b) Results Calculations 
(c) Iterative Spreadsheet Calculations 

Experimental Data and 01/Umf Charts 

Equipment Drawings and Photographs 

Equipment Data 

Fuel Properties 

Sand Properties 

Combustor Operation Instructions and Charts 

Equipment Design Calculations 

Commissioning Notes 

i 

ii 

iii 

iii 

l 
12 
25 

28 

69 

108 

116 

128 

138 

145 

152 

ii 



List of Tables 

Table.Al-A2 Iterative Calculations 25 

Table.Bl-B24 Flow Visualisation Data 28 

Table.B25-B33 Combustion Data 40 

Table Dl Combustor Specific Heat and Wall Losses 109 

Table El Typical Fuel Properties 116 

Table E2-E5 Fuel Particle Fall Estimates 119 

Table E6-Ell Fuel Particle Heat Transfer 119 

Table El2-El3 Miscellaneous Tables 121 

Table Fl-F2 Typical Sand Properties 128 

Table F3-F6 Sand Particle Size Analysis Tables 129 

Table F7-Fl4 Sand Theoretical Voidage, Bubble 130 
Fraction and Mixing 

Table Hl Fluidized Bed Combustor Materials Costs 151 

List of Figures and Illustrations 

Fig. Bl-Bl7 

Fig. Cl-Cl3 

Fig. Cl4-C31 

Fig. C32-C46 

Fig. Dl-D8 

Fig. El-E5 

Fig. E6-E7 

Fig. ES 

Fig. Gl-G9 

Temperature and U1/Umf Charts 52 

Flow Visualisation Equipment Drawings 69 

Combustor Equipment Drawings 82 

Photographs 100 

Equipment Data Graphs 110 

Fuel Particle Analysis Graphs 123 

Fuel Particle Heat Transfer Graphs 126 

Minimum Combustion Efficiency for 127 
Sustained Operation on Cellulose Fuels 

Operation Charts 140 

iii 



Appendix A: sample Calculations 

(a) Theoretical Calculations 

:Interpolations 

1 

Air and water properties that are usually obtained from property 
tables are not readily useable for large numbers of repetitive 
calculations using a spreadsheet. A typical calculation is minimum 
fluidization velocity which requires a different viscosity value 
for each temperature. The problem was solved by taking data from 
Mayhew. Y. R and Rogers. G. F. C. , Thermodynamic and Transport 
Properties of Fluids, and fitting the data to usually three 
straight line correlations. Errors in correlations were checked and 
are stated in each case. The accuracy of such an approach far 
exceeds normal manual interpolations: 

(a) Specific Heat of Air, kJ/kg.K 

Correlations Cp = 0.000077 T + 0.981848 for T = 275 to 400 K 
Cp = 0.000228 T + 0.915644 for T = 400 to 900 K 
Cp = 0.000168 T + 0.973186 for T = 900 to 1250K 

Maximum Error 0.12% 

(b) Dynamic Viscosity of Air, Pa.s xl05 

Correlations µ. = 0.004483 T + 0.499343 for T = 275 to 400 K 
µ. = 0.003125 T + 1.120182 for T = 400 to 900 K 
µ. = 0.002365 T + 1. 787643 for T = 900 to 1250K 

Maximum Error 1.0 % 

(c) Thermal Conductivity of Air, kW/m.K x105 

Correlations k = 0.007495 T + 0.374152 for T = 275 to 400 K 
k = 0.005688 T + 1. 215236 for T = 400 to 900 K 
k = 0.004429 T + 2.3255 for T = 900 to 1250K 

Maximum Error 1.0% 

(d) Enthalpy of Steam at lbar. kJ/kg 

Correlations h = 1.534429 T + 2351. 9 for T = 100 to 500 C 
h = 1.94175 T + 2129.3 for T = 500 to 1300 C 

Maximum Error 0.6% 



2 

Equivalent Particle Diameter 

For a non-spherical particle of diameter lmm and length lOmm, 
equivalent particle diameter is given by(Eq.3.1): 

dp=[ 6 :p rl/3) = [ 6 (1t (1) ~ 4) (10) r/3) = 2. 466mm 

surface Mean Particle Size 

Using typical coarse grade river sand data(Eq.3.6). 

1 
{ .003 + 0.082+ 0.141+ 0.297 + 0.473) 

112.5 225 362.5 512.5 890 

= 530 microns 

Sphericity 

Using the same data(Eq.3.2) 

ct>- (Surface area sphere) 
(Surface area particle) 

Voidage 

= rc(2.466)2 =0.579 
2rc ( 1) 2 I 4 +re { 1) ( 10) 

Using typical sand data, bulk density is 1450 kg/m3 and particle 
density 2300 kg/mJ.(Eq.3.3) 

l _ 1450 = 
2300 

0.37 



3 

Specific surface 

Using typical sand data of ct> = o. 95, dP. = 300 micron, specific 
surface on particle volume basis is (Eq.3.4,3.5): 

a' = 6 = 
cpdp 

6 = 21053m-1 

( o . 9 s) ( 3 o o I 106 ) 

Using the same data a more useful specific surface is on bed volume 
basis: 

a = 6 ( 1-E) = 
cpdp 

6(1-0.37) 
( o . 9 s) ( 3 o o I 106 ) 

Minimum. Fluidization Velocity 

= 13263 m-1 

Using typical data for 300 micron sand at 27 C.(Eq.3.26) 

U = dp
2 

(pp-pg) g = (300/106 ) 2 (2300-1. 2) 9. 81 
mf 1650µg (1650) (1. 846) (10-5 ) 

umf = 0. 067 m/sec 

Particle Terminal Velocity (Spherical Particles) 

Terminal velocities must be calculated for discrete particle 
diameters, not surface mean particle sizes which are useful only 
for fluidization calculations.(Eq.3.28) 



4 

Evaluating for 100 micron sand at 27 c gives: 

U=-4- (2300-l. 2 ) (9 · 81 (100/106 )=0.742 m/sec 
[ 

2 )2](1/3) 

t 2 2 5 ( 1 . 2) ( 1 . 8 4 6 ) ( 10-5 ) 

Particle Terminal Velocity (Non-Spherical Particles) 

Corrections must be made for the shape of particles that 
cannot be approximated to a sphere. The simplest method of 
obtaining theoretical terminal velocities for non- spherical shapes 
is to first calculate the velocity independent group (Eq.3.76): 

=4(9.81) (2.466/103
)

3 (1.2) (540-1.2) =3 . 73 xios 
3 (1. 846/105 ) 2 

Then using the data presented in Kunii et al, reproduced in 
Fig.E5,Appendix E, and ¢=0.6 the Reynolds number corresponding to 
terminal velocity is read off as Rep=300. The terminal velocity is 
then (Eq.3.77) 

The velocity calculated for this data using spherical particle 
formula would be equal to 6.95 m/sec, illustrating the correction 
needed. Terminal velocities for samples of bagasse and sawdust 
using the above method are calculated and used to present 
Cumulative Mass Conveyed graphs in Figs. E2 & E4 (Appendix E}. 



5 

Bubble Fraction and Mixing 

Theoretical values of bubble fraction and solids turnover rate can 
be derived from Ergun's equation and the relationship (Eg.3.37): 

The above equation can be re- arranged to give 

Which substituting into Ergun's equation (Eg.3.7) gives: 

Which for a fluidized bed reduces to: 

+ 1. 7 5 PgU/ 

E~ (pdp 

Which is a quadratic in uf. For a given value of E:f the equation can 
be solved for u1 • The operational point u1 can therefore be related 
to voidage, expanded bed depth and bubble fraction. Since it is 
easier to solve for U1 than E: 1 it is useful to tabulate 
voidage,velocity, bubble fraction etc as is done in Appendix F. 
eg Substituting the values E: 1=0. 6, dP = 300 micron, µ.

9
=1. 846/105 , 

p
9
=1.2kg/m3 , ct,= 0.95 gives: 

22563=63130. 536Uf+34113. 06U/ 



6 

or u/ + 1.8506Uf + 0.6614 = o 

Which,of course, can be solved in the usual way to give: 

uf = o. 2811 m/sec 

Having found Uf for various £ 1 it is necessary to estimated the 
bubble velocity before the turnover rate can be calculated. For 
usual operations (Eq.3.39): 

u = uf-(1-o) umf= (0.2811-(1-0.333) (0.667)) 
B O 0.333 

u8 = O. 727 m/sec 

The turnover rate for sand can then be calculated given that the 
bubble/ wake volume ratio a is known to be 0.25 and the turnover 
rate is given by (Eq.3.35): 

J=aOUBpp(l-€mf) = (Q • 25) (0 • 333) (0. 727) (23QQ) (1-0. 4) 

J = 83 kg/m2
• sec 
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Bed Pressure Drop when Fluidized 

For a typical sand bed of diameter 489mm and depth 300mm (Eq.3.9). 

a P= m ( p _ p ) g= ( 14 5 0 ) ( 0 . 18 7 8 ) ( 0 . 3 ) ( 2 3 O O - l . 2 ) g . S l 
AtPp P g (0 .1878) (2300) 

f:l.p = 4265 Pa 

Bed Solids-Gas Equilibrium Depth 

The equation relating inlet and outlet temperatures in Section No. 
can be re-arranged to give (Eq.3.43): 

If we consider thermal equilibrium is reached when the gas solids 
temperature difference ie reduced by 99%. The equation then 
simplifies to: 

= 4.605PrReP<f>dP 
6 NuP(l-e.m) 

Using typical data from Combustor Run No. 5 

L = ( 4 • 6 O 5 ) ( O • 6 3 9 ) ( O • 3 7 ) { O • 9 5) { 3 O O I 106
) = 0 • 011 m 

m (0.0082) (0.6)6 
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Heat Transfer coefficients 

(a) Gas-to-Particle 
For a bed of 300 micron sand operating at 627 c (Eq.3.40) 

h =0.03 kgRe 1.3= 0.03 (6.276/102) (0.37)1.3 = 1.7W/m2.K 
gp dp P 300/106 

(b) Particle-to-Particle 
For the same bed conditions and fuel size 2mm.(Eq.3.41) 

h =2kg+0.016=2(6.276/10 5
) + 0.016 

pp dpf {a; 0 · 002 ../300/106 

hpp = 0. 986kW/m2
• K =986W/m2 . K 

Particle Residence Time. 

Particle residence time of a cellulose particle in a Fluidized Bed 
combustor is given by (Eq.3.90): 

= (0.6) (0.002) (540) (2400) ln[600-100]=o. 13sec 
6 (1000) 600-300 



Bed Behaviour Index 
Using Data from Combustion Run No.5 (Eq.3.30,3.31) 

= (0.15) 2 0.37 
(300/106 ) 9. 81 

(2300-. 4) 
0.4 

= 36 :. smooth 

Estimating Maximum Spouting depth 

(0.13) 
(0.489) 

9 

Taking 530micron sand, inlet diameter 50mm, Bed diameter 489mm, 
estimates are then: 

Lllkx = 0 • 7 2 ( • 4 8 9 ) 2 IO . 0 5 = 9 • 5 6 m Eq. 3 • 2 2 

Lllkx =O. 67 (. 489) 4 / 3 I (530/106 ) 113 =3. 2 m Eq. 3. 23 

And there are other correlations see Section 3.2. What is 
significant is the inconsistency between the results. 

Fluidized Bed Wall Beat Transfer n 'Wll,1 

Taking a 125mm bed it is necessary to consider the insulated wall 
and the uninsulated area where the gas burners are fitted 
(300mmx300mm) 



Insulated Wall Area 

h - 1. 2561/ 3 
conv - taking 6=50C 

= 4.6 W/m 2 .K 

1 _ _1_ + _1_ + 0 . 1 + 0 . 01 
U 4.6 200 0.098 48.5 

U=0.81W/m 2 .K 

10 

Similarly for the uninsulated area, but taking the outside surface 
temperature at 500C, giving hconv=9.75W/m2 .K 

1 
u = 1 +_1_+ 0.01 

9.75 200 48.5 

U = 9. 3 W/m 2 • K 



11 

The Heat Transfer for the 125mm of bed wall is therefore estimated 
at 600C as: 

01w=(rc(0.7) (0.125)-(0.3) (0.125)) (0.81) (600-25) 

+(0.3) (0.125) (9.3) (600-25)= 310 Watts 

Estimation of cp&e from other Test Data 

If the CpBe value is known for one bed it can be deduced for another 
using tne following process. 
Taking cpBe for a JOO mm bed at 1.29, Sand mass is 88.5 kg. 

Equating heat capacities: 

88.5CpBe = (88.5) (0.7) +msteel(0.46) 

Equivalent msteei= 113. 5 kg 

Estimating the volume of steel contacting the sand in the 300mm 
bed and for a 125mm bed (based on bed plate and wall steel) it is 
found that the reduction in steel volume is 41.4% therefore the new 
cpBe is (ie reducing steel mass to 58.6% of original): 

cpBe = ( { 3 4 ) ( 0 . 7 ) + ( 0 . 5 8 6 ) ( 113 . 5) ( 0 . 4 6 ) ) / 3 4 

cpBe = 1 . 6 kJ /kg. K 
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(b) Results Calculations 

Air Volumetric Flow Measurement 

(a) British Standard Nozzle 

Air Flow at free air conditions is given by the Manufacturers 
formula: 

where 

V=74.91kA~hT 
Pa 

k = 
A= 
h = 
T = 
Pa= 

0.96 
Throat Area of Nozzle dia = 

mm of water 
Ambient Temperature K 
Atmospheric pressure Pa. 

74.95mm 

Since a digital pressure gauge was used instead of the water 
manometer and 1 mm of water equals 9. 81 Pascals the equation 
becomes: 

V=74.97kAi-ii 
~gPa 

where p = digital pressure reading in Pa. 
g = gravitational acceleration m/sec2 

Considering the original equipment was readable +/-lmm, 
measurements of air flow corresponding to pressures less than 10 
Pascals were not regarded as reliable. A typical calculation would 
be: eg p = 50 Pascals, T = JOOK, Pa= 101300 Pa. 

V = (74.97) (0.96) (11 0.07495
2

) J (50) (300) 
4 (9. 81) (101300) 

V = o. 039m 3 /sec 

Experimental Uncertainty of result 

Uncertainties of instruments used are: 
Digital pressure gauge 
Temperature 
Atmospheric pressure 

2 Pa 
1 K 
SO Pa 



Percentage uncertainty is then: 

a v < % ) = 1 o o x /[ ( 2 Is o ) 2 + < 1 I 3 o o ) 2 + ( so I 1 o 13 o o ) 2] 

ll.V(%) =4 % 

(b) Pitot - Static Tube Measurements 

The usual equation for incompressible flow is: 

The more exact equation for compressible flow is 

u2 
2 [ [ l {y-1) l 

= cpa r. 1 - ;: v 

13 

In both equations Ps is stagnation pressure and P
0 

is static 
pressure. A comparison of the results from the two equations for 
typical data and as pitot-static pressure differences were not 
large no significant difference in the results were obtained. For 
simplicity the equation for incompressible flow was used. 
Air density was calculated using the usual formula: 

A typical calculation is therefore: 
P

0 
= 101399 Pa 

Ps = 101432 Pa 
P

8 
= 101300 Pa 

T = 300 K 
R = 287 k.J/kg.K 
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p = (101399) = 1.18kg/cu.m 
(287) (300) 

u = .ff 2 (132-99)] = 7. 48m/sec 
Vl 1. 1a 

The pitot-static tube was used on the flow visualisation test rig 
in a 21mm diameter tube fitted to the air-flow from the 190mm 
diameter bed. The flowrate was approximated from the pitot-static 
tube result which gives the maximum velocity in the tube. The 
approximation was taken from: 

Uavexage 
= 1 + 4. 07 rs 

Where friction factor f is obtained from the moody diagram. While 
in theory each calculation would require a calculation of Reynolds 
number and factor f, in practice it is only necessary to obtain an 
average factor f for the regime of flows being considered. For 7.48 
m/sec, Reynolds number is 10300, f is 0.04 assuming a relative 
roughness of o. 007. The ratio of maximum velocity to average 
velocity of 1.29. The flowrate is then given by: 

v= (7 .48)rc (0.021) 2 

(4) (1.29) 

Experimental Uncertainty of Result. 
Air density uncertainty 

= o. 002m 3 /sec 

a p ( % ) = 1 o o x v'[ ( 1 I 3 o o ) 2 + ( so I 1 o 13 o o ) 2] = o . 3 % 

Velocity uncertainty 

a u ( % ) = 1 o o x /[ ( o . 3 I 1 o o ) 2 + ( 2 I 3 3 ) 2] = 6 % 
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Flowrate Uncertainty 

a v ( % ) = 1 o o x I( 2 ( o . s I 21 ) 2 + ( 6 I 1 o o ) 2 + { o . o 1 I 1 . 2 a ) 2] 

av (%) = 7% 

{cl Rotameter Measurements 

The rotameter used is calibrated in cfm which can be converted 
to m3/sec by multiplying by the conversion factor 4.5/104 m3/sec per 
cfm. 

The uncertainty of measurement is estimated at+/- lcfm. which 
is +/- 0.5 1/sec or in the range 2 to 10 % depending on the 
operating point in the 5-50 cfm, 2-22.5 1/sec range. 

Air Mass Flowrate 

Air mass flowrate is obtained by simply multiplying the FAD by 
the density of ambient air in the case of the B.S. Nozzle and the 
rotameter. Due to the use of a dust bag downstream from the pitot
static tube density for the calculation using the pitot static tube 
has to be calculated based on static pressure. The calculation is 
then: 

eg. 

Iha= (1.18) (0.039) = 0.046kg/sec 

The uncertainty of air mass flow depends on where the volume flow 
reading was obtained. eg 

Mass Flow uncertainties are: 

Ex B.S. Nozzle 
Ex.Rotameter 
Ex.Pitot-static Tube. 

4% 
2-10% depending on operation point 
2-10% depending on operating point 
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superficial Velocities 

(a) Flow Visualisation Equipment. 

= 0.002 
= O. 071m/sec 

1C (0 .19/2) 2 

For very deep beds eg L,.. >500mm a slight correction will be 
obtained if average actua'i. bed gas density is considered in a 
similar way to calculations for the combustor. For most shallow bed 
conditions it is sufficient to assume free air density in the bed. 
Uncertainty of Result is 

auf (%) = 100 x I <1 /100) 2+2 {1/190) 2 = 7% 

(b) Combustion Equipment 
For cold bed conditions: 

uf = Iha = 0.046 = 0.208m/sec 
Pa1t(dt/2)2 1.1811:(0.489/2) 2 

For operations at 600 c 

uf = Iha = 0.046 = 0.612m/sec 
Pa1t (dt/2)2 0.411:(0.489/2) 2 

Uncertainty of result. 
As for flow visualisation equipment, uncertainties will be in 

the range 5 to 10%. 

