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PROBLEM FORMULATION

Pressure driven channel flow

• Governing equations

ut = − (u · ∇)u−∇p+ (β/Re) ∆u

+ ((1− β) /Re)∇ · τ
0 = ∇ · u

τ t = τ · (∇u) + (∇u)T · τ − (u · ∇)τ

+(1/We)
(
∇u + (∇u)T − τ

)
u – velocity
p – pressure
τ – polymer stress

• Key parameters:

Re =
inertial forces
viscous forces

We =
polymer relaxation time
characteristic flow time

β =
solvent viscosity

total viscosity
∈ [0, 1]

β = 