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  (3) Annular Flow

    <α> = 0.65 0.8 
    important in BWR (upper portion of fuel channel)
    boiling heat transfer
    interest in interface  
                                                        What happens in interface ?
   
     - no entrainment
     - smooth and symmetric interface 
   2) wispy annular flow

     - at high G (> )
     - entrained liquid flowing in large agglomerate   
   3) spray annular flow
     - most frequent in BWR
     - entrained of relatively small liquid droplet   
       droplet size

         
ρ

σ

      - liquid entrainment ( )

       Fully-developed entrainment fraction

            E 

          which is related as,

          π
ρ

ρ

μ

ρ σ

μ

μ

      mechanism of liquid deposition

               , 

         where  C: mean concentration of droplet (kg/ )

               : empirical mass transfer coefficient (m/s)
         In "hydrodynamic equillibrium"

                    

         By Whally and Hewitt ( σ ) 
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    modification of momentum equation accounting for  the effect of the 
       entrained liquid

    
α ρ

                                                 

Λ ρ
                                              

α Λ ρ
,                                               

      where Λ : volumetric flux of liquid flim

        ρ θ
τ

α Λ ρ

Λ ρ α ρ

                      

                              
                            spatial acceleration term

      To obtain Λ , assume "no slip" between vapor phase and entrained liquid.
      From Eqs. & ,

          Λ α
ρ α

ρ

    Contitutive relation for τ , τ

      From a simple force balance for idealized annular flow

        π Δ τ π Δ

                     Δ
θ ρ α ρ α π

       τ
θ

ρ α ρ α π

      For special case of no liquid entrainment and smooth interface ( α )

      τ δ τ
δ

ρ θ                           

      And no voids in liquid film α , δ α

        τ τ
θ α

ρ
α
ρ

              ρ θ                                     



     If the pressure gradient has been assumed to be same in both phases, from            
     Eqs. and 

          τ
τ

δ
ρ ρ α θ

      1) Engineering approach

         let δ , π δ π  for small δ

               τ
ρ

,    τ
ρ

          by Wallis,    where 
δ

       2) Second Method
         turbulence effect
         account for entrainment

       Calculation of  when δ ,  are known

         1) calculate τ  from δ  and 

         2) calculate τ  in liquid film from δ , τ , 

         3) calculate  within liquid film 

                  τ μ

         4) calculate of liquid film flow rate

                   
δ

π ρ



  2. Flow pattern map and transients
          -   vs  : 

     

     Flow pattern map by Hewitt & Robert [Fig. 4.9]
       Category II

       ρ
ρ

,   ρ
ρ

       cannot show the effects of physical properties of 
          fluis or geometry effect
     Thus,  Baker's chart (horizontal tube)[Fig.4.10] used

             λ  vs. λ ψ  , 

       where  λ
ρ ρ

             ψ
σ

μ
ρ

    (1) bubbly flow - slug flow transition

             α  < 0.3
       By Taitel and Dukler

        
ρ ρ σ

ρ
    (4.3.8)

    (2) Slug flow - churn flow transition

       slug flow: β  < 0.8 ~ 0.85
       upper limit of slug flow - flooding

          transition to churn flow by break-up of long vapor bubble
       By Porteons

          : Eq. (4.3.7)  

         
ρ

ρ
  for slug flow

       Then the upper limit of slug flow

        ρ ρ ρ

                            



    (3) Churn flow - annular flow transition
       low limit of annular flow - flow reversal

                             

       By Zuber, 
ρ

ρ
             

       By Taitel and Dukler

            ρ ρ ρ σ

            
ρ ρ σ

ρ

    β  vs. Fr  ( β ,  )

         Bubble - slug                     β

         Slug - churn                        

         Churn - annular                     