Fuel Flow Measurement 

Equivalent mass flow of fuel is calculated by dividing the 
mass of the batch by the time elapsed. eg 

= 1200 
600 

= 2 grams/sec 



Uncertainty of results 

(a) Batch Feed: mass batch 
mass unc. 
time period 
time unc. 

300-1500 grams 
10 grams 
10 minutes 
0.5 minutes 

17 

For a flow rate of 2 grams/sec over a test period of 10 minutes the 
uncertainty would be: 

atnf (%) = 100 x / [ (10/1200) 2+ (o. 5/10) 2] = 5 % 

(b) Screw Feeder: mass hopper 
mass unc. 

3000 grams 
300 grams 

atnf (%) = 100 x / [ (250/3000) 2+ (o. 5/10) 2] = 10 % 

Temperature Measurement 

(a) Chart Plotter - Thermocouple Measurements 

Chart plotter readings to +/-0.l division. 0.1 division= 0.5mV 

Correlation of Thermocouples is given by equation: 

T = 134. 66 ( ChartReading) + 50 

eg, For a chart reading of 5. 5, voltage is 27. 5mV, but using 
equation directly gives: 

T = 134.66 (5.5) + 50 = 790C 

Uncertainty of result. 

Chart uncertainty: 
Typical%@ 5.5 

(bl Digital Thermometer 

0.1 division 
2 % 

Reading uncertainty 1 c 
Typical%@ 600C 0.2% 
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Pressure Measurement 

Digital Pressure gauges allowed readings of +/-1 Pascal 
Uncertainty of Drop Pressure Calculations are therefore +/-2 
Pascals. 

Heat Transfer Calculations 

(a) Heat Supplied to Air Q
8 

For T8 = 600 C, T
0 

=27 c, air mass flow of 0.028 kg/sec 

Firstly, Evaluating CP'.! at the two temperatures gives 1. 005 and 
1.1147, Average c~ is 1.060 kJ/kg.K. 

Heat Transferred to the air is therefore: 

Oa = (0.028) (1.060) (600-27) = 17kW 

Uncertainty of result, 
Taking uncertainties mass flow 

Temperature 
5% 
2% 

A.Qa (%) =100 X ../ (5/100) 2+ (3/575) 2 = 5 % 

{b) Heat supplied to Fuel Q1 ,Qw 

The calculation is identical to that above except for the addition 
of a which must be supplied from other calculations. 

eg. 

afQf = (1) (0. 0046) (2. 4) (600-27) = 6. 3 kW 

if Moisture content of fuel was 25% then: 



19 

Calculating the enthalpy of steam and water as 3294. 3kJ/kg and 
113.1 kJ/kg, the calculation is: 

«wOw = (1) (0.25) (0.0046) (3294.3-113.1) = 3.6 kW 

Uncertainty percentages for both fuel and moisture calculations 
will be the same. Uncertainty in moisture content reading is 
considered negligible. 

Uncertainty of result, 
Taking Uncertainties 

For Batch feed 

Mass flow 
Mass flow 
Temperature 

5% Batch feed 
10% Screw feed 
2% 

l1Qf (%) =100 X{(S/100) 2+(3/575) 2 = 5 % 

For Screw feed 

l1Qf (%) =100 X{(l0/100) 2+(3/575) 2 = 10 % 

(c) Heat supplied to the bed solids Q8 

= (650-600) = 
(SO) (l. 2 ) (3600-3000) 8 kW 

The most uncertain term in the equation is Cpee which is 
obtained by iterative calculations from data from two different 
run periods. From the consistency of the values obtained it is 
estimated to have an unce~tainty of 10%. 
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Uncertainty of Results is therefore: 
Taking uncertainties as Mass lkg 

c~e 10% 
Temperature 10% 
Time 5% 

/Ji.QB (%) =100 X { { (1/80) 2+ (10/100) 2+ (10/100) 2+ (. 5/10) 2 

/Ji.QB (%) = 15 % 

(d) Total Heat Release in the Bed 

The total heat release is just the sum of all the individual heat 
transfers: 

Assuming Qlw is O. 8 kW, 

Qtotal = 17 +8 +6 . 3 + 3 . 6 +O . 8 = 3 5. 7 kW 

Uncertainty is: 

!Ji.Qtotal {%) = y'(0.852+1.22+.63 2+.36 2+0.082
) X 100 = 5 % 

35.7 
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(e) Combustion Efficiency 

which is, using CV =19500 kJ/kg;(Eq.3.49) 

3 5 • 7 = o . 3 9 8 or 4 o % 
(0.0046) (19500) 

The uncertainties are: 

.6.f1c (%) =100 XV ( (5/100) 2+ (10/100) 2+ (0. 5/19. 5) 2 ) =11% 

(f) Fluidized Bed Efficiency 

The maximum useful heat release to the bed must first be 
calculated (Eq.3.55): 

eg. 

QBmax = (0.0046) (19500)-(17+6.3+3.6+0.8) = 62 kW 

Then Fluidized Bed Efficiency is (Eq.3.59): 

TlB = Q~ = 
6
8
2 = 0.129 or 13% 

Uncertainty of Results . 

.6.(.m CV)={89.7).I{ 1 ) 2 +( · 5 ) 2 = 9.3 kW 
f y 10 19. 5 
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LlQBmax =../ (9. 32 + (../ {. 852+. 632+. 36 2+. 082)) 2 = 9. 4 kW 

Ll11 8 (%) = 100 x ../ (9. 4/62) 2+ (15/100) 2 = o. 213 or 21% 

{g} Operating Ratio. 

Firstly the maximum possible useful heat transfer must be 
calculated (Eq.3.57). 

eg 

QB =(.0046) (19500-(600-27) ((5.09) (1.06)+{2.4))) 
thmax 

Q = 69. 2 kW 
Bthmax 

Operating Ratio is then simply.(Eq.3.58): 

Uncertainty of Result. 

62 
69.2 

= O. 89 6 or 9 O % 

LlQB (%) =100 X ../ ( 10/100) 2 + (500/15000) 2 = 11 % 
thmax 



aor (%)=100 x/(11/100) 2 +(9.4/62) 2 = 19% 

(h) Overall Bed Efficiency 
(Eq. 3. 60) 

Uncertainty of result. 

= O. 089 or 9% 

23 

11111 Be ( % ) = 10 0 X / ( 9 • 3 / 8 9 . 7 ) 2 + ( 15 / 10 0) 2 = 0 . 18 2 or 18 % 

(i) Packed Bed Heat Flux 
(Eq.3.45) 

The uncertainty of the result is: 

AlJ1 (%) =100 X / (0 .12 +0 .12+0. 022+0. 0012 +0. 0032) 

AlJ1 = 15% 



Air/Fuel Ratio 

Using typical data gives: 

Air/ fuel ratio = ma = 
mf 

The uncertainty of the result is: 

0.028 
0.0046 

= 6. 09 

/J. (Air I Fuel) % = 1 o o X v' ( o . 1 2 +O . 1 2) = 15 % 

24 



(c> Iterative Spreadsheet Calculations 

Determination of cpBe from Cooldown Data 

Table Al: Iterative Determination of cpBe 

Ref Time Temp Qa Energy 
.No mins c kW stored in . Bed,kW 

1 112 501 54702 

2 118 467 7.59 50858 

3 128 427 6.87 46246 

4 134 407 6.51 43940 

5 138 387 6.15 41634 

6 147 353 5.57 37790 

QB 
kW** 

-10.68 

-7.69 

-6.41 

-9.61 

-7.12 

Average 
Q._. is 

7 148 353 0 37790 0 

8 178 330 0 35168 -1.456 

h~-· A 0.0046 

Calculate 1. 76 
Average 

Ql in 
Per.2-6 

Selected 1.29 
C..,.,a 

mR C...,_ 114.17 

25 

Qtot 
kW 

-3.09 

-0.82 

0.11 

-3.45 

-1.55 

-1.759 

0 

-1. 456 

** Calculated on the change in energy stored during the time 
from the Ref.No. preceding to the present instant. 

Calculation Procedure (See Vol.l Section 3.41, Eqs.3.63-3.66) 

Select CpBe and calculated mBCpBe using known mass of sand 

QB is calculated from the change in energy stored divided by 

time. The energy stored is obtained from the mBCpBe value 

selected and obtained iteratively. 
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The total heat release in the bed Qtot is firstly summed 

and averaged in this case from t =118 mins tot= 147 mins. The 

average Qtot during cooldown must be slightly negative and will 

equal the wall convection losses since the heat removed in the 

flue gases plus wall losses must equal the heat lost from the 

bed. (note: This is the cooling period with airflow) 

The hcon~ for the combustor found by dividing the average 

Qtot by the average combustor-surroundings temperature 

difference from t=148 mins to t=l78mins (note:This is the 

cooling period without airflow) 

Having found hcon~ a calculation of the wall loss Ql is 

made for the period t=l18mins to t=l47 mins and compared with 

the figure calculated for Qtot• If they are equal ,as shown, 

calculations are complete. If they are not equal a new value 

for C~e is chosen, which modifies m8C~e' which in turn changes 

Q8 etc and the process is repeated until the calculated QL 

equals the actual Ql for the period of cooling with air. The 

resulting c~e is taken as the equivalent specific heat for bed 

structure and solids. The process is greatly facilitated by the 

use of a spreadsheet. 

Estimated Particle Fall Times. 

Calculations were done iteratively to calculate 

approximate fall times and then average h
9

P values to generate 

approximate values for particle temperature at bed entry for 

continuously fed fuel particles. The iterative calculation was 

necessary as the fall distances were relatively short and 

particles did not reach terminal velocities in most cases. 

Calculations are as detailed in Vol. 1, Section. 3. 43. An example 



T
ab

le
 A

2.
 F

ue
l 

P
ar

ti
cl

e 
Fa

ll 
T

im
e 

an
d 

D
is

ta
nc

e 
E

st
im

at
io

n 
I.C

l 
0 

I-
'· 

H
i 

B
ed

 D
at

a 
F

ue
l 

D
at

a 
p

er
 ~

ar
ti

cl
e 

<
 

(I
) 

0 
B

ed
 s

an
d

 
30

0 
m

ic
ro

n 
T

yp
e 

B
ag

as
se

 
Si

 u
ni

ts
 

::,
 

Ill
 

D
is

ta
nc

e 
ch

u
te

 
4

0
0

m
m

 
L

en
g

th
 

44
12

 m
ic

ro
n 

0.
00

44
12

 m
 

U
t s

ph
er

ic
al

 
4.

02
11

07
 

m
 

1-
J 

0 
S

up
er

fi
ci

al
 V

el
. 

0.
13

5 
m

is
 

D
ia

m
et

er
 

54
3 

m
ic

ro
n 

0.
00

05
43

 m
 

U
t a

ct
ua

l 
1.

46
3 

=V
re

l 
I-

'· 
r:: 

A
ir

 d
en

si
ty

 
0.

37
 k

gf
cu

.m
 

D
en

si
ty

 
54

0 
kg

fc
u.

m
 

54
0 

kg
fc

u.
m

 
N

 
1-

J 
(I

) 
Ill

 
A

ir
 v

is
co

si
ty

 
4.

00
E

-0
5 

P
a.

s 
S

ph
er

ic
it

y 
0.

61
 

0.
61

40
17

 
I-

'·
 

rt
 

F
lu

e 
te

m
p

 
6

7
5

C
 

M
ea

n 
di

a.
 

12
50

 m
ic

ro
n 

0.
00

12
5 

m
 

m
 

I-
'· 

0 
ai

r 
m

as
s 

fl
ow

 
9.

48
E

-0
3 

kg
/s

ec
 

M
as

s 
5.

SE
-0

7 
kg

 
5.

5E
-0

7 
kg

 
V

re
l 

m
ax

 
1.

46
15

22
 m

is
 

I.C
l 

::,
 

A
 

2.
14

5 
V

ol
um

e 
1.

0E
+

09
 c

u.
m

ic
r 

1.
0E

-0
9 

cu
.m

 
A

 
2.

14
5 

I-
'· 

m
 

n 
0.

01
12

 M
io

st
ur

e 
5

%
 

5
%

 
n 

0.
01

12
 

<
 

H
i 

(I)
 

T
im

e 
/J,

. 
R

e 
c 

c 
c 

R
el

at
iv

e 
D

ra
g 

A
bs

ol
ut

e 
V

el
oc

it
y 

D
is

ta
nc

e 
D

is
ta

nc
e 

A
ve

ra
ge

 
::,

 
0 11

 
t 

t 
p 

d 
d 

d 
V

el
oc

it
y 

F
or

ce
 

V
el

oc
it

y 
In

cr
em

en
t 

In
cr

em
en

t 
T

ot
al

 
A

cc
el

. 
I-

'· 
se

cs
 

se
cs

 
Sp

he
ri

ca
l 

C
or

re
ct

io
n 

ac
tu

al
 

m
/s

ec
 

N
 

m
/s

ec
 

m
/s

ec
 

m
 

m
 

m
/s

ec
2 

:::s
 

rt
 

::r
 

0 
0.

05
 

1.
57

65
 

7.
96

45
 

2.
16

27
 

17
.2

24
5 

0.
13

50
 

1.
4E

-0
7 

0 
0.

47
74

22
 

0 
0 

9.
54

84
49

 
8 

(I
) 

0:
05

 
0.

05
 

7.
15

15
 

3.
73

94
 

2.
22

51
 

8.
32

05
 

0.
61

24
 

1.
4E

-0
6 

-0
.4

77
42

 
0.

36
35

29
 

-0
.0

23
87

 
-0

.0
23

87
 

7.
27

05
9 

Ill
 

0.
1 

0.
05

 
11

.3
96

6 
2.

96
22

 
2.

27
26

 
6.

73
20

 
0.

97
60

 
2.

9E
-0

6 
-0

.8
40

95
 

0.
22

99
72

 
-0

.0
42

05
 

-0
.0

65
92

 
4.

59
94

4 
tr

 
H

i 
1-

J 
Ill

 
0.

15
 

0.
05

 
14

.0
82

1 
2.

66
48

 
2.

30
27

 
6.

13
63

 
1.

20
59

 
4.

0E
-0

6 
-1

.0
70

92
 

0.
12

80
55

 
-0

.0
53

55
 

-0
.1

19
46

 
2.

56
10

97
 

(I
) 

1-
J 

0.
2 

0.
05

 
15

.5
77

4 
2.

53
37

 
2.

31
95

 
5.

87
68

 
1.

33
40

 
4.

7E
-0

6 
-1

.1
98

98
 

0.
06

58
09

 
-0

.0
59

95
 

-0
.1

79
41

 
1.

31
61

74
 

>
 

1-
J 

0.
25

 
0.

05
 

16
.3

45
9 

2.
47

34
 

2.
32

81
 

5.
75

83
 

1.
39

98
 

5.
1E

-0
6 

-1
.2

64
79

 
0.

03
23

3 
-0

.0
63

24
 

-0
.2

42
65

 
0.

64
66

07
 

N
 

rt
 

. 
0.

3 
0.

05
 

16
.7

23
4 

2.
44

53
 

2.
33

23
 

5.
70

32
 

1.
43

21
 

5.
2E

-0
6 

-1
.2

97
12

 
0.

01
55

17
 

-0
.0

64
86

 
-0

.3
07

51
 

0.
31

03
42

 
I-

'· s 
0.

35
 

0.
05

 
16

.9
04

6 
2.

43
22

 
2.

33
43

 
5.

67
75

 
1.

44
76

 
5.

3E
-0

6 
-1

.3
12

64
 

0.
00

73
62

 
-0

.0
65

63
 

-0
.3

73
14

 
0.

14
72

46
 

(I
) 

0.
4 

0.
05

 
16

.9
90

6 
2.

42
60

 
2.

33
53

 
5.

66
55

 
1.

45
50

 
5.

4E
-0

6 
-1

.3
2 

0.
00

34
74

 
-0

.0
66

 
-0

.4
39

14
 

0.
06

94
78

 
0 

0.
45

 
0.

05
 

17
.0

31
2 

2.
42

31
 

2.
33

57
 

5.
65

98
 

1.
45

85
 

5.
4E

-0
6 

-1
.3

23
47

 
0.

00
16

35
 

-0
.0

66
17

 
-0

.5
05

31
 

0.
03

26
97

 
H

i 

0.
5 

0.
05

 
17

.0
50

3 
2.

42
18

 
2.

33
60

 
5.

65
72

 
1.

46
01

 
5.

4E
-0

6 
-1

.3
25

11
 

0.
00

07
68

 
-0

.0
66

26
 

-0
.5

71
57

 
0.

01
53

68
 

Ill
 

0.
55

 
0.

05
 

17
.0

59
2 

2.
42

11
 

2.
33

61
 

5.
65

59
 

1.
46

09
 

5.
4E

-0
6 

-1
.3

25
87

 
0.

00
03

61
 

-0
.0

66
29

 
-0

.6
37

86
 

0.
00

72
19

 
0.

6 
0.

05
 

17
.0

63
4 

2.
42

08
 

2.
33

61
 

5.
65

54
 

1.
46

12
 

5.
4E

-0
6 

-1
.3

26
24

 
0.

00
01

7 
-0

.0
66

31
 

-0
.7

04
18

 
0.

00
33

9 
tr

 
0.

65
 

0.
05

 
17

.0
65

4 
2.

42
07

 
2.

33
61

 
5.

65
51

 
1.

46
14

 
5.

4E
-0

6 
-1

.3
26

4 
0.

00
00

8 
-0

.0
66

32
 

-0
.7

70
5 

0.
00

15
92

 
Ill

 
I.C

l 
0.

7 
0.

05
 

17
.0

66
4 

2.
42

06
 

2.
33

61
 

5.
65

50
 

1.
46

15
 

5.
4E

-0
6 

-1
.3

26
48

 
0.

00
00

37
 

-0
.0

66
32

 
-0

.8
36

82
 

0.
00

07
47

 
Ill

 

0.
75

 
0.

05
 

17
.0

66
8 

2.
42

06
 

2.
33

61
 

5.
65

49
 

1.
46

15
 

5.
4E

-0
6 

-1
.3

26
52

 
0.

00
00

18
 

-0
.0

66
33

 
-0

.9
03

15
 

0.
00

03
51

 
m

 
[/

l 

0.
8 

-0
.8

 
17

.0
67

0 
2.

42
06

 
2.

33
62

 
5.

65
49

 
1.

46
15

 
5.

4E
-0

6 
-1

.3
26

54
 

-0
.0

00
13

 
1.

06
12

32
 

0.
15

80
86

 
0.

