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Summary

2

•Brief review of existing RANS models for FENE-P

•Governing equations for FENE-P in RANS/RACE form

(Reynolds decomposition)

•Development of closures for RANS/RACE of FENE-P
(2007 (LDR) and 2008 (LDR & HDR) closures)

•Some results (2007 models only)

•Conclusions and future prospects
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Governing equations: turbulent flow & FENE-P

B̂ = B+ b ' where b ' = 0Reynolds decomposition

^- instantaneous quantities
Overbar or upper-case letters- time-averaged quantities
‘ or lower-case letters- fluctuating quantities
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"Ûi

"t
+ !Ûk
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L
2
! 3

L
2
! Ĉkk
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Solution of governing equations
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Direct Numerical Simul.

Sureshkumar, Beris, Handler (1997) PoF, v9, 743
Den Toonder, Hulsen, Kuiken, Nieuwstadt (1997) JFM 337, 193
Dimitropoulos, Sureshkumar, Beris (1998) JNNFM v79, 433
Dimitropoulos, Sureshkumar, Beris, Handler (2001) PoF v13, 1016
Angelis, Casciola, Piva (2002) Comput. Physics v31, 495
Ptasinski et al (2003) JFM v490, 251
Housiadas, Beris (2003) PoF v15, 2369 
Zhou, Akhavan (2003) JNNFM v109, 115
Stone, Graham (2003) PoF v15, 1247
Yu, Kawaguchi (2003) IJHFF v24, 491
Vaithianathan, Collins (2003) J. Comput Physics v187, 1
Housiadas, Beris (2004) PoF v16, 1581
Dubief et al (2004) JFM v514, 271
Yu, Li, Kawaguchi (2004) IJHFF v25, 961
Dimitropoulos et al (2005) PoF v17, 011705
Li, Gupta, Sureshkumar, Khomami (2006) JNNFM v139, 177
Li, Sureshkumar, Khomami (2006) JNNFM v140, 23
Benzi, Angelis, L’vov, Procaccia, Tiberkevich (2006) JFM v551, 185
& others — see recent review
White, Mungal (2008) Ann. Rev Fluid Mech (2008) v40, 235

Physical understanding

Turbulence model development

Too costly for engineering calculations

LES

RANS/RACE
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Time-averaged governing equations: RANS and RACE
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Closures
required
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Existing models for FENE-P: Li et al (2006)
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Existing models for FENE-P

FENE-P and based on DNS

Leighton, Walker and Stephens (2002) APS meeting ? 

- Reynolds stress transport model
- Slow pressure-strain redistribution term is modified by polymer
  (limits energy redistribution)
- New term in RS equation: interaction of τ'p,ij & turbulence
- New term in Cij equation (NLTij)
- Additional diffusive flux terms not modeled

7

Shaqfeh (2006) AIChE Conference  

- k-ε v2-f extension model of Durbin (1995)
- Simplified model: τp,ij proportional to mean strain (elongation)
- Coefficient has laminar and turbulent contribution
- Laminar part proportional to ∂U/∂y
- Turbulent part proportional to k;
- Modifies pressure strain (v2 equation)
- One transport equation for Ckk;
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DNS cases: channel flow
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• 2007 models (Pinho et al JNNFM 2008 & unpublished) - Only LDR

• 2008 model (under develop.)- Recalculated DNS + LDR & HDR

•Closures valid for 1st & higher order turbulence models
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Time- average polymer stress
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Function f (Ckk)
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CTij

: originates in advective term, negligible
  no need for modeling

M
ij

Oldroyd derivative
Mean flow distortion
Exact and large

NLTij

: turbulent distortion
  originates in distortion of Oldroyd
  derivative- not negligible
  Must be modeled

DNS: Housiadas et al (2005) Phys Fluids 17, 35106, Li et al (2006 a) JNNFM

Time-average evolution equation for the conformation: RACE
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Added for stability
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Balance of RACE 1
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DNS: Housiadas et al (2005), Li et al (2006) JNNFM
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Balance of RACE 2
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Approximate equation for NLTij

SIMPLER THAN EXACT EQUATION:
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L Ĉik( )
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Simplifications for modeling NLTij
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Previous models for NLTij-- 2007 1st model
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Modeling NLTij 2- 2008 model and 2nd 2007 model
5) ad-hoc + symmetry, invariance, permutation, realizability
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Closure for NLTij- 2008 model
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2007 models for NLTij: First versus second model
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Performance of the 2008 NLTij closure: xx and yy
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Performance of the 2008 NLTij closure: trace and xy
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Modeling the Reynolds stress

23

2) Dissipation of turbulent kinetic energy: !N
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As for Newtonian fluids, most terms in εN are approximated

New term (will be considered in the future)

1) Reynolds stresses: Prandtl-Kolmogorov model (k-ε closure)

!uiu j = 2"T Sij !
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Next slide

Major issue: what model to use for Reynolds stresses?
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Transport equation for turbulent kinetic energy
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Qv is small

Need to modify
 model of εN

When We increases (DR  )

Pk decreases
εN decreases
Qv increases in buffer l.,
     but remains small
εV increases in inertial l.
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Zoom of balance of k: inertial sub-layer
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Assumptions for viscoelastic stress work: εV
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Further assumptions for viscoelastic stress work: εV

but larger as
 DR increases
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Viscoelastic stress work model
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Viscoelastic turbulent transport: QV
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Closure development followed
 similar procedures as that for
 NLTij
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k and ε transport equations: modified Nagano & Hishida
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Based on Newtonian model of Nagano & Hishida (1984)
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Predictions U+: Reτ0= 395; Weτ0= 25; β=0.9, L2=900
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Predictions k & εN: Reτ0= 395; Weτ0= 25; β=0.9, L2=900
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Conclusions and Acknowledgments
- Closures for Low DR and High DR

- Closures for NLTij, εV and QV (in fact for εij
V and Qij

V)

- Developed simple low Reynolds k-ε model works reasonably well

- Need to incorporate with better Reynolds stress closures:

   k-ω, modified k-ε or k-ω, Menter’s SST or Durbin’s v2-f

   or RS transport (deficiencies in base model are imp.)

- Need to extend models to Maximum DR, & β & L2

- DNS in other canonical flows required for extension of turb. models
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