00
01

65
 

(I
) 

to
 

Ill
 

Ii
 

rt
 

I-
'•

 
0 1-

J 
CD

 

0 
N

 
H

i 
...

J 



28 

Appendix B: Experimental Data and Ut.lJl.at Charts 

TABLE 81. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSUR 101670 Pa 
TEMP 24.SC 
DENSITY 1.19 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Distributor 100 mesh 
Bed Depth 330mm 

MOTOR PITOT STATIC 0 1TOT BELOW BED BASE BED TOP 
SPEED Pa fEMP PLATE PRES PRESS 
Hz Pa Pa ,...,. 

Press.kPa kPa kPa v 

0 0 0 0 0 0 
17 72 68 24 4.72 4.48 0.51 
18 117 106 25 5.14 4.85 0.84 
19 168 151 24 5.63 5.32 1.23 
20 217 192 24 6.15 5.82 1.68 
20 240 213 24 6.09 5.75 1.45 
21 278 247 24 6.67 6.31 2.13 

0 0 0 

TABLE 82. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSURE 101670 Pa 
TEMP 24.5C 
DENSITY 1.19 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 440mm 
Distributor Mesh and packed bed. 

MOTOR PITOT STATIC PITOT BELOW BED BASE BED TOP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa 

,.. 
Press.kPa kPa kPa '-' 

0 0 0 0 0 0 
17 42 40 25 4.81 4.69 0.27 
18 47 44 25 5.31 5.2 0.33 
19 63 59 25 5.89 5.73 0.47 
20 82 75 25 6.45 6.22 0.66 
21 133 115 25 7.07 6.74 1.13 
22 193 173 25 7.55 7.22 1.67 
23 238 211 25 8.11 7.73 2.11 
24 284 252 25 8.74 8.37 2.69 
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TABLE 83. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESS UR 101670 Pa 
TEMP 24.5C 
DENSITY 1.19 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Distributor 100 mesh 
Bed depth 590mm 

MOTOR PITOT STATIC PITOT BELOW BED BASE BED TOP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa ,... 

Press.kPa kPa kPa v 

0 0 0 0 0 0 
18 41 38 25 6.81 6.65 0.35 
19 46 43 25 7.58 7.43 0.42 
20 68 59 25 8.35 8.1 0.7 
21 105 94 25 9.1 8.83 1.06 
22 165 149 25 9.77 9.47 1.82 
23 218 196 25 10.44 10.08 2.41 
24 280 245 25 11.26 10.88 3.2 

TABLE 84. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSUR 101350 Pa 
TEMP 25C 
DENSITY 1.18502 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.0246 mis 
Bed depth 185mm 
Distributor Mesh and packed bed. 

Bagasse Added Nil 

MOTOR PITOT STATIC PITOT BELOW BASE BED TOP !jed Depth Comments 
SPEED Pa TEMP PLATE PRES PRESS iexpanded 
Hz r:>a Pa 

,.. 
s:>ress.kPa kPa kPa ,nm .., 

0 0 .o 0 0 0 185 
15 12 11 24 1.66 1.51 0.02 185 
16 16 13 24 1.9 1.72 0.02 185 
17 19 16 24 2.15 1.96 0.03 190 
18 29 24 24 2.37 2.13 0.05 195 
19 85 73 24 2.46 2.24 0.15 200 Good Mixing 

19.5 108 85 24 2.53 2.29 0.18 200 
20 131 98 24 2.63 2.38 0.22 205 
21 183 145 24 2.77 2.49 0.32 210 Turbulent 
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TABLE 85. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSUR 101350 Pa 
TEMP 25C 
DENSITY 1.185 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 185mm 
Distributor Mesh and packed bed. 

Bagasse Added 47.6grams added to base of bed 

MOTOR PITOT STATIC PITOT BELOW BASE TOP 3ed Depth Comments 
SPEED Pa i'fEMP PLATE DRES PRESS expanded 
Hz Pa Pa c Press.kPa l<Pa kPa mm 

0 0 0 0 0 0 
15 20 17 24 1.65 1.46 0.03 185 
16 25 22 24 1.89 1.7 0.04 185 
17 30 26 24 2.13 1.9 0.05 185 
18 35 30 24 2.37 2.12 0.05 190 
19 41 36 24 2.61 2.34 0.06 195 
20 130 102 24 2.89 2.36 0.2 200 
21 180 137 24 2.79 2.5 0.3 200 
20 125 99 24 2.63 2.36 0.2 205 Good Mixing 
19 78 69 24 2.46 2.2 0.12 210 Dead Spot 
18 40 31 24 2.32 2.09 0.07 210 Remained 
28 693 423 24 4.31 3.72 1.4 265 ~II mixed 

TABLE BG. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSUR 101350 Pa 
TEMP 25 C 
DENSITY 1.185 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 190 mm 
Distributor Mesh and packed bed. 

Bagasse Added 47.6 grams pre-mixed 

MOTOR PITOT !STATIC PITOT BELOW BASE BED TOP Bed Depth Comments 
SPEED Pa rrEMP DLA TE PRES PRESS ~xpanded 
Hz r:>a Pa ~ 0 ress.kPa kPa kPa mm 

0 0 0 0 0 0 
15 16 13 25 1.67 1.5 0.04 190 
16 20 16 25 1.9 1.71 0.04 190 
17 24 20 25 2.14 1.93 0.04 190 
18 60 38 25 2.29 2.09 0.05 .190 
19 105 85 25 2.4 2.18 0.18 195 
20 150 110 25 2.56 2.28 0.25 200 
21 193 135 25 2.74 2.48 0.31 205 Good Mixing 
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TABLE 87. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSURE 101350 Pa 
TEMP 25C 
DENSITY 1.185 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 190mm 
Distributor Mesh and packed bed. 

Bagasse Added 47.6 grams added and premixed. 
46.3arams added to to;> 

MOTOR -=>ITOT !STATIC PITOT BELOW BASE TOP Bed Depth Comments 
SPEED Pa rrEMP PLATE l=>RES PRESS iexpanded 
Hz Pa Pa c Press.kPa kPa kPa mm 

0 0 0 0 0 0 
16 20 17 25 1.9 1.74 0.04 190 
17 23 20 25 2.15 1.97 0.04 190 
18 34 27 25 2.37 2.15 0.07 190 
19 102 80 25 2.42 2.2 0.18 200 
20 152 120 25 2.56 2.03 0.24 205 
21 195 151 25 2.75 2.25 0.34 205 Good Mixing 

TABLE BS. flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSURE 101350 Pa 
TEMP 25C 
DENSITY 1.185 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 195 mm 
Distributor Mesh and packed bed. 

Bagasse Added 93.9 grams added and premixed. 

MOTOR DITOT STATIC DITOT BELOW BASE TOP Bed Depth Comments 
SPEED Pa irEMP PLATE PRES PRESS ~xpanded 
Hz Pa Pa c Press.kPa kPa kPa ,nm 

0 0 0 0 0 0 
16 34 29 25 1.84 1.63 0.06 195 
17 48 41 25 2.06 1.73 0.08 195 
18 65 55 25 2.25 1.79 0.1 190 
19 102 87 25 2.42 1.91 0.17 195 
20 150 120 25 2.56 2.06 0.26 200 Sticky mix 
21 200 152 25 2.75 2.23 0.36 205 Good Mixing 
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TABLE 89. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESS UR 101350 Pa 
TEMP 25C 
DENSITY 1.185 kg/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 195mm 
Distributor Mesh and packed bed. 
Ingestion time 22.5 seconds 

Bagasse Added 93.9 grams added and premixed. 
43.4arams added to to P. Bed started at U>Umf 

MOTOR PITOT STATIC PITOT BELOW BASE BED TOP Bed Depth Comments 
SPEED Pa rrEMP PLATE PRES PRESS expanded 
Hz Pa Pa c Press.kPa kPa kPa mm 

0 0 0 0 0 0 
21 200 152 25 2.75 2.23 0.36 205 A 
22 275 201 25 2.87 2.28 0.48 210 B 
23 320 231 25 3.12 2.44 0.61 220 c 
24 386 268 25 3.35 2.66 0.73 230 D 

0 0 0 0 0 0 0 0 
0 0 Al Dead izone develo ped 0 0 
0 0 Bl Dead Zone still th1 re 0 0 
0 0 Cl Small dead zone I emaining 0 0 

DI Good Mixino 

TABLE 810. flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESSUR 101350 Pa 
TEMP 25C 
DENSITY 1.185 kg/c:u.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 195 mm 
Distributor Mesh and packed bed. 

Bagasse Added 137 .3 grams added and premixed. 

MOTOR PITOT STATIC =>ITOT BELOW BASE roP Bed Depth Comments 
SPEED Pa TEMP PLATE PRES PRESS expanded 
Hz Pa Pa c Press.kPa kPa kPa mm 

0 0 0 0 0 
16 53 45 25.5 1.77 1.45 0.09 195 
17 72 61 25.5 1.96 1.58 0.12 195 
18 95 81 25.5 2.17 1.72 0.17 198 
19 121 98 25.5 2.36 1.84 0.22 198 
20 148 117 25.5 2.58 1.99 0.26 200 
21 229 172 25.5 2.69 2.11 0.41 205 70% mix 
22 282 206 25.5 2.87 2.29 0.53 210 
24 388 270 25.5 3.34 2.66 0.75 230 good mix 

0 0 0 0 
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TABLE 811. Flow Visualisation Data 180 micron Sand 

Ambient Conditions PRESS UR 101350 Pa 
TEMP 25C 
DENSITY 1.185 l<g/cu.m 

Bed Conditions Sand size 180 microns 
Umf 0.024 mis 
Bed depth 210mm 
Distributor Mesh and packed bed. 

Bagasse Added 234.6 grams added and premixed. 
lnoestion time of 97.3 1 in 34 secs Po=388Pa. Ps=270Pa proir to tes1 

MOTOR PITOT STATIC PITOT 3ELOW BED BAS BED TOP Bed Dept Comments 
SPEED Pa TEMP PLATE PRES PRESS expanded 
Hz Pa Pa c Press.l<Pa l<Pa l<Pa mm 

0 0 0 0 0 
20 206 144 26 2.47 2.05 0.41 215 
21 360 263 26 2.44 2.14 0.72 225 
22 392 276 26 2.72 2.36 0.76 225 
24 494 331 26 3.2 2.77 0.97 230 
26 594 396 26 3.78 3.18 1.26 240 50% fluidized 
28 710 464 26 4.34 3.44 1.51 250 
30 847 534 26 4.92 3.85 1.84 260 good mix 

0 0 0 0 

TABLE B12. flow Visualisation Data 490 micron Sarni 

Ambient Conditions PRESSURE 101000 Pa 
TEMP 27C 
DENSITY 1.173 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 mis 
Bed depth 215 mm 
Distributor Mesh and packed bed. 

Bagasse Added nil 

MOTOR ::>ff OT STATIC »!TOT BELOW BASE OP Bed Depth Comments 
SPEED Pa TEMP i:>LATE PRES PRESS expanded 
Hz Pa Pa c Press.kPa kPa kPa mm 

11 132 99 27 1.76 1.58 0.24 215 
12 181 131 27 2.24 1.99 0.34 215 
13 224 158 27 2.6 2.32 0.42 215 
14 290 199 27 3.18 2.88 0.56 215 
15 348 228 27 3.64 3.26 0.68 215 
16 489 310 27 3.98 3.62 0.99 220 
17 602 375 27 4.49 3.97 1.2 225 
18 731 432 27 5.01 4.31 1.51 230 
19 854 498 27 5.55 4.57 1.79 240 good moon 
20 984 564 27 6.11 4.93 2.12 245 
21 1150 627 27 6.25 5.28 2.48 250 
22 1295 694 27 7.42 5.69 2.86 250 almost 

sluaaina 
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TABLE 813. Flow Vlsuallzatlon Data 490 micron Sand 

Ambient Conditions PRESSURE 101700 Pa 
TEMP 23C 
DENSITY 1.197 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 mis 
Bed depth 215 mm 
Distributor Mesh and packed bed. 

Bagasse Added 44.9 grams to base 

MOTOR PITOT ::;TATIC PffOT BELOW BASE TOP Bed Depth Comments 
SPEED Pa TEMP l=>LATE PRES PRESS expanded 
Hz Pa Pa c Press.kPa kPa kPa mm 

0 
12 193 147 22 2.2 2.05 0.31 215 
13 237 176 22 2.6 2.45 0.41 215 
14 377 257 22 3.16 2.94 0.69 215 
15 458 310 22 3.6 3.37 0.87 215 
16 546 349 22 4.13 3.85 1.06 215 
17 710 440 22 4.57 4.17 1.44 230 
18 821 498 22 5.03 4.45 1.65 235 
19 940 555 22 5.58 4.8 1.85 240 
20 1080 619 22 6.18 5.11 2.24 250 90% mixing 
21 1230 693 22 6.83 5.54 2.61 255 
22 1384 744 22 7.48 5.87 2.93 255 
23 1505 802 22 8.08 6.22 3.27 260 c:IB 140mm 

Baaasse Sti not mixed 

TABLE 814. Flow Visualization Data 490 micron Sand 

Ambient Conditions PRESSUR 101700 Pa 
TEMP 23C 
DENSITY 1.197 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 mis 
Bed depth 215 mm 
Distributor Mesh and packed bed. 

Bagasse Added 44.9 grams pre-mixed 

MOTOR ;;,ITOT STATIC PITOT BELOW BED BASE BEDT Bed Depth Comments 
SPEED Pa TEMP PLATE PRES PRESS expanded 
Hz Pa Pa c Press.kPa kPa kPa mm 

0 
12 166 105 22 2.27 2.07 0.33 220 
14 305 184 22 3.25 3 0.64 220 
16 510 290 22 4.09 3.75 1.1 220 
18 749 405 22 5.06 4.46 1.66 230 
20 992 519 22 6.17 5.06 2.24 250 good moon 
22 1275 645 22 7.39 5.8 2.91 255 
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TABLE 815. Flow Visualization Data 490 micron Sand 

Ambient Conditions PRESSURE 101700 Pa 
TEMP 23C 
DENSITY 1.197 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 mis 
Bed depth 215mm 
Distributor Mesh and packed bed. 

Bagasse Added 44.9 grc1ms pre-mixed 
56.9 arams added to too mixed durina run uo 

MOTOR PITOT STATIC ::>ITOT BELOW BASE TOP Bed Depth Comments 
SPEED l=>a TEMP l=>LATE PRES l=>RESS expanded 
Hz Pa Pa ,.. 

Press.kPa kPa kPa mm "' 0 
12 191 130 22 2.27 2.12 0.36 220 
14 298 194 22 3.33 3.1 0.59 220 
15 378 231 22 3.77 3.5 0.76 220 
16 519 310 22 4.14 3.82 1.06 230 slow ingest 
16 505 298 22 4.18 3.83 1.06 220 
17 665 380 22 4.63 4.2 1.41 230 all ingest 
18 176 438 22 5.02 4.44 1.69 240 
19 902 486 22 5.53 4.71 1.97 245 
20 1031 548 22 6.12 5.01 2.31 250 dead zones 
22 1295 661 22 7.36 5.8 2.91 255 good mix 
24 1613 786 22 8.62 6.54 3.65 260 

TABLE B16. Flow Visualization Data 490 micron Sand 

Ambient Conditions PRESSUR 101700 Pa 
TEMP 23C 
DENSITY 1.197 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 mis 
Bed depth 240mm 
Distributor Mesh and packed bed. 

Bagasse Added 101.8 grams pre-mixed 
43 grams added to too mixed durino run uo 

MOTOR PITOT STATIC PITOT BELOW BED BASE BEDT Bed Depth Comments 
SPEED Pa TEMP PLATE PRES PRESS expanded 
Hz Pa Pa ~ Press.kPa kPa kPa mm 

15 448 260 23 3.58 3.28 0.97 240 Channelling 
638 361 23 4.56 4.15 1.39 240 

20 1013 527 23 6.15 5.12 2.26 250 
22 1315 653 23 7.32 5.8 2.97 250 
24 1637 784 23 8.57 6.55 3.76 255 50%fluid 
26 1960 910 23 9.93 7.01 4.58 265 80% fluid 
28 2330 1050 23 11.34 8.39 5.44 300 good mix 
22 1185 568 23 7.56 5.65 2.74 250 seperation 
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TABLE 817. Flow Visualisation Data Centre Flow 490 micron Sand 

Ambient Conditions PRESSUR 102000 Pa 
TEMP 26.5C 
DENSITY 1.19 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor Five caps in centre 
Bed Depth 180mm 

MOTOR DITOT STATIC PITOT BELOW BASE TOP 
SPEED Pa rrEMP PLATE PRES PRESS 
Hz Pa Pa c PRESS KPA KPA 

0 0 0 0 0 0 
14 264 142 26 2.87 2.07 0.56 
15 352 191 26 3.29 2.42 0.76 
16 490 250 26 3.59 2.63 1.07 
17 620 310 26 4.04 2.95 1.38 
18 740 360 26 4.41 3.2 1.62 
19 870 415 26 4.85 3.5 1.93 
20 1010 470 26 5.32 3.82 2.25 
21 1160 520 26 5.82 4.18 2.59 
22 1293 573 26 6.32 4.5 2.91 
23 1430 626 26 6.81 4.84 3.25 
24 1594 682 26 7.36 5.2 3.6 

TABLE 818. Flow Visualisation Data Centre Flow 490 micron Sand 

Ambient Conditions PRESSURE 101900 Pa 
TEMP 27C 
DENSITY 1.18 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor Five caps in centre 
Bed Depth 365mm 

MOTOR PITOT STATIC PITOT BELOW BASE TOP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa 

,... 
PRESS KPA KPA ....., 

0 0 0 0 0 0 
12 128 82 26 3.14 2.42 0.31 
13 164 102 26 3.82 2.86 0.33 
14 271 160 26 5.29 4.14 0.6 
15 348 193 26 6.06 5 0.73 
16 580 300 26 6.63 5.53 1.31 
17 821 390 26 7.43 6.03 1.85 
18 1000 450 26 8.04 6.48 2.35 
19 1220 550 26 8.83 7 2.77 
20 1450 638 26 9.75 7.65 3.37 
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TABLE 819. Flow Visualisation Data Small Cone 490 micron Sand 

Ambient Conditions PRESSUR 102000 Pa 
TEMP 27C 
DENSITY 1.18 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor 100 Mesh 
Cone Dias:76, 114mm; Height:113mm 
Bed Depth 24S mm 

MOTOR PITOT STATIC P!TOT BELOW BASE fOP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa c PRESS KPA KPA 

0 0 0 0 0 0 
11 134 85 26.5 2.03 1.9 0.26 
12 207 128 26.5 2.72 2.54 0.44 
13 271 161 26.5 3.19 2.99 0.57 
14 412 233 26.5 4.08 3.86 0.9 
15 556 303 26.5 4.6 4.31 1.21 
16 695 371 26.5 5.24 4.73 1.56 
17 867 444 26.5 5.91 5.2 1.95 
18 1012 510 26.5 6.47 5.58 2.32 
19 1200 575 26.5 7.19 6 2.74 
20 1363 647 26.5 7.95 6.42 3.16 

TABLE 820. flow Visualisation Data large Cone 490 micron Sand 

Ambient Conditions PRESSURE 102000 Pa 
TEMP 27C 
DENSITY 1.18 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor 100 Mesh 
Cone Dias:75, 150mm; Height:214mm 
Bed Depth 260mm 

MOTOR PITOT STATIC PITQT BELOW BASE TOP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa 

.,,... 
PRESS KPA KPA ...... 

0 0 0 0 0 0 
11 126 80 26.5 2.32 2.15 0.25 
12 192 117 26.5 3.02 2.8 0.4 
14 375 214 26.5 4.37 4.04 0.81 
16 732 383 26.5 5.37 4.89 1.63 
17 910 459 26.5 6.08 5.24 2.1 
18 1020 510 26.5 6.71 5.58 2.4 
19 1170 560 26.5 7.5 5.9 2.75 
20 1350 641 26.5 8.34 6.34 3.17 



TABLE 821. Flow Visualisation Data, Spouted Bed,Draft Tube, 
490 micron Sand 

Ambient Conditions PRESSUR 101600 Pa 
TEMP 29C 
DENSITY 1.17 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor Five Caps in Centre 
Tube Dia:104mm ID; Height: 445mm 
Bed Depth 515mm 

MOTOR PITOT STATIC PITOT BELOW BASE TOP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa ,... 

PRESS KPA KPA v 
0 0 0 0 0 0 

16 192 119 29 5.36 4.57 0.38 
18 266 161 29 6.67 5.76 0.57 
19 409 230 29 7.16 6.16 0.84 
20 610 350 29 7.6 6.35 1.3 
21 800 450 29 8.2 7 1.9 
25 1690 800 29 10.53 8.75 3.6 

TABLE 822. Flow Visualisation Data, Reverse Circulation, 490 micron Sand 

Ambient Conditions PRESS UR 101800 Pa 
TEMP 27C 
DENSITY 1.18 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor Six Caps in Annulus 
Bed Depth 110 mm 

MOTOR DITOT STATIC PITOT BELOW BASE TOP 
SPEED Pa rrEMP PLATE PRES PRESS 
Hz Pa Pa i.-,. PRESS KPA KPA 

""" 0 0 0 0 0 0 
11 198 126 26 1.63 1.22 0.39 
12 278 167 26 2.1 1.68 0.57 
13 404 225 26 2.39 2.04 0.84 
14 571 310 26 2.89 2.41 1.26 
15 693 363 26 3.27 2.68 1.52 
16 830 420 26 3.69 3.02 1.85 
17 970 483 26 4.15 3.35 2.2 
18 1105 533 26 4.57 3.68 2.53 
19 1252 594 26 5.05 4.03 2.87 
20 1401 645 26 5.57 4.42 3.24 
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TABLE 823. Flow Visualisation Data, Reverse Circulation, 490 micron Sand 

Ambient Conditions PRESSUR 101800 Pa 
TEMP 27C 
DENSITY 1.18 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 
Distributor Six Caps in Annulus 
Bed Depth 195mm 

MOTOR PITOT STATIC PITOT BELOW BASE fOP 
SPEED Pa rrEMP PLATE PRES PRESS 
Hz Pa Pa ..... PRESS KPA KPA ~ 

0 0 0 0 0 0 
13 237 152 26 2.65 2.2 0.46 
14 320 194 26 3.29 2.92 0.66 
15 430 251 26 3.66 3.26 0.9 
16 568 309 26 4.07 3.59 1.23 
17 704 372 26 4.51 3.91 1.56 
18 832 427 26 4.92 4.21 1.86 
19 981 490 26 5.38 4.58 2.21 
20 1135 550 26 5.89 4.98 2.58 
21 1294 606 26 6.44 5.37 2.97 
22 1440 665 26 6.96 5.76 3.37 

TABLE 824. Flow Visualisation Data, lngestor Tube, 490 micron Sand 

Ambient Conditions PRESSURE 102100 Pa 
TEMP 26C 
DENSITY 1.19 kg/cu.m 

Bed Conditions Sand size 490 microns 
Umf 0.178 m/sec 
Distributor 100 Mesh 
Bed Deoth 265mm 

MOTOR PITOT STATIC PITOT BELOW BASE rroP 
SPEED Pa TEMP PLATE PRES PRESS 
Hz Pa Pa ...... PRESS KPA KPA ...... 

0 0 0 0 0 0 
15 330 219 25 4.16 3.82 0.4 
16 400 255 25 4.75 4.39 0.8 

16.5 526 324 25 4.92 4.54 1.05 
17 620 375 25 5.2 4.74 1.3 

17.5 700 415 25 5.43 4.96 1.48 
18.5 826 477 25 6.01 5.3 1.72 

20 1030 570 25 6.95 5.9 2.21 
22 1300 655. 25 8.27 6.63 2.94 



TABLE 825 Deep Bed , Combustor Run No. 1, 40 

Ambient Conditions Pressure 102200 Pa 
Temperature 26 c 

Fluidized Bed Conditions Sand Size 490 micron 
Sand Type Graded River Sand 
Bed Depth 325 mm total depth 
Configuration 19 Bubble Caps, Pattern No.2 
Fuel 50 mm Baaasse Bricks drv 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flow Type Qty Distance from FBC base plate mm Average 

Nozzle FAD +50 +200 +300 Spare Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb 12 prb 12 
bed wall bed wall bed wall bed 

0 104 0 55.92 lpg 28kpa 0 0 0 0 0 
17 104 0 55.92 lpg 0 76.933 210 232 0 232 
28 104 0 55.92 lpg 0 130.8 280 313 0 313 
34 90 0 52.02 lpg 0 164.47 315 360 0 360 
39 75 0 47.49 lpg 0 191.4 354 400 0 400 
58 75 0 47.49 lpg 0 305.87 480 562 0 562 
64 60 0 42.48 lpg 0 332.8 520 582 0 582 
78 62 0 43.18 gram~ 406.87 597 683 0 683 
82 61 0 42.83 Bagasse 1030 433.8 580 663 0 663 
86 60 0 42.48 Bricks 637 454 575 636 0 636 
89 60 0 42.48 819 454 570 636 0 636 
93 60 0 42.48 1293 454 565 636 0 636 
99 60 0 42.48 1107 467.47 568 649 0 649 

102 60 0 42.48 1396 467.47 575 656 0 656 
107 60 0 42.48 1105 474.2 590 676 0 676 
111 60 0 42.48 891 480.93 600 690 0 690 
117 60 0 42.48 1205 494.4 605 696 0 696 
126 60 0 42.48 1187 514.6 592 669 0 669 
129 60 0 42.48 1461 514.6 578 683 0 683 
141 60 0 42.48 Bagasse 574 521.33 568 643 0 643 
146 60 0 42.48 Fibres 483 507.87 550 629 0 629 

0 0 0 0 0 0 0 0 0 0 
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TABLE 826 Deep Bed , Combustor Run No. 2 

Ambient Conditions Pressure 102000 Pa 
Temperature 24 c 

Fluidized Bed Conditions Sand Size 490 micron 
Sand Type Graded River Sand 
Bed Depth 305 mm total depth 
Configuration 19 Bubble Caps, Pattern No.2 

Fuel Baaasse Fibres Orv 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flow Type Qty Distance from FBC base plate mm Flue Average 

Nozzle FAD H-50 +200 +300 +300 Gas Bee 
t p v Depth of Thermocouple into bed sand Temp Tern~ 

mins Pa cfm I/sec prb 12 prb 12 prb 12 prb75 
bed wall bed wall bed wall bed bee 

0 76 0 47.69 lpg 100kpa 70 111 144 0 420 82 
4 60 0 42.38 0 77 151 0 488 89 
6 60 0 42.38 0 78 130 164 0 521 96 
9 49 0 38.29 0 84 142 178 0 555 106 

17 49 0 38.29 0 97 180 218 0 555 133 
24 49 0 38.29 0 111 215 245 0 555 153 
25 42 0 35.45 0 111 212 252 0 555 156 
38 36 0 32.82 lpg plus 0 144 290 340 353 589 353 
59 25 0 27.35 B Bricks 100kpa 212 496 568 589 791 589 
73 15 50 22.50 299 623 723 723 723 723 
77 0 40 18.00 Bagasse 1000 326 605 710 717 723 717 
81 0 40 18.00 Fibres 970 346 603 710 710 723 710 
86 0 30 13.50 1000 366 593 710 710 723 710 
91 0 30 13.50 1683 380 562 710 710 723 710 
96 0 20 9.00 1360 393 574 723 723 791 723 

100 0 20 9.00 1485 393 552 737 730 791 730 
105 0 15 6.75 1898 400 535 764 764 804 764 
110 0 15 6.75 393 524 750 811 791 750 
111 0 20 9.00 393 520 746 815 723 746 
114 0 20 9.00 387 517 741 845 656 741 
117 0 20 9.00 380 514 737 878 616 737 
123 0 30 13.50 0 360 507 717 669 562 717 
128 0 50 22.50 0 357 566 656 643 535 656 
145 38 33.72 0 366 450 515 481 414 515 
156 38 0 33.72 0 360 360 414 387 346 414 
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TABLE 827 Shallow Bed, Combustor Run No.4. 

Ambient Conditions Pressure 102000 Pa 
Temperature 21 c 

Huidized Bed Conditions Sand Size 300 micron 
Sand Type Graded River Sand 
Bed Depth 130 mm total depth 
Configuration 42 Bubble Caps, Pattern No.4 

2.Smm diameter inserts fitted 
Fuel Sawdust: 25% Moisture 

Bagasse: 1 % Moisture 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flow Type Qty Distance from FBC base plate mm Chimney Average 

Nozzle FAD +50 +50 +100 +200 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb 75 prb 75 prb 12 
bed wall bed bed flue flue bed 

0 0 34 13.77 lpg 20kpa 94 218 218 319 454 218 
2 0 34 13.77 0 232 249 360 535 244 

13 0 22 8.91 0 131 366 366 488 568 366 
22 0 22 8.91 0 447 447 562 582 447 
35 0 18 7.29 flame 230 548 548 589 467 548 
42 0 18 7.29 failure 562 562 737 656 562 
52 0 18 7.29 10kpa 629 629 764 676 629 
56 17 6.89 Sawdust 3880 296 656 656 723 676 656 
70 17 6.89 Bagasse 861 335 737 750 811 710 746 
73 0 17 6.89 1165 784 777 750 750 779 
79 0 17 6.89 0 791 804 784 669 800 
84 17 6.89 916 804 804 791 643 804 
88 17 6.89 1382 386 818 818 777 656 818 
92 10 3.60 1225 824 811 777 669 815 
99 13 4.97 0 764 831 696 656 811 

101 13 4.97 1259 409 858 831 696 737 839 
111 13 4.97 0 446 858 831 770 548 839 
112 18 7.29 534 858 811 777 535 825 
116 18 7.29 592 804 777 750 515 785 
134 18 7.29 459 636 629 622 427 631 
159 18 7.29 352 467 467 467 333 467 
162 18 7.29 0 454 454 454 333 454 
172 18 7.29 0 407 407 407 299 407 
182 18 7.29 0 366 366 366 272 366 
188 18 7.29 0 284 346 346 346 265 346 
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TABLE 828 Shallow Bed, Combustor Run No. 5, Page 1 of 2 

Ambient Conditions Pressure 101700 Pa 
Temperature 21 c 

Fluidized Bed Conditions Sand Size 300 micron 
Sand Type Graded River Sand 
Bed Depth 125 mm total depth 
Configuration 42 Bubble Caps, Pattern No.4 

2.5mm diameter inserts fitted 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flo Type Qty Pistance from FBC base plate mm Chimney Average 

Nozzle FAD r+-50 +50 +100 +200 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb 75 prb75 prb 12 
bed wall bed bed flue flue bed 

0 0 40 18 lpg 10 kpa 15 70 77 265 562 75 
24 0 30 13.5 130 286 279 366 622 281 
41 0 25 11.25 212 441 434 535 636 436 
56 0 25 11.25 lpg+coa 200g 0 542 542 629 656 542 
59 0 25 11.25 200g 0 562 562 663 669 562 
63 25 11.25 474g 0 589 589 683 683 589 
67 0 25 11.25 0 622 622 723 710 622 
71 0 23.5 10.58 421 663 663 744 744 663 
74 0 18 8.1 465 703 703 791 744 703 
78 COAL 18 8.1 Coa 269 420 730 744 797 744 739 
80 ONL'r' 18 8.1 Onl) 269 0 730 750 797 562 743 
81 18 8.1 3%moist 269 0 723 764 791 555 750 
82 18 8.1 269 0 764 770 791 555 768 
84 18 8.1 0 791 791 791 555 791 
94 18 8.1 269 0 784 791 770 508 788 
97 17.5 7.875 0 630 777 784 791 508 782 
98 17.5 7.875 267 0 771 791 791 521 786 

108 17.5 7.875 0 0 764 764 750 481 764 
114 17.5 7.875 0 730 737 723 467 734 
117 17.5 7.875 Sawdus, 170 0 723 723 737 488 723 
119 17.5 7.875 25%moi 170 0 717 717 723 494 717 
121 17.5 7.875 170 583 717 723 723 488 721 
124 17.5 7.875 170 0 703 710 723 454 708 
126 17.5 7.875 170 0 703 710 717 494 708 
130 17.5 7.875 170 0 676 683 690 373 681 
132 17.5 7.875 170 0 676 690 703 521 685 
134 17.5 7.875 340 0 690 696 710 562 694 
136 17.5 7.875 477 0 710 710 696 575 710 
138 17.5 7.875 245 462 703 710 723 535 708 
140 17.5 7.875 245 0 703 717 717 562 712 
142 17.5 7.875 245 442 710 723 723 542 719 
144 17.6 7.92 245 0 717 723 730 542 721 
146 17.6 7.92 0 0 730 730 710 542 730 
147 17.6 7.92 Wet Bag 476 453 730 730 683 521 730 
148 17.6 7.92 80%moi 1779MO 0 656 696 717 521 682 
150 17.6 7.92 0 0 595 656 683 521 635 
152 17.6 7.92 0 0 609 622 616 481 618 
153 17.6 7.92 Baaasse 122 438 616 629 696 521 624 
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TABLE 828 Shallow Bed, Combustor Run No. 5, Page 2 of 2 

Ambient Conditions Pressure 101700 Pa 
Temperature 21 c 

Fluidized Bed Conditions Sand Size 300 micron 
Sand Type Graded River Sand 
Bed Depth 125 mm total depth 
Configuration 42 Bubble Caps, Pattern No.4 

2.5mm diameter inserts fitted 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flo Type Qty Distance from FBC base plate mm Chimney Average 

Nozzle FAD 50 50 100 200 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb75 prb75 prb 12 
bed wall bed bed flue flue bed 

154 17.6 7.92 Bagasse 245 0 629 643 683 521 638 
156 17.6 7.92 1%moist 245 0 649 649 683 521 649 
158 17.6 7.92 245 0 656 656 683 521 656 
160 17.6 7.92 245 0 663 669 683 521 667 
162 17.6 7.92 387 390 656 663 683 508 660 
164 17.6 7.92 387 0 669 669 683 521 669 
166 17.6 7.92 387 0 669 676 710 548 674 
168 17.6 7.92 197 0 683 683 710 494 683 
169 17.6 7.92 0 0 690 676 683 494 681 
170 17.6 7.92 0 0 683 676 649 481 679 
184 18 8.1 0 372 609 595 575 400 600 
198 18 8.1 0 0 508 508 467 292 508 
210 18 8.1 0 0 414 414 387 259 414 
222 18 8.1 0 0 346 346 319 225 346 
234 18 8.1 0 0 299 299 265 198 299 
246 18 8.1 0 0 252 252 239 185 252 
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TABLE 829 Deep Bed, Screw Feeder, Combustor Run No. 6. 

Ambient Conditions Pressure 102300 Pa 
Temperature 22 c 

Fluidized Bed Conditions Sand Size 300 micron 
Sand Type Graded River Sand 
Bed Depth 325 mm total depth 
Configuration 42 Bubble Caps, Pattern No.4 

2.5mm diameter inserts fitted 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flow Type Qty Distance from FBC base plate mm Chimney Average 

Nozzle FAD +50 +50 +300 +300 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb75 prb75 prb 12 
bed wall bed bed flue flue bed 

0 0 30 13.5 lpg 15kpa 24 212 218 225 656 215 
18 0 23 10.35 0 117 373 373 360 723 373 
48 0 23 10.35 0 257 575 555 575 683 564 
50 23 10.35 0 548 562 548 575 555 
51 23 10.35 Sawdust 1629 0 279 555 454 548 555 
52 23 10.35 13.5%m 0 292 555 454 548 555 
54 0 23 10.35 0 346 548 535 575 548 
56 23 10.35 0 494 555 548 629 555 
58 23 10.35 0 548 568 568 535 568 
60 18 8.1 3375 575 575 575 548 575 
64 18 8.1 0 589 589 589 521 589 
68 18 8.1 0 595 595 595 521 595 
72 18 8.1 0 602 602 602 548 602 
76 18 8.1 0 616 609 602 521 612 
80 18 8.1 0 616 616 602 535 616 
84 18 8.1 0 622 622 622 535 622 
87 18 8.1 Sawdus1 finished 0 629 629 629 414 629 

112 30 13.5 Started Cooling 0 501 501 501 319 501 
118 30 13.5 397 467 467 467 313 467 
128 30 13.5 0 427 427 427 292 427 
134 30 13.5 303 407 407 407 272 407 
138 30 13.5 387 387 387 265 387 
147 30 13.5 263 353 353 353 252 353 
148 0 O Convecti on 263 353 353 353 212 353 
178 0 0 Cool inc 222 319 340 313 138 330 
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TABLE 830 Deep Bed, Screw Feeder, Combustor Run No. 7 

Ambient Conditions Pressure 102300 Pa 
Temperature 22 c 

Fluidized Bed Conditions Sand Size 300 micron 
Sand Type Graded River Sand 
Bed Depth 460 mm total depth 
Configuration 42 Bubble Caps, Pattern No.4 

2.5mm diameter inserts fitted 

Time Air Flowrate Fuel Fuel Temperatures C 
S.S. Rota Vol Flow Type Qty Distance from FBC base plate mm Chimney Average 

Nozzle FAD +50 +50 +300 +300 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb75 prb75 prb 12 
bed wall bed bed bed wall flue bed 

0 0 40 18.00 LPG 15kpa 24 111 50 117 974 62 
2 0 30 13.50 0 24 117 50 124 1006 63 

25 0 35 15.75 0 38 212 185 225 50 190 
42 25 11.25 69 340 340 340 1181 340 
54 22 9.90 94 427 346 427 1181 362 
56 22 9.90 Bagasse grams 126 414 346 441 1181 360 
72 0 22 9.90 +LPG 1400 126 535 508 535 1235 513 
92 22 9.90 0 194 629 622 636 1235 624 
98 18 8.10 0 211 649 649 649 1208 649 

112 18 8.10 307 696 696 710 1230 696 
116 gasof 18 8.10 0 710 710 710 1230 710 
120 18 8.10 Sawdust 2180 0 683 676 676 50 678 
150 18 8.10 497 669 676 676 50 675 
150 18 8.10 ScrewJ. mmed 0 669 676 676 50 675 
190 18 8.10 Start cooling 0 589 589 589 346 589 
218 18 8.10 Finish cooling 474 474 474 279 474 
234 0 0.00 Start convecii 0 420 420 420 212 420 
282 0 0.00 Finish convecii 0 346 420 360 131 406 
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TABLE 831 Deep Bed, Reverse lngestor Feed, Combustor Run No. 8 

Ambient Conditions Pressure 102300 Pa 
Temperature 23 c 

Fluidized Bed Conditions Sand Size 300 micron 
Sand Type Graded River Sand 
Bed Depth 355 mm total depth 
Configuration 34 Bubble Caps, Pattern No.5 

2.5mm diameter inserts fitted to inner 6 caos 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flow Type Qty Distance from FBC base plate mm Chimney Average 

Nozzle FAD +50 +50 +300 +300 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb75 prb 75 prb 12 
bed wall bed bed flue flue bed 

0 38 33.62 lpg 15kpa 104 104 104 616 104 
16 38 33.62 0 139 178 178 178 656 178 
18 38 33.62 0 185 185 185 656 185 
48 58 26.10 365 373 373 373 764 373 
78 44 19.80 521 609 609 609 764 609 
88 44 19.80 570 669 676 683 750 674 
91 44 19.80 Sawdus1 3140 595 683 696 696 764 692 
96 44 19.80 17.5%m 0 683 690 690 791 687 

100 44 19.80 0 608 690 696 696 696 694 
105 44 19.80 Sawdus1 1084 591 690 696 696 764 694 
111 44 19.80 0 683 696 696 750 692 
112 44 19.80 Bagasse 514 0 683 696 696 764 692 
117 35.34 di) 350 0 663 683 683 710 676 
119 42.59 350 0 643 656 656 696 651 
123 42.59 0 602 616 616 656 611 
124 cool 42.59 Star1 cooling 589 609 602 575 602 
154 coolf 42.59 finish cooling 0 333 346 346 360 342 
154 conv 0.00 start covectio 0 333 346 346 360 342 
174 conv1 0.00 finish convecti 0 319 346 340 225 337 

0 0 0 0 0 0 0 0 0 0 
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TABLE 832 Spouted Bed with Baffle , Combustor Run No. 9, Page 1 of 2 

Ambient Conditions Pressure ********* Pa 
Temperature 22 c 

Fluidized Bed Conditions Sand Size 530 micron 
Sand Type Graded River Sand 
Bed Depth 515 mm total depth 

300 mm cone depth 
Confiauration Spouted Bed with Baffle Plate 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flo Type Qty !Distance from FBC base plate Chimne Averag 

Nozzle FAD 1+100 +50 +200 +300 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb 75 prb 75 prb 12 
oed wal bed bed flue flue bed 

0 64 43.64 lpg 15kpa 38 104 111 144 548 107 
8 65 43.98 72 151 151 185 548 151 

15 45 36.59 100 164 164 185 602 164 
24 28 28.86 146 218 218 239 643 218 
33 25 27.27 165 265 252 292 683 258 
50 23 26.16 256 340 333 360 710 336 
67 28 28.86 340 420 414 427 723 417 
78 24 26.72 389 467 461 467 703 464 
86 15 57 25.65 397 481 481 494 696 481 
90 53 23.85 Sawdu 390 494 494 515 696 494 

105 53 23.85 12%m 412 575 575 582 804 575 
110 53 23.85 -4.75m 2933 0 595 595 595 616 595 
114 0 0.00 Hoppe, lost pri 0 602 602 589 589 602 
118 0 0.00 feed 0 595 595 494 353 595 
119 53 23.85 Hoppe, 1592 0 595 595 562 400 595 
127 53 23.85 575 575 575 690 575 
130 53 23.85 595 602 589 454 599 
130 0 0.00 595 602 589 454 599 
134 0 0.00 0 595 602 481 340 599 
134 53 23.85 Hopper 2103 0 595 602 575 589 599 
141 53 23.85 0 0 676 683 656 683 680 
141 0 0.00 0 0 676 683 589 548 680 
146 0 0.00 0 0 656 669 521 340 663 
146 53 23.85 Hopper 2223 0 656 669 643 696 663 
149 53 23.85 0 0 683 696 663 737 690 
154 53 23.85 0 0 744 750 723 723 747 
154 0 0.00 0 0 744 750 643 494 747 
159 0 0.00 0 628 723 737 562 360 731 
159 53 23.85 Hopper 2122 628 723 737 696 683 731 
165 53 23.85 0 0 784 784 764 710 784 
165 0 0.00 0 0 784 784 656 589 784 
172 0 0.00 0 0 723 744 602 373 734 
172 53 23.85 Hopper 2004 640 723 744 710 589 734 
178 53 23.85 0 0 764 777 764 669 771 
180 53 23.85 0 664 770 777 764 643 774 
180 53 23.85 Coolin 0 664 770 777 764 643 774 
181 53 23.85 0 664 744 757 750 555 751 
185 53 23.85 0 0 683 696 703 521 690 
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TABLE 832 Spouted Bed with Baffle, Combustor Run No.9, page 2 of 2 

Ambient Conditions Pressure 101900 Pa 
Temperature 22 c 

Fluidized Bed Conditions Sand Size 530 micron 
Sand Type Graded River Sand 
Bed Depth 515 mm total depth 

300 mm cone depth 
Confiouration Spouted Bed with Baffle Plate 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flo Type Qty Distance from FBC base plate m Chimne Averag 

Nozzli~ FAD 100 50 200 300 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb75 prb75 prb 12 
bedwal bed bed flue flue bed 

190 53 23.85 0 579 629 636 643 488 633 
200 53 23.85 0 515 521 535 555 427 529 
206 53 23.85 0 480 467 481 501 387 475 
212 53 23.85 0 449 434 447 467 366 441 
212 0 0 Conve 0 449 434 447 441 333 441 
215 0 0 0 0 441 447 414 286 444 
225 0 0 0 0 447 434 360 245 440 
232 0 0 0 398 447 427 340 232 436 
260 0 0 0 343 427 373 252 171 398 
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TABLE 833 Spouted Bed with Baffle, Combustor Run No.10, Page 1 of 2 

Ambient Conditions Pressure 101800 Pa 
Temperature 25 c 

Fluidized Bed Conditions Sand Size 530 micron 
Sand Type Graded River Sand 
Bed Depth 583 mm total depth 

300 mm cone depth 
Configuration Spouted Bed with Baffle Plate 

Time Air Flowrate Fuel Fuel Temperatures C 
B.S. Rota Vol Flo Type Qty Distance from FBC base plate m Chimne Averag 

Nozzle FAD rt100 +50 +200 +300 +1500 Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb 75 prb 75 prb 12 
1:>edwal bed bed flue flue bed 

0 20 24.53 lpg 30kpa I 41 77 77 90 589 77 
47 27 28.50 102 144 144 158 589 144 
62 30 30.04 109 185 178 198 696 180 
71 27 28.50 126 205 198 212 710 200 

100 23 26.31 167 252 245 259 710 247 
110 22 25.73 184 265 259 272 723 260 
123 22 25.73 200 286 279 292 696 281 
129 28 29.02 214 292 292 299 757 292 
157 15 57 25.65 252 333 333 340 723 333 
164 53 23.85 Bag ass 855 340 346 346 723 345 
172 53 23.85 +lpg 988 387 373 387 885 376 
177 53 23.85 1064 291 427 427 427 885 427 
181 53 23.85 1101 306 467 467 467 885 467 
184 53 23.85 End 1008 0 501 501 501 858 501 
189 53 23.85 Bag ass 0 548 542 542 858 543 
189 0 0.00 548 542 542 548 543 
190 0 0.00 Sawdu 17%mc ist 535 542 528 447 540 
192 53 23.85 Hop 1 1968 542 542 542 521 542 
194 53 23.85 24681e 0 542 542 542 656 542 
196 53 23.85 500g 0 548 548 548 616 548 
196 0 0.00 0 0 548 548 548 589 548 
198 0 0.00 0 0 555 555 548 454 555 
200 0 0.00 0 0 555 555 542 387 555 
200 53 23.85 0 555 555 555 555 555 
202 53 23.85 0 0 562 555 555 589 557 
203 53 23.85 0 0 562 562 562 683 562 
203 0 0.00 0 0 562 562 562 521 562 
205 0 0.00 0 562 568 568 373 567 
205 53 23.85 Hop2 800 568 568 568 454 568 
212 53 23.85 0 0 568 575 568 656 574 
212 0 0.00 0 0 568 575 568 589 574 
215 0 0.00 0 0 568 575 562 346 574 
215 53 23.85 Hop 3 2009 0 568 575 575 575 574 
219 53 23.85 0 0 609 616 609 656 614 
219 0 0.00 0 0 609 616 609 521 614 
221 0 0.00 602 616 589 360 612 
221 53 23.85 Hop-4 · 2171 616 616 616 589 616 
228 53 23.85 0 0 656 656 656 683 656 
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TABLE 833 Spouted Bed with Baffle, Combustor Run No.10, page 2 of 2 

Ambient Conditions Pressure 101800 Pa 
Temperature 25 c 

Fluidized Bed Conditions Sand Size 530 micron 
Sand Type Graded River Sand 
Bed Depth 583 mm total depth 

300 mm cone depth 
Confiauration Soouted Bed with Baffle Plate 

Time Air Flowrate Fuel Fuel r emperatures C 
B.S. Rota Vol Flo Type Qty Distance from FBC base plate m Chimne Averag 

Nozzl1! FAD Bed 
t p v Depth of Thermocouple into bed sand Temp 

mins Pa cfm I/sec prb 12 prb 12 
r>edwal bed bed flue flue bed 

228 0 0 0 0 656 656 656 589 656 
231 0 0 0 643 656 629 454 653 
231 53 23.85 Hop 5 2163 643 656 656 589 653 
238 53 23.85 0 717 717 717 669 717 
238 0 0 0 717 717 717 521 717 
242 0 0 Sand 19416 514 696 717 676 360 712 
242 53 23.85 Hop6 1880 514 616 622 622 602 621 
248 53 23.85 0 669 669 669 696 669 
248 0 0 0 669 669 669 589 669 
253 0 0 Sand 23394 512 656 676 649 346 671 
253 53 23.85 Hop7 1995 512 589 589 595 454 589 
260 53 23.85 0 517 629 636 636 643 634 
260 53 23.85 Coolin 0 517 629 636 636 548 634 
266 53 23.85 0 0 602 602 616 508 602 
290 53 23.85 0 438 488 494 501 420 493 
290 0 0 Conve 0 438 488 494 501 360 493 
312 0 0 0 396 481 488 467 286 486 
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Appendix c: Equipment Drawings and Photographs 

Fig.Cl Flow Visualisation Schematic 
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Fig.C2 Flow Visualisation Equipment Layout 
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Fig.Cl Deep Bed Details, Mesh Distributor 
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Fig.C4 Bagasse-sand Mixing Bed Details, Mesh Distributor 

. 

/90 - -- -
• 

RVBKE R. COMPP.i:SSIOtl 

SEAL 

l'v) -
(\J ~ ~~ 

~ 
!---

\ kl - ~ ~ 

=-= -
~ "" - - ....... 

C\J 

' \ ¢90 PIP£ 

'• 

v 



Fig.CS Enhanced Mixing Bed Details, Central Flow 
Distributor 
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Fiq.C6 Enhanced Mixing Central Flow Distributor 
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Fig.C7 
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Enhanced Mixing Bed Details, Draft Tube and Central 
Flow Distributor. 
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Fig.cs Draft Tube central Flow Distributor 
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Fig.C9 Enhanced Mixing Bed Details.small Cone, Mesh 
Distributor 
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Fig.C10 Enhanced Mixing Bed Details,Large cone, Mesh 
Distributor 
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Fig.Cll Reversed Mixing Bed Details, Annulus Flow 
Distributor 
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Fig.Cl2 Reversed Mixing Flow Distributor 
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Fig.Cl3 Reversed Mixing Bed Details, Ingestor Tube, Mesh 
Plate 
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Fig.C14 
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Fig.c1s Combustor Equipment Layout 
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Fig.Cl6 Combustor Tube Details, Combustor Run 1, 2 
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Fiq.C17 Combustor Tube Details, Combustor Run 3 
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Fig.C18 Combustor Tube Details, Combustor Run 4 & 5 
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Fig.C19 Combustor Tube Details, Combustor Run 6, 7 
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Fig.C20 Combustor Tube Details, Combustor Runs 
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Fig.C21 Combustor Tube Details, combustor Run 9 & 10 
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Fiq.C22 Bubble cap Locations,Distributor Plate No 1 
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Fig.C23 Bubble cap Locations.Distributor Plate No 2 
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Fig.C24 Bubble cap Locations,Distributor Plate No 3 
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Fig.C25 Bubble Cap Locations,Distributor Plate No 4 
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Fiq.C26 Bubble cap Locations,Distributor Plate No 5 
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Fig.C27 Hole Locations,Distributor/Baffle Plate No 6 
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Fig.C28 Modified spouted Bed cone Details 
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Fig.C29 Bubble cap Details 
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Fig.C3l Pilot and Main LPG Burner Details 
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Appendix D: Equipment Data 

Explanatory Notes 

The equipment data appendix includes various data not 

already included in the Equipment Details section of the main 

volume (Volume 1). The only table included is Table Dl which 

gives calculated and experimentally obtained estimates of the 

equivalent specific heat of the bed solids. (ie including the 

correction for bed steel.) 

The figures include the Roots Blower Characteristic and a 

comparison of the readings obtained from the three air 

instruments used. (ieRotameter, B.S.Nozzle, Pitot-Static Tube) 

(Figs.Dl,02) 

The characteristic of bubble caps is included to 

illustrate the significant modification of behaviour of a 

compressible fluid even at low pressures. Further research 

could be pursued. Figure DJ shows the bubble cap characteristic 

K based on the velocity difference in the cap due to expansion. 

The gap in the data presented is due to the ranges over which 

instruments can be taken as reliable. The bubble cap pressure 

drops were measured with just one bubble cap in the flow 

visualisation rig. The significance of flow regime is clearly 

shown by the simple Kand Pressure Drop results in Figs.D4,D5 

and 06. The significance of entrance area is seen by the 

comparison of Figs. 04 and 07. It should be noted that the 

pressure drops in Fig 04 are still higher due to the larger 

entrance area, while the caps in Fig.07 have been bushed to 

4mm. The data combined serves as warning of the many 

difficulties in scaling ~p from test equipment to operational 
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Fluidized Bed Combustors. It was found that estimates based on 

single bubble cap data were so unreliable it was better to take 

an educated guess for the bubble cap bush size and test before 

combustion tests. 

As no flow visualisation tests of a cone based spouted bed 

were completed in section A, the pressure drop characteristic 

for the spouted bed is included.(Fig.D8) 

Table Dl: Combustor Specific Heat and Wall Losses 

Configuration Estimated Estimated Estimated 
Equivalent Equivalent Bed Wall 
Specific Specific Heat Loss 
Heat (Calculated) @ 600C 
(Experiment kJ/kg.K kW 
-al) *(see note) **(see 
kJ/kg.K note) 

Shallow Bed,130mm 1.6 1.2 0.3 

Deep Bed,300mm 1.3 1.06 0.75 

Deep Bed,325mm 1.29 1.05 0.77 

Deep Bed,460mm 0.92 1.0 0.91 

Ingestor Bed,355mm 1. 75 1.06 0.8 

Spouted Bed,515mm 1.24 1.14 0.66 

Spouted Bed,583mm 1.2 1.0 0.82 

Spouted Bed,654mm 1.2 0.98 0.92 

Spouted Bed,740mm 1.45 0.97 1.01 

* Calculated estimates do not include bed expansion which means 
that steel mass used in calculation is less than actual, hence 
the lower values. 

** Estimates for wall area contacting the sand bed material 
only. These values were used in calculations of below bed 
surface heat release. 
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Fig.03 Bubble Cap Discharge Characteristic 
Pdrop=den*K*(U2-Ul )*(U2-Ul )/2 
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Fig.04 Bubble Cap Pressure Drop 
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Fig. 05 Pressure Loss Coefficient K 
Where Pressure loss = k*dens*U*U/2 
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Fig.D6 Pressure Loss Coefficient K 
Where Pressure loss = k*dens*U*U/2 
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Appendix E: Fuel Properties 

Explanatory Notes 

With fuels of high variability such as Bagasse and sawdust 

a large section could be devoted to just analysing the fuel. As 

the project was not directed toward fuel analysis and the 

margins for successful operation would have to be large enough 

to cover a wide range of operating conditions a detailed 

analysis of fuel was not considered warranted. The data 

presented in this appendix is regarded as typical and where 

required was taken as representative in calculations 

Table El Typical Fuel Properties 

Item Bagasse Sawdust Coal 

High CV, MJ/kg 20.8* 21. 7* N/A 

Low CV,MJ/kg 19.5* 20.4* 24 

Particle 540** 540** N/A 
Density,kg/m3 

Specific Heat 2.4** 2.4** 1.2 
kJ/kg.K 

* From Bomb Calorimeter Tests at University of Central 
Queensland 
** Values for wood as no other approximation was available 



Table E2. Comparative Fuel Particle Fall Estimates: Dry Bagasse 117 

Bed Conditions Fall Distance 400mm 
Superficial Velocit 0.135 m/sec 
Gas Temperature 675C 
Bed Sand Size 300 micron 

Fuel Conditions Type Bagasse 
Particle density 540 kg/cu.m 
Moisture Content 0% 

Continous Fuel Feed Batch Feed 
Batch = 170gram 

d 1/d + Mass Fuel Fuel Fuel h h Bed Fuel Bed 
p Fall Drying Residen gp pp Entry Residen Entry 

Time Time Time(1) Temp Time Temp 
micro,~ % secs secs secs W/m2.K W/m2.K c secs c 

1082 8 0.62 80 0.45 0 0 191 1044 314 0.09 29 
3174 12 0.55 17 0.3 0 0.18 125 964 84 0.26 26 
7928 16 0.51 2 0.27 0 0.49 80 940 38 0.6 26 
9200 19 0.48 1 0.26 0 0.54 75 938 35 0.66 25 

(1) If particles reach the bed with Tp < 300C 

Table E3. Comparative Fuel Particle Fall Estimates: Moist Bagasse 

Bed Conditions Fall Distance 400mm 
Superficial Velocit 0.135 m/sec 
Gas Temperature 675C 
Bed Sand Size 300 micron 

Fuel Conditions Type Bagasse 
Particle density 720 kg/cu.m 
Moisture Content 25% 

Conti nous Fuel Feed Batch Feed 
Batch = 170gram 

d lid + Mass Fuel Fuel Fuel h h Bed Fuel Bed 
p Fall Drying Residen gp pp Entry Residen Entry 

Time Time Time{1) Temp Time Temp 
micron % secs secs secs W/m2.K W/m2.K c secs c 

1082 8 0.62 80 0.38 0.08 0.029 200 1044 234 0.12 26 
3174 12 0.55 17 0.3 0.3 0.253 128 964 67 0.34 25 
7928 16 0.51 2 0.27 0.35 0.66 80 940 34 0.8 25 
9200 19 0.48 1 0.26 0.35 0.73 76 938 32 0.89 25 

(1) If particles reach the bed with Tp < 300C 



Table E4. Comparative Fuel Particle Fall Estimates: Dry Sawdust 118 

Bed Conditions Fall Distance 400 mm 
Superficial Velocity 0.135 m/sec 
Gas Temperature 675C 
Bed Sand Size 300 micron 

Fuel Conditions Type Sawdust 
Particle density 540 kg/cu.m 
Moisture Content 0% 

Contino us fuel Feed Batch feed 
Batch = 170gram~ 

d lid + Mass Fuel Fuel fuel h h Bed Fuel Bed 
p Fall Drying Residen gp pp Entry Residen Entry 

Time Time Time(1) Temp Time Temp 
micro11 % secs secs secs W/m2.K W/m2.K c secs c 

156 2 0.85 11 N/A(2) 0 0 1757 
484 7 0.65 19 0.95 0 0 252 1193 654 0.036 37 
840 8 0.61 20 0.55 0 0 211 1078 446 0.066 30 

1164 8 0.62 26 0.4 0 0.012 185 1036 269 0.097 28 
1811 6 0.68 24 0.35 0 0.096 145 996 136 0.173 27 

(1) If particles reach the bed with Tp < 300C 
(2) Particles of this size pneumaticall conveyed at 0.135m/sec 

Table ES. Comparative Fuel Particle Fall Estimates: Moist Sawdust 

Bed Conditions Fall Distance 400mm 
Superficial Velocity 0.135 m/sec 
Gas Temperature 675 C 
Bed Sand Size 300 micron 

fuel Conditions Type Sawdust 
Particle density 720 kg/cu.m 
Moisture Content 25% 

Continous Fuel Feed Batch Feed 
Batch = 170grams 

d 1/d + Mass Fuel Fuel Fuel h h Bed Fuel Bed 
p fall Drying Residen gp pp Entry Residen Entry 

Time Time Time(1) Temp Time Temp 
microm % secs secs secs W/m2.K W/m2.K c secs c 

156 2 0.85 11 N/A(2) 0 1757 
484 7 0.65 19 0.75 0.03 0 265 1193 600 0.05 31 
840 8 0.61 20 0.5 0.06 0 222 1078 367 0.09 28 

1164 8 0.62 26 0.4 0.095 0.04 193 1036 225 0.131 27 
1181 6 0.68 24 0.3 0.21 0.152 149 996 100 0.231 25 

(1) If particles reach the bed with Tp < 300C 
(2) Particles of this size pneumaticall conveyed at 0.135m/sec 



Table ES Fuel-Particle hpp Values Wlsq.m.K 

Bed Temperature 400C 
Thermal Conductivity of Air 0.051 W/mK 119 

Sand Surface Mean Diameter (microns) 
Fueldp 180 300 490 530 
microns 

10 11393 11124 10923 10895 
50 3233 2964 2763 2735 

100 2213 1944 1743 1715 
500 1397 1128 927 899 

1000 1295 1026 825 797 
5000 1213 944 743 715 

10000 1203 934 733 705 
50000 1195 926 725 697 

100000 1194 925 724 696 

Table E7 Fuel-Particle hpp Values Wlsq.m.K 

Bed Temperature 600C 
Thermal Conductivity of Air 0.0615 W/mK 

Sand Surface Mean Diameter (microns) 
Fueldp 180 300 490 530 
microns 

10 13493 13224 13023 12995 
50 3653 3384 3183 3155 

100 2423 2154 1953 1925 
500 1439 1170 969 941 

1000 1316 1047 846 818 
5000 1217 948 747 720 

10000 1205 936 735 707 
50000 1195 926 725 697 

100000 1194 925 724 696 

Table E8 Fuel-Particle hpp Values W/sq.m.K 

Bed Temperature 1000 C 
Thermal Conductivity of Air 0.0795 W/mK 

Sand Surface Mean Diameter (microns) 
Fueldp 180 300 490 530 
microns 

10 17093 16824 16623 16595 
50 4373 4104 3903 3875 

100 2783 2514 2313 2285 
500 1511 1242 1041 1013 

1000 1352 1083 882 854 
5000 1224 956 755 727 

10000 1208 940 739 711 
50000 1196 927 726 698 

100000 1194 925 724 697 



Table E9 Fuel-Particle Heat Transfer , kW/kg.K 

Bed Temperature 400C 
Thermal Conductivity of Air 0.051 W/mK 120 

Sand Surface Mean Diameter (microns) 
Fueldp 180 300 490 530 
microns 

10 12658.4 12359.7 12136.5 12105.6 
50 718.3 658.6 614.0 607.8 

100 245.8 216.0 193.6 190.6 
500 31.0 25.1 20.6 20.0 

1000 14.4 11.4 9.2 8.9 
5000 2.7 2.1 1.7 1.6 

10000 1.3 1.0 0.8 0.8 
50000 0.3 0.2 0.2 0.2 

100000 0.1 0.1 0.1 0.1 

Table E10 Fuel-Particle Heat Transfer. kW/kg.K 

Bed Temperature 600C 
Thermal Conductivity of Air 0.0615 W/mK 

Sand Surface Mean Diameter (microns) 
Fueldp 180 300 490 530 
microns 

10 14991.7 14693.1 14469.8 14438.9 
50 811.7 751.9 707.3 701.1 

100 269.2 239.3 217.0 213.9 
500 32.0 26.0 21.5 20.9 

1000 14.6 11.6 9.4 9.1 
5000 2.7 2.1 1.7 1.6 

10000 1.3 1.0 0.8 0.8 
50000 0.3 0.2 0.2 0.2 

100000 0.1 0.1 0.1 0.1 

Table E11 Fuel-Particle Heat Transfer , kW/kg.K 

Bed Temperature 1000 C 
Thermal Conductivity of Air 0.0795 W/mK 

Sand Surface Mean Diameter (microns) 
Fueldp 180 300 490 530 
microns 

10 18991.7 18693.1 18469.8 18438.9 
50 971.7 911.9 867.3 861.1 

100 309.2 279.3 257.0 253.9 
500 33.6 27.6 23.1 22.5 

1000 15.0 12.0 9.8 9.5 
5000 2.7 2.1 1.7 1.6 

10000 1.3 1.0 0.8 0.8 
50000 0.3 0.2 0.2 0.2 

100000 0.1 0.1 0.1 0.1 



Table E12. Predicted Mean Surface Diameters for Sand Bagasse Mixtures 
using existing theory 

Mean Mean Bagasse Bagasse Mean Mean 
Bagasse Sand by by by by 
Diameter Diameter Mass Particle Mass Volume 

Volume 
microns microns % % microns microns 

1255 180 0 0 180 180 
1255 180 0.65 2.693936 181.0078 184.25171 
1255 180 1.287 5.196796 182.0065 188.385882 
1255 180 1.88 7.413758 182.9461 192.205901 
1255 180 3.22 12.06071 185.1055 200.738019 

50000 180 3.22 12.06 185.9666 204.584009 
1255 180 75 90 503.3983 785.73913 

1255 490 0 0 490 490 
1255 490 0.501 2.089305 491.501 496.320948 
1255 490 1.13 4.591954 493.3986 504.110452 
1255 490 1.6 6.380028 494.826 509.82729 

121 



Table E13. Minimum Combustion Efficiency for Sustained 
Operation without Useful Heat Yield 

~kJ/kq)-
Moisture Bed Temoeratures C 

19500 400 600 1000 

Stoichi- 0 15 23 40 
ometric 0.1 16 25 43 

0.2 17 27 48 
0.3 18 30 54 
0.4 20 34 61 
0.5 23 39 72 
0.6 28 47 88 
0.7 35 61 
0.8 49 88 
0.9 93 

30% 0 18 28 48 
excess air 0.1 19 29 52 

0.2 20 32 56 
0.3 21 35 62 
0.4 23 38 70 
0.5 26 44 81 
0.6 31 52 97 
0.7 38 66 
0.8 52 93 
0.9 96 

122 
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Fig.E1 Particle Analysis: Bagasse 123 
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Fig.E2.Cumulative Mass Bagasse Conveyed vs Air Velocity 
Operating Temperature : 600 C 

0 2 3 4 5 6 7 8 
Air Velocity. m/sec 

-- Craig. 1988 -- S.RI. 1992. 
Asswnes : Particle Density = 540 kg/cu.m 
Asswnes: Sphericity = 0.6 



o/o 

Mass 

% 

Mass 

60 

50 

40 

30 

20 

10 

0 
250 

Fig.E3 Particle Analysis: Sawdust 

I 000 2000 3000 4000 5000 6000 7000 8000 
Equivalent Particle Diameter, microns 

• Test Sample No. I II Test Sample No.2 

124 

9000 

Fig.E4 Cumulative Mass Sawdust Conveyed vs Air Velocity 
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Fig.ES. Chart for Calculating the Terminal Velocity of 
Particles falling Through Fluids. 
(Ref. Kunii.D & Levenspiel.O, p77) 
(Enlarged and grid lines added by author) 
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Fig.ES Particle-Particle Heat Transfer Coefficient 
Bed Temperature 600 C 
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Appendix F: Sand Properties 

Table Fl Typical Properties of Bed Sand 

Property 

Sand Type River Sand 

Particle Density, kg/m3 2300 

Bulk Density,kg/m3 1380-1450 

Estimated Voidage 0.37-0.4 

Estimated Sphericity 0.95 

Sand Surface Mean Diameters . dp a 
and Specific Surface microns m2/m3 

Particle Analysis Table F3 180 21050 

Particle Analysis Table F4 300 12630 

Particle Analysis Table F5 490 7730 

Particle Analysis Table F6 530 7150 

Table F2 Typical Gas-Solid Equilibrium Depths 

Sand umf uf@ Rep Nup Equil. 
Size @600C 4Umf Depth 

microns mm 

300 0.032 0.129 0.40 0.009 10.5 

490 0.086 0.343 1. 75 0.062 11.0 

530 0.100 0.401 2.22 0.085 11.1 
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Sand Particle Size Analysis Tables F3 to F6 

Table F3 Sand 180 micron .. 
Size Range Size Mass " 
(microns) (micro % f/size JO 

75 0 37.5 4 0.00107 " 
150 75 112.5 23 0.00204 20 

300 150 225 38 0.00169 
" 425 300 362.5 14 0.00039 

600 425 512.5 
10 

12 0.00023 
1180 600 890 8 0.00009 

Average size 181.48 microns 
Rounded to 180 microns 

Table F4 Sand 300 micron JO 

Size Range Size Mass "' (microns) (micro % f/size 
75 0 37.5 0.3 0.00009 20 

150 75 112.5 12.0 0.00107 
" 300 150 225 24.2 0.00108 

425 300 362.5 13.9 0.00038 10 

600 425 512.5 22.8 0.00045 ' 1180 600 890 26.8 0.0003 

"' 
Average size 297.389 microns 
Rounded to 300 microns 

Table F5 Sand 490 micron 40 

Size Range Size Mass 
(microns) (micro % f/size ,o 

75 0 37.5 0.0 0 
150 75 112.5 1.0 0.00009 20 

300 150 225 9.0 0.0004 
425 300 362.5 16.0 0.00044 
600 425 512.5 35.0 

10 

0.00068 
1180 600 890 38.0 0.00043 

,,, 
Average size 490.157 microns 
Rounded to 490 microns 

Table F6 Sand 530 micron ,o 

Size Range Size Mass 
(microns) (micro % f/size 

..., 

75 0 37.5 0.0 0 ,o 
150 75 112.5 0.3 0.00003 
300 150 225 8.2 0.00036 20 

425 300 362.5 14.1 0.00039 
600 425 512.5 29.7 0.00058 10 

1180 600 890 47.3 0.00053 
31.$ 112.5 

Average size 528.807 microns 
Rounded to 530 microns 
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Table F7 Sand Theoretical Voidage, bubble fraction and mixing 

Temp 27.00 C 
Press 101.30 kpa 
Air Dens 1.18 kg/cu.m 
Air Vis 1.85E-05 Pa.s 
Sphericity 0.90 

dp= 180.00 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas downflow 
Eq.3.39 Rate Velocity Velocity Velocity 

& u u 0 u J u u u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.0240 

0.400 0.0227 0.95 0.00 0.057 0.060 
0.425 0.0284 1.18 0.04 0.14 1.95 0.067 0.058 0.001 
0.450 0.0352 1.47 0.08 0.16 4.72 0.078 0.056 0.004 
0.475 0.0432 1.80 0.13 0.18 7.93 0.091 0.053 0.007 
0.500 0.0528 2.20 0.17 0.20 11.66 0.106 0.049 0.011 
0.525 0.0641 2.67 0.21 0.22 15.99 0.122 0.044 0.016 
0.550 0.0774 3.23 0.25 0.24 21.03 0.141 0.038 0.022 
0.575 0.0932 3.88 0.29 0.27 26.89 0.162 0.029 0.031 
0.600 0.1117 4.66 0.33 0.29 33.71 0.186 0.018 0.042 
0.625 0.1335 5.56 0.37 0.32 41.65 0.214 0.003 0.057 
0.650 0.1590 6.63 0.42 0.35 50.90 0.245 -0.017 0.077 
0.675 0.1890 7.88 0.46 0.39 61.68 0.280 -0.045 0.105 
0.700 0.2242 9.35 0.50 0.43 74.24 0.320 -0.083 0.143 
0.725 0.2653 11.06 0.54 0.48 88.86 0.366 -0.139 0.199 
0.750 0.3133 13.06 0.58 0.53 105.84 0.418 -0.223 0.283 
0.775 0.3690 15.38 0.62 0.58 125.50 0.476 -0.356 0.416 
0.800 0.4335 18.07 0.67 0.64 148.18 0.542 -0.584 0.644 
0.825 0.5076 21.16 0.71 0.71 174.18 0.615 -1.042 1.102 
0.850 0.5921 24.68 0.75 0.79 203.76 0.697 -2.302 2.362 
0.875 0.6875 28.66 0.79 0.87 237.11 0.786 -16.435 16.495 
0.900 0.7941 33.11 0.83 0.95 274.33 0.882 4.831 -4.771 
0.925 0.9120 38.02 0.87 1.04 315.40 0.986 2.498 -2.438 
0.950 1.0406 43.38 0.92 1.14 360.22 1.095 1.850 -1.790 
0.975 1.1795 49.17 0.96 1.24 408.58 1.210 1.556 -1.496 
1.000 1.3279 55.36 1.00 1.33 460.21 1.328 1.394 -1.334 
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Table F8 Sand Theoretical Voidage, Bubble Fraction and Mixing 

Temp 27C 
Press 101.3 kpa 
Air Dens 1.176539 kg/cu. m 
Air Vis 1.85E-05 Pa.s 
Sphericity 0.9 

dp= 300 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas down flow 
Eq.3.39 Rate Velocity Velocity Velocity 

£ u ~ 6 I.I .J I.I u u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.0666 

0.400 0.0621 0.932 0.000 0.155 0.168 0.000 
0.425 0.0772 1.159 0.042 0.337 4.85 0.182 0.163 0.004 
0.450 0.0951 1.427 0.083 0.425 12.22 0.211 0.157 0.010 
0.475 0.1161 1.742 0.125 0.479 20.66 0.244 0.149 0.018 
0.500 0.1406 2.110 0.167 0.527 30.30 0.281 0.139 0.028 
0.525 0.1689 2.535 0.208 0.574 41.27 0.322 0.126 0.040 
0.550 0.2015 3.024 0.250 0.623 53.71 0.366 0.110 0.057 
0.575 0.2388 3.583 0.292 0.674 67.77 0.415 0.089 0.077 
0.600 0.2811 4.219 0.333 0.727 83.57 0.469 0.063 0.104 
0.625 0.3288 4.935 0.375 0.783 101.24 0.526 0.028 0.138 
0.650 0.3823 5.737 0.417 0.841 120.87 0.588 -0.016 0.183 
0.675 0.4416 6.628 0.458 0.901 142.55 0.654 -0.075 0.242 
0.700 0.5071 7.610 0.500 0.964 166.32 0.724 -0.155 0.321 
0.725 0.5787 8.684 0.542 1.029 192.22 0.798 -0.265 0.431 
0.750 0.6564 9.851 0.583 1.094 220.23 0.875 -0.423 0.589 
0.775 0.7401 11.107 0.625 1.161 250.32 0.955 -0.663 0.829 
0.800 0.8297 12.451 0.667 1.228 282.41 1.037 -1.061 1.228 
0.825 0.9248 13.879 0.708 1.295 316.43 1.121 -1.835 2.001 
0.850 1.0252 15.386 0.750 1.361 352.27 1.206 -3.918 4.084 
0.875 1.1306 16.967 0.792 1.427 389.81 1.292 -26.951 27.118 
0.900 1.2406 18.618 0.833 1.492 428.96 1.378 7.627 -7.460 
0.925 1.3549 20.332 0.875 1.556 469.58 1.465 3.796 -3.630 
0.950 1.4731 22.107 0.917 1.618 511.56 1.551 2.709 -2.542 
0.975 1.5949 23.935 0.958 1.678 554.80 1.636 2.198 -2.031 
1.000 1.7201 25.814 1.000 1.737 599.19 1.720 1.903 -1.737 
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Table F9. Sand Theoretical Voidage, Bubble fraction and Mixing 

Temp 27C 
Press 101.3 kpa 
Air Dens 1.176539 kg/cu.m 
Air Vis 1.85E-05 Pa.s 
Sphericity 0.9 

dp= 490 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas down flow 
Eq.3.39 Rate Velocity Velocity Velocity 

£ u Y. 6 u J LI u I.I 

Umf B f e s 
m/sec m/sec kg/m2.sec m/sec ml sec m/sec 

0.1778 
0.400 0.1558 0.876 0.000 0.389 0.450 0.000 
0.425 0.1908 1.073 0.042 0.535 7.69 0.449 0.439 0.006 
0.450 0.2308 1.298 0.083 0.859 24.68 0.513 0.424 0.020 
0.475 0.2759 1.552 0.125 1.008 43.45 0.581 0.407 0.037 
0.500 0.3263 1.836 0.167 1.114 64.03 0.653 0.386 0.059 
0.525 0.3820 2.149 0.208 1.203 86.44 0.728 0.360 0.085 
0.550 0.4429 2.492 0.250 1.283 110.65 0.805 0.328 0.117 
0.575 0.5090 2.863 0.292 1.358 136.63 0.885 0.289 0.156 
0.600 0.5800 3.263 0.333 1.429 164.32 0.967 0.240 0.204 
0.625 0.6557 3.689 0.375 1.497 193.64 1.049 0.180 0.264 
0.650 0.7360 4.140 0.417 1.562 224.52 1.132 0.105 0.340 
0.675 0.8204 4.615 0.458 1.624 256.86 1.215 0.009 0.436 
0.700 0.9089 5.113 0.500 1.684 290.57 1.298 -0.117 0.561 
0.725 1.0011 5.631 0.542 1.742 325.56 1.381 -0.286 0.731 
0.750 1.0967 6.169 0.583 1.797 361.74 1.462 -0.523 0.968 
0.775 1.1955 6.725 0.625 1.851 399.04 1.543 -0.877 1.322 
0.800 1.2973 7.298 0.667 1.902 437.36 1.622 -1.457 1.902 
0.825 1.4019 7.886 0.708 1.950 476.64 1.699 -2.570 3.014 
0.850 1.5092 8.490 0.750 1.997 516.83 1.775 -5.548 5.992 
0.875 1.6188 9.106 0.792 2.042 557.84 1.850 -38.362 38.806 
0.900 1.7307 9.736 0.833 2.086 599.64 1.923 10.873 -10.429 
0.925 1.8447 10.377 0.875 2.127 642.17 1.994 5.408 -4.964 
0.950 1.9607 11.030 0.917 2.167 685.40 2.064 3.850 -3.406 
0.975 2.0786 11.693 0.958 2.206 729.27 2.132 3.115 -2.670 
1.000 2.1983 12.366 1.000 2.243 773.76 2.198 2.687 -2.243 
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Table f10. Sand Theoretical Voidage, Bubble fraction and Mixing 

Temp 27C 
Press 101.3 kpa 
Air Dens 1.176539 kg/cu.m 
Air Vis 1.85E-05 Pa.s 
Sphericity 0.9 

dp= 530 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas down flow 
Eq.3.39 Rate Velocity Velocity Velocity 

& u !! 6 I.I J I.I I.I u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.2080 

0.400 0.1789 0.860 0.000 0.447 0.527 0.000 
0.425 0.2182 1.049 0.042 0.504 7.25 0.513 0.514 0.006 
0.450 0.2627 1.263 0.083 0.916 26.35 0.584 0.499 0.021 
0.475 0.3125 1.503 0.125 1.096 47.27 0.658 0.479 0.041 
0.500 0.3676 1.768 0.167 1.218 70.03 0.735 0.456 0.064 
0.525 0.4280 2.058 0.208 1.316 94.60 0.815 0.427 0.093 
0.550 0.4935 2.373 0.250 1.402 120.93 0.897 0.392 0.127 
0.575 0.5639 2.712 0.292 1.480 148.96 0.981 0.350 0.170 
0.600 0.6390 3.073 0.333 1.553 178.62 1.065 0.298 0.222 
0.625 0.7186 3.455 0.375 1.622 209.80 1.150 0.234 0.286 
0.650 0.8024 3.858 0.417 1.686 242.43 1.234 0.153 0.367 
0.675 0.8900 4.279 0.458 1.748 276.41 1.319 0.051 0.469 
0.700 0.9813 4.718 0.500 1.807 311.64 1.402 -0.082 0.602 
0.725 1.0760 5.174 0.542 1.862 348.04 1.484 -0.261 0.781 
0.750 1.1738 5.644 0.583 1.916 385.54 1.565 -0.512 1.032 
0.775 1.2746 6.129 0.625 1.967 424.04 1.645 -0.885 1.405 
0.800 1.3781 6.626 0.667 2.015 463.50 1.723 -1.495 2.015 
0.825 1.4842 7.136 0.708 2.062 503.83 1.799 -2.666 3.186 
0.850 1.5927 7.658 0.750 2.106 544.99 1.874 -5.799 6.319 
0.875 1.7034 8.190 0.792 2.149 586.92 1.947 -40.309 40.829 
0.900 1.8162 8.733 0.833 2.190 629.58 2.018 11.469 -10.949 
0.925 1.9310 9.285 0.875 2.229 672.92 2.088 5.721 -5.201 
0.950 2.0477 9.846 0.917 2.267 716.92 2.155 4.082 -3.562 
0.975 2.1662 10.415 0.958 2.303 761.52 2.222 3.308 -2.788 
1.000 2.2863 10.993 1.000 2.338 806.72 2.286 2.858 -2.338 
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Table F11. Sand Theoretical Voidage, Bubble Fraction and Mixing 

Temp 600.00 C 
Press 101.30 kpa 
Air Dens 0.40 kg/cu.m 
Air Vis 3.83E-05 Pa.s 
Sphericity 0.90 

dp= 180.00 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas downflow 
E.3.39 Rate Velocity Velocity Velocity 

& u u s u J u u u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.0116 

0.400 0.0110 0.95 0.00 0.027 0.029 
0.425 0.0138 1.19 0.04 0.07 0.96 0.032 0.028 0.001 
0.450 0.0171 1.48 0.08 0.08 2.31 0.038 0.027 0.002 
0.475 0.0210 1.82 0.13 0.09 3.89 0.044 0.026 0.003 
0.500 0.0257 2.23 0.17 0.10 5.72 0.051 0.024 0.005 
0.525 0.0314 2.71 0.21 0.11 7.87 0.060 0.021 0.008 
0.550 0.0380 3.29 0.25 0.12 10.38 0.069 0.018 0.011 
0.575 0.0460 3.98 0.29 0.13 13.34 0.080 0.014 0.015 
0.600 0.0555 4.80 0.33 0.15 16.82 0.093 0.008 0.021 
0.625 0.0669 5.78 0.37 0.16 20.95 0.107 0.000 0.029 
0.650 0.0805 6.96 0.42 0.18 25.86 0.124 -0.010 0.039 
0.675 0.0970 8.38 0.46 0.20 31.75 0.144 -0.025 0.054 
0.700 0.1169 10.11 0.50 0.23 38.85 0.167 -0.046 0.075 
0.725 0.1414 12.22 0.54 0.25 47.49 0.195 -0.078 0.107 
0.750 0.1716 14.84 0.58 0.29 58.12 0.229 -0.127 0.155 
0.775 0.2093 18.10 0.62 0.33 71.35 0.270 -0.207 0.236 
0.800 0.2573 22.24 0.67 0.38 88.09 0.322 -0.354 0.383 
0.825 0.3191 27.59 0.71 0.45 109.64 0.387 -0.664 0.693 
0.850 0.4006 34.64 0.75 0.53 137.97 0.471 -1.571 1.600 
0.875 0.5108 44.16 0.79 0.65 176.17 0.584 -12.226 12.255 
0.900 0.6635 57.37 0.83 0.80 229.09 0.737 4.013 -3.984 
0.925 0.8811 76.18 0.87 1.01 304.37 0.953 2.382 -2.353 
0.950 1.1963 103.43 0.92 1.31 413.31 1.259 2.083 -2.054 
0.975 1.6496 142.63 0.96 1.72 569.90 1.692 2.116 -2.087 
1.000 2.2729 196.52 1.00 2.28 785.15 2.273 2.305 -2.276 
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Table f12. Sand Theoretical Voidage, Bubble fraction and Mixing 

Temp 600 C 
Press 101.3 kpa 
Air Dens 0.404309 kg/cu.m 
Air Vis 3.83E-05 Pa.s 
Sphericity 0.9 

dp= 300 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas down flow 
Eq.3.39 Rate Velocity Velocity Velocity 

& u _IJ_ 6 u J u u u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.0321 

0.400 0.0305 0.949 0.000 0.00 0.076 0.081 0.000 
0.425 0.0381 1.187 0.042 0.184 2.65 0.090 0.078 0.002 
0.450 0.0473 1.472 0.083 0.222 6.39 0.105 0.075 0.005 
0.475 0.0582 1.812 0.125 0.249 10.74 0.123 0.071 0.009 
0.500 0.0712 2.217 0.167 0.275 15.80 0.142 0.066 0.014 
0.525 0.0867 2.698 0.208 0.302 21.71 0.165 0.059 0.021 
0.550 0.1050 3.269 0.250 0.332 28.62 0.191 0.050 0.030 
0.575 0.1268 3.947 0.292 0.365 36.71 0.221 0.038 0.042 
0.600 0.1527 4.752 0.333 0.402 46.21 0.254 0.023 0.057 
0.625 0.1834 5.709 0.375 0.444 57.39 0.293 0.002 0.078 
0.650 0.2200 6.849 0.417 0.491 70.61 0.339 -0.026 0.107 
0.675 0.2638 8.211 0.458 0.546 86.28 0.391 -0.066 0.146 
0.700 0.3163 9.844 0.500 0.608 104.95 0.452 -0.122 0.203 
0.725 0.3793 11.807 0.542 0.681 127.30 0.523 -0.205 0.286 
0.750 0.4555 14.179 0.583 0.766 154.16 0.607 -0.332 0.412 
0.775 0.5479 17.055 0.625 0.865 186.62 0.707 -0.538 0.618 
0.800 0.6604 20.556 0.667 0.983 226.00 0.826 -0.902 0.983 
0.825 0.7977 24.830 0.708 1.121 273.95 0.967 -1.652 1.732 
0.850 0.9655 30.053 0.750 1.285 332.42 1.136 -3.774 3.854 
0.875 1.1702 36.422 0.792 1.478 403.59 1.337 -27.996 28.076 
0.900 1.4183 44.145 0.833 1.704 489.77 1.576 8.598 -8.518 
0.925 1.7159 53.409 0.875 1.964 593.03 1.855 4.664 -4.584 
0.950 2.0673 64.346 0.917 2.260 714.83 2.176 3.632 -3.552 
0.975 2.4739 77.003 0.958 2.588 855.70 2.537 3.213 -3.133 
1.000 2.9343 91.332 1.000 2.942 1015.10 2.934 3.023 -2.942 



136 

Table F13. Sand Theoretical Voidage, Bubble Fraction and Mixing 

Temp 600C 
Press 101.3 kpa 
Air Dens 0.404309 kg/cu.m 
Air Vis 3.83E-05 Pa.s 
Sphericity 0.9 

dp= 490 microns 
Void age Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity Fraction Velocity Turnover Average gas down flow 
Eq.3.39 Rate Velocity Velocity Velocity 

& u Y. 6 u J u u u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.0857 

0.400 0.0809 0.944 0.000 0.00 0.202 0.215 0.000 
0.425 0.1010 1.178 0.042 0.474 6.82 0.238 0.209 0.005 
0.450 0.1250 1.458 0.083 0.579 16.64 0.278 0.201 0.013 
0.475 0.1535 1.791 0.125 0.649 28.00 0.323 0.190 0.024 
0.500 0.1871 2.184 0.167 0.716 41.16 0.374 0.177 0.038 
0.525 0.2268 2.646 0.208 0.784 56.38 0.432 0.159 0.055 
0.550 0.2734 3.190 0.250 0.858 73.99 0.497 0.136 0.078 
0.575 0.3279 3.826 0.292 0.938 94.34 0.570 0.107 0.108 
0.600 0.3916 4.569 0.333 1.025 117.86 0.653 0.068 0.146 
0.625 0.4658 5.435 0.375 1.121 145.01 0.745 0.016 0.198 
0.650 0.5520 6.441 0.417 1.226 176.28 0.849 -0.052 0.267 
0.675 0.6518 7.605 0.458 1.342 212.24 0.966 -0.146 0.360 
0.700 0.7668 8.947 0.500 1.469 253.47 1.095 -0.276 0.490 
0.725 0.8989 10.487 0.542 1.608 300.56 1.240 -0.460 0.674 
0.750 1.0496 12.246 0.583 1.760 354.10 1.399 -0.733 0.947 
0.775 1.2206 14.241 0.625 1.923 414.63 1.575 -1.159 1.374 
0.800 1.4131 16.487 0.667 2.098 482.59 1.766 -1.884 2.098 
0.825 1.6281 18.996 0.708 2.285 558.31 1.973 -3.317 3.531 
0.850 1.8662 21.773 0.750 2.481 641.98 2.195 -7.229 7.443 
0.875 2.1273 24.820 0.792 2.686 733.60 2.431 -50.819 51.033 
0.900 2.4110 28.130 0.833 2.897 833.03 2.679 14.702 -14.487 
0.925 2.7165 31.694 0.875 3.114 939.95 2.937 7.480 -7.265 
0.950 3.0425 35.497 0.917 3.333 1053.96 3.203 5.451 -5.237 
0.975 3.3875 39.523 0.958 3.553 1174.55 3.474 4.515 -4.300 
1.000 3.7501 43.753 1.000 3.772 1301.17 3.750 3.986 -3.772 
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Table f14. Sand Theoretical Voidage, Bubble Fraction and Mixing 

Temp 600 C 
Press 101.3 kpa 
Air Dens 0.404309 kg/cu.m 
Air Vis 3.83E-05 Pa.s 
Sphericity 0.9 

dp= 530 microns 
Voidage Superficial Bubble Bubble Solids Emulsion Emulsion Solids 

Velocity fraction Velocity Turnover Average gas down flow 
Eq.3.39 Rate Velocity Velocity Velocity 

& u !! 6 u J u I.I u 
Umf B f e s 

m/sec m/sec kg/m2.sec m/sec m/sec m/sec 
0.1003 

0.400 0.0944 0.942 0.000 0.00 0.236 0.252 0.000 
0.425 0.1179 1.176 0.042 0.548 7.88 0.277 0.245 0.006 
0.450 0.1458 1.454 0.083 0.671 19.30 0.324 0.235 0.016 
0.475 0.1788 1.783 0.125 0.754 32.51 0.377 0.223 0.028 
0.500 0.2178 2.172 0.167 0.831 47.76 0.436 0.207 0.044 
0.525 0.2636 2.629 0.208 0.909 65.37 0.502 0.187 0.064 
0.550 0.3172 3.164 0.250 0.993 85.67 0.577 0.160 0.090 
0.575 0.3798 3.787 0.292 1.084 109.04 0.660 0.126 0.124 
0.600 0.4525 4.512 0.333 1.182 135.92 0.754 0.082 0.169 
0.625 0.5367 5.352 0.375 1.289 166.77 0.859 0.023 0.227 
0.650 0.6337 6.320 0.417 1.406 202.07 0.975 -0.055 0.306 
0.675 0.7452 7.432 0.458 1.533 242.33 1.104 -0.160 0.411 
0.700 0.8726 8.702 0.500 1.670 288.07 1.247 -0.306 0.557 
0.725 1.0172 10.145 0.542 1.818 339.78 1.403 -0.512 0.762 
0.750 1.1805 11.773 0.583 1.977 397.90 1.574 -0.814 1.065 
0.775 1.3634 13.596 0.625 2.146 462.80 1.759 -1.282 1.533 
0.800 1.5667 15.624 0.667 2.325 534.74 1.958 -2.074 2.325 
0.825 1.7908 17.859 0.708 2.512 613.85 2.171 -3.631 3.882 
0.850 2.0356 20.301 0.750 2.706 700.14 2.395 -7.867 8.118 
0.875 2.3009 22.947 0.792 2.905 793.47 2.630 -54.947 55.198 
0.900 2.5859 25.789 0.833 3.108 893.59 2.873 15.791 -15.541 
0.925 2.8896 28.817 0.875 3.313 1000.16 3.124 7.981 -7.731 
0.950 3.2108 32.020 0.917 3.519 1112.76 3.380 5.780 -5.529 
0.975 3.5481 35.384 0.958 3.723 1230.93 3.639 4.758 -4.507 
1.000 3.9002 38.895 1.000 3.925 1354.20 3.900 4.176 -3.925 
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Appendix G: Combustor Operation Instructions and Charts 

Operation Instructions 

Preliminaries 

1. Select combustor configuration and distributor type for the 
test program. Fit and change optional components as required. 

2. Select desired bed solid size for the test program and plot 
a Umt verses Temperature chart for use during warm up. Several 
Umf Charts are included in this appendix, Figs G2,G4,G6,G8. 

3. Check LPG main burner tubes for sand blockages. 

4. Add bed solids to the Fluidised Bed to desired depth. 

5. Fluidize the bed solids cold to check for adequate 
fluidization and mixing. 

6. Check the pilot burner flame slot is free of sand particles. 

7. Fit Chimney. 

8. Connect instrumentation as required. 

9. Begin FBC warm up proceedure using LPG. 

FBC Warm Up Procedure 

1. Ensure both stop cocks are off and both regulators are off. 

2. Open LPG cyinder cock. 

3. Set main regulator to 20 kpa. 

4. Open pilot burner stop cock. 

5. Using a long nose gas lighter position lighter to ignite the 

pilot burner flame. 

6. Press and hold down the flame failure valve button connected 
to the pilot burner. 

7. The pilot burner should ignite. If ignition does not occur 
release the button, turn off the stop cock and inspect for 
problems. 

8. Hold down the flame failure valve button for approximately 
one minute. 

9. Release flame failure button and pilot flame should remain 
sure. 
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10. Inspect pilot flame extendes full length of the tube and if 
necessary adjust pilot flame regulator to ensure a good flame. 

11. Start air flow in the fluidized bed and bring to 
approximately 2Umf" Utilise the inverter control to gradually 
increase air flow to prevent pilot flame loss. 

12. Inspect pilot flame again and adjust pilot flame regulator 
if necessary. 

13. When bed fluidization is acceptable and pilot flame stable 
and sure, open main burner cock. Main LPG burner gas will 
ignite and burn above the bed. 

14. Observe combustion behaviour and adjust main regulator and 
or air/flow to achieve stable combustion. Problems to note are: 

Frequent flame loss if mixture is too lean. 
Flame loss due to bubble burst shock waves. 

15. Progressively reduce air flow and LPG pressure as the bed 
temperature as the bed heats up. Operation at approximately 2 
to 4 umf was found to give best results. (See Operation Charts 
Figs. Gl to G9) 

FBC Cooldown Procedure 

The cooldown procedure is only necessary to prevent sand fusion 
at high temperatures and achieve faster cooling to allow FBC 
storage. It was also used to determine convective and forced 
air flow heat losses. The procedure is: 

1. Stop fuel feed operations 

2. Allow air flow to continue. 

3. Observe thermocouple temperatures. If large differences 
immerge during cooldown this indicates a failure of the bed to 
mix properly. In such cases increase air flow progressively to 
maintain bed mixing uniformity. 

Safety Precautions. 

Protective Clothing: Face Sheild., overalls 

Safe Practice Stand Clear of all Combustor openings, 
including pilot burner tube, feed chutes and observation ports 
at ignition times, particularly the ignition of the main 
burners which usually results in a flame surge. 

Combustor Purging. : If at any stage flame is lost or the main 
ignition fails to take place in 2 seconds the following 
procedure should be used. 
1. Air purge the combustor for 1 minute. 
2. Repeat the above start up proceedure. Note: The combustor 
air flow can be shut off at high bed temperatures up to 700 c 
without any permanent fusing of sand. 
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Fig.G1 Combustor Operation Chart 
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Fig. G3 Combustor Operation Chart 
Air Flow (I/sec FAD) for Umf, 300 micron sand 
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Fig. G4 Minimum Fluidization Velocity 
300 micron sand 
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Fig. G5 Combustor Operation Chart 
Air Flow (I/sec FAD) for Umf, 490 micron sand 

\ 
\ 
~ 

"i 
~ 
~ 
~ ~ --· 

142 

300 400 500 600 700 800 900 1000 1100 
Temperature, K 

Fig.GS Minimum Fluidization Velocity 
490 micron sand 

\ 
\ 
\ 

)"" 

' 'i~ 

~ 
""'-

' ~ ~ ~ 
~ 

200 300 400 500 600 700 800 900 1000 1100 
Temperature, K 



v 
I/sec 

40 

35 

30 

25 

20 

15 

10 

5 

0 
200 

0.22 

0.2 

Umf o.1s 

0.16 
m/sec 

0.14 

0.12 

0.1 

0.08 

I 

Fig. G7 Combustor Operation Chart 
Air Flow (I/sec FAD) for Umf, 530 micron sand 
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Fig. G8 Minimum Fluidization Velocity 
530 micron sand 
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Appendix H: Equipment Design Calculations 

Flow Visualisation Equipment Design 

1. Pressure Requirement 
Estimated maximum depth 
Estimated Bed Pressure Drop 
Estimated Distributor Drop@l5% 

Estimated Total Delivery Pressure 

2.Roots Blower Delivery is 90 1/sec 

1.5 m 
21 kPa 
3 kPa 

3. Selecting perspex tube size of 190mm gives a Superficial 
Velocity of 3.2 m/sec 

For Sand sizes 180 and 490 microns gives: 

Sand size 
(microns) 

180 

490 

u. 
(m/sec) 

0.178 

Which allows adequate range for testing. 

4. Roots Blower Delivery Temperatures. 

Maximum uf 

Assuming a constant volume process the calculated 
temperatures are: 

Bed Depth 

300mm 

1500mm 

Pressure Drop 

P=l.15*1450*9.81*0.3 
:::::4.91 k:Pa 

P=l.15*1450*9.81*1.5 
::24.S k:Pa 

Exit Temp. 

T2=(106.2/101.3)300 
=314 K (42 C) 

T2=(125.8/101.3)300 
:::372 K (100 C) 

Since the extent of and depth of deep bed testing was not 
known an air cooler was added so that the perspex tube would 
not soften during testing. 

Combustor Design 

1 Pressure Requirement. 

Estimated maximum depth 
Estimated Bed Pressure Drop 
Estimated Distributor Drop@l5% 

Estimated Total Delivery Pressure 

2. Roots Blower Delivery is then 110 1/sec 

0.5 m 
7 kPa 
1 kPa 

8 k:Pa 
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3. Selecting 489mm internal diameter steel tube gives 

0.586 m/sec at 27 c. 

4. Range of Operation. 
Start up (cold) velocity must exceed 2Umf for adequate 

mixing of bed solids. Therefore: 

0.586 
2 

= dp 2 
( 2 3 0 0 -1 . 2 ) 9 . 81 

1650 (1. 85/105 ) 

Solving the equation gives maximum dP = 630 microns. 

As temperature increases less air mass flow is required to 
maintain fluidization conditions. Calculations for operating 
maximums with the expected sand grades using theoretical values 
from Appendix F give: 

sand Size Ufmax@27 c ufmax@600 c 
(microns) 

180 24UIDf 1s2u. 
300 a.au. 55Ullllf 
490 3.3Ullllf 21u. 
530 2.au. um. 
630 2u. 12u. 

5. Distributor Plate Pressure Drop. 

Based on the experience from the flow visualisation 
experiments it was decided to limit the number of bubble caps 
to 21 to increase pressure drop and improve velocity profiles. 
Selecting sand of mean size of 490 microns, Flowrate of air 
required cold is: 

Air Flowrate is= 0.1878*0.1778 = 0.0318 cu.m/sec 

Air Velocity in bubble cap tubes is= 0.0318 /(21*~*0.0092/4) 
= 23.8 m/sec 

Predicted Distributor Pressure Drop= 1.5 kPa. From bubble cap 
tests. 

Pressure drop is 1.5/7.1 which is 20% which should be okay. 
Variations will however require reconsideration as the project 
proceeds. As Pressure drops in bubble caps were found to be 
dependent also on bed depth (or exit air density) so it was 
found the most reliable way of verifying sufficient pressure 
drop was by checking fluidization visually with a shallow bed. 

For the inserts of 4mm and 2.5 mm, an estimate was made 
from calculations and results verified by inspection. 
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6. Flow Straightener Pressure Drop 

Based on the aggregate flow straightener used successfully 
with the flow visualisation equipment a 200mm diameter, 100 mm 
packed bed aggregate straightener is proposed. Aggregate size 
4mm. 

Pressure drop is given by Erguns Equation. 

Assuming voidage of o. 5 and sphericity of o. 9, and given maximum 
velocity of 3.4 m/sec. Pressure drop perm is: 

1498. 8 + 28583 = 30kPa/m 

Which fox L=lOOmm ll.Pb=3kPa 

7. Combustor Tube Stresses. 

Pressure Stresses are minimal eg 
a= sooo•.489/(2*0.0l) = 0.2 MPa 

Of more concern is the strength of the mild steel at elevated 
temperatures. Applications for mild steel are not recommended 
above 600 c but dimension stability is retained to much higher 
temperatures. It was reasoned that with stresses so low that 
short duration testing in the 600 to 800 C range would not 
present a problem. From what data could be obtained the 
Ultimate Tensile Strength of mild steel at 600 c is 120 MPa and 
approximately 50 MPa at 800 c. (Emmert.H.D and Matters.R. High 
Temperature Considerations in Design.) 

8. Gas Explosion Stresses. 

The pressure wave associated with an LPG explosion was 
quoted as 7 tonnes/m2 by the local gas examiner. The most 
likely situation for such an occurrence would be during warm 
up. The hoop stress induced in the tube would be: 
a= 69000*.489/(2*0.0l)_= 4 MPa. 
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In any case such stresses are unlikely as the combustor is 
an open -to -atmosphere type making it very difficult to 
produce conditions that would lead to any more than a gas flame 
surge. 

9. Fluidized Bed Combustor Wall Insulation 

Design Heat Wall Loss limit. 1 KW 

Typical Operating Conditions: Bed Temp 
Skin Temp 

800 C 
60 C 

Assuming minimal temperature drop in th lOmm of mild steel and 
that the natural convection losses are small the heat transfer 
is: 

Taking insulation as 100 mm of Durablanket@ 160 kg/cu.m and 
at the given conductivity of 0.098 W/mC gives: 

Q = 0 · 098 1753 = 1560 Watts 
lw O .1 

Note: This is the total wall loss estimate. Actual wall heat 
transfer from bed solids is calculated for specific bed depths 
for use in combustion Efficiency Calculations. 

10. Gas System Requirements. 

Maximum air flow: 110 1/sec which is 0.132 kg/sec. 

At Stoichiometric mixture@ 15 :1, 
Gas flow is: 8.8 grams/sec 

Taking CV= 50 MJ/kg, The Firing rate is: 
Firing Rate: 440 kW. 

For most operations maximum air flow at 35% hence 
requiring: 

Firing Rate :132 kW. or 475 MJ/hr. 

11. Ingestor Mixing Design. 

Require downward flow of solids greater than emulsion gas 
velocity. 

Tube Diameter is 200mm giving an area of: 
Combustor Diameter is 489mm giving an area of: 
Annulus Area is then: 

o. 0314 m2 

0.1878 m2 

0.1564 m2 
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Selecting Air Flow Distribution of 28 caps outside the tube and 
six caps at the edge of the tube with these bushed to 2.5 mm 
the flow distribution is by cap tube area. 

Annulus Flow Area in Caps :28 caps@ 9mm diameter 0.00178 m2 

3 caps @ 2.5mm diameterl.47*10-5m2 

Total area is 0.00179 m2 

Total flow area is 
Flow Distribution is therefore Annulus 

Tube . . 
o. 00181 m2 

99% 
1% 

Selecting Minimum operating condition as 10 Ullllf @600 c 

Predicted Flowrates are: 

Solids Turnover Rate 530 sand 
@9. 9 umf is : 

Solid turnover@ area 0.1564 

Annulus 
Tube 

J = 105 kg/m2 sec. 
Appendix F 

16 kg/sec 

Distributing flow over entire bed area gives downward velocity 
of emulsion solids of: 

0.06 m/sec or 60mm/sec. 

Therefore assuming solids crossflow at the top of the bed the 
solids velocity in the ingestor tube will be at least 60mm/sec 
at 10 u •• 

Airflow at 10 Umf @600 C is= 0.1878*0.3163*0.4 = 0.024 kg/sec 
Requires maximum of 4.7 grams/sec cellulose fuel 

Operation Rate is 92 kW. Bagasse content in Tube is then 0.2% 
by mass. 

A operation point of 20 u~ would give J= 226 kg/m2 sec. or 
3Skg/sec bringing tube solids downflow to 120mm/sec. 



12. Minimum Operation Point For Spouted Bed. 

Terminal Velocity is given by: 

U=-- P g d 
[ 

4 (p -p )2g2]1/3 

t 225 Pgllg P 

-[ 4 (2300-1. 2) 29. 812
]

113 
1.18 _ 8 . 8 m/sec 

2 2 s < 1 . 2 ) ( 1 . 8 s / 1 o-s) 1 o o o 

Minimum operating flowrate is then at: 

~*0.052/4*8.8 = 17.2 1/sec FAD 

150 
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Table .H1 .Fluidised Bed Combustor : Materials Costs 

Item No. Description Quantity Cost$ 

1 Bubble caps, 316 Stainless Steel 21 264.00 
2 Perspex Tube.Dia 190mm 3m 600.00 
3 Bend, Dia.200mm, Steel 1 72.40 
4 Reducer, Dia. 200mm/1 OOmm Steel 1 34.00 
5 Flexible Hose Dia. 100 mm 1.5m 113.00 
6 Tube Dia 200mm. Steel 0.6m 100.00 
7 PVC fittings 50.00 
8 Plastic tube. Dia 6mm 5m 20.00 
9 Copper tube, 1 Omm 13m 55.00 
10 Tube Dia 489mm/1 Omm Steel 1.6m 400.00 
11 160kg/cu.m, Durablanket,600mm 20m 746.00 
12 2.4, 1.2,0.01, Mild Steel Sheet 1 250.00 
13 75,5mm, Square Hollow Section Sm 117.00 
14 Thermocouple tube, Dia 6mm 1.2m 55.00 
15 Brass Pipe fittings for thermocuoples 102.00 
16 Gasket material 15.00 
17 XJ1, Sealer. 450g 13.00 
18 Spouted Bed Cone 1 336.00 
19 Boiler bolts 20.00 
20 Flanged Feeder Section, Dia 190mm 1 125.40 
21 Pipe Fittings, LPG 110.45 
22 Flame failure valves, 1/4 BSP 2 78.00 
23 Unversal Thermocouple, 900mm 2 59.00 
24 Red Devil Regulators, 140kPa 2 110.00 
25 Gas Cock 2 19.50 
26 Flexible LPG Hose Dia Smm 2m 20.00 
27 Check valve 1 40.00 
28 Miscellaneous Pipe Fittings Dia 50mm 10.00 
29 Flexible Flat Hose,,2.6 Mpa. Dia 62.5 m 1.5m 20.00 
30 Tube Stainless Steel Dia 12mm 0.6m 20.00 
31 2.4, 1.2,Galv Sheet 33.30 
32 Thick walled Tube, 32/15 mm 1.2m 30.00 
33 Bubble Caps (mild steel) 21 200.00 

Total Materials Cost *** 4038.05 

***Costing does not Include the following: 

Cost of UCQ scarp used 
Costs for UCQ Equipment provided 

Motor Inverter Control 
Roots Blower 
Chart Plotter 
Rotameter 
Pressure Gauges 
Temperature Gauges 

Cost of labour of UCQ Technical Staff 
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Appendix I: Commissioning Notes 

(a) Flow Visualisation Equipment 

The difficulties in commissioning the flow visualisation 

bed were compounded by inexperience in what was to be expected 

from typical fluidization phenomena. Considerable effort was 

first directed to reducing bubble size, hence the introduction 

of the 100 mesh distributor. The 21 cap bubble plate was never 

actually used in the reported tests. (It was used with centre 

and annulus flow patterns.) The mesh distributor gave a very 

small pressure drop which gave unsatisfactory flow 

distribution. The flow distribution problem was finally solved 

by levelling the mesh plate and adding a flow straightening 

chamber of aggregate in the range 2.36<dp<4.75mm. 

Other problems simply relate to instruments. The 

measurement of air flows in the order of 1 1/sec in the perspex 

tube were well below the measurement range of the 74. 95mm 

British Standard Nozzle. Initially an orifice plate was 

calibrated and used to measure bleed off air but the 

uncertainties in this technique were larger than the quantities 

being measured. The second method adopted was successful which 

involved accelerating the air to a high velocity by reducing 

the pipe diameter. The high velocity air was approximately 81 

times that in the bed tube and could be read using a pitot

static tube. There were difficulties with the pitot tube due to 

fouling with fines from the bed when testing fine grade sands. 

The problem was solved by regular cleaning. There were no 

problems testing the coarser 490 micron sand. 
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(b) Combustor 

Commissioning problems were experienced in the following 

areas: 

1. Positioning of the LPG Pilot Flame thermocouple position. 

2. Operation time of main bed burner thermocouple. 

3. The original main burner holes were too large 

4. Air Flow distribution 

5. Spouted Bed Rupture Pressure 

The positioning of the LPG pilot flame thermocouple was 

critical as it controlled the entire gas supply via a flame 

failure valve. Several movements of the thermocouple were 

necessary to eliminate nuisance shut-downs. 

The main bed burner thermocouple proved of little use as 

tha firing rates calculated could not be achieved without icing 

the LPG cylinder. Bed warm up times were therefore slow, taking 

between one and three hours depending on depth. The flame 

failure valve was therefore clipped open by adding a clip to 

keep the over-ride button pressed. Main burner control was 

reduced to an on-off control using the stop cock. 

The main burners were originally drilled with eight holes 

each of 2mm diameter. This allowed for gas flows which could 

not be successfully supplied from the cylinder. For smaller 

flows, the LPG did not distribute along the full length of the 

burner. Further, sand in considerable quantities entered the 

tubes after warm up was complete and the burner tubes would 

become blocked. The burner tubes were removed, the 2mm holes 

covered with weld and five only l.5mm holes drilled in each 
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tube.The system was workable but the tubes still required 

regular cleaning. In retrospect the best warm up system for 

experimental purposes would be an LPG combustion chamber fitted 

beneath the bed. With such a system gas entering the bed would 

be hot and rapid warm up times would be achieved. This would be 

a big improvement on direct introduction system which was used 

in which the fuel burns on the top until auto-ignition 

temperature is reached and heat transfer is quite slow.There 

would also be no sand fouling problems in the burners. 

Sand also caused problems by fouling the pilot flame slot. 

Sand particles jammed in the slot would prevent the flame 

running to the end of the pilot flame tube. It was therefore 

required to clean the slot before each start up. 

Achieving even air flow distribution through the 

distributor presented problems at various stages in the testing 

program. While the first problems just illustrated the hazards 

of scaling up from smaller models; ie Distributor Plate Pattern 

No.1 was never used in combustion tests because it was modified 

to Plate Pattern No.2 after unsuccessful cold trials. Problems 

became evident using Plate Pattern No.3 where it was desired to 

produce even annulus flow. There was at least 2Umf between 

operating points where the first and last regions fluidized. 

The problem was solved by bushing the 9mm bubble cap tubes with 

4mm loose bushes. The bush and bubble cap were retained by the 

same wire clip. The increased pressure drop gave satisfactory 

results. Even smaller bushes were used (2.Smm) when the number 

of bubble caps were increased to 42 with satisfactory results 

even with shallow bed depths. 
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The final problem encountered was that of achieving peak 

rupture pressure for the spouted bed with a feed pipe and 

baffle. Pressures above the capability of the roots blower were 

required to lift the sand in the tube and establish a bed 

spout. The reason for this was that the sand in the feed pipe 

would remain packed until spouting was established which would 

coincide with terminal velocities being reached in the feed 

pipe. The pressure generated just prior to rupture is quite 

large corresponding to the pressure drop through a sand bed at 

packed bed voidage and near terminal velocities. Having 

encountered this problem it was envisaged that another 

problem may be introduced by the spout baffle which would 

prevent a spout from rupturing in the centre of the bed in the 

usual way. Satisfactory start up operation was achieved by 

placing a bubble cap plate in the spout cone. The plate had the 

effect of increasing the initial spout area reducing the 

pressure peak. The plate was hinged and controlled from outside 

the combustor which allowed it to be opened during fuel feeding 

but closed for start-up. Using the controllable hinged plate 

the feed pipe could be kept free of bed solids as long as the 

velocity in that pipe was not reduced below the terminal 

velocity of the largest particles when the plate was opened. 

Obviously, the sequence of opening and closing has to be 

carefully controlled and the system ,being manually operated, 

is certainly not foolproof. 
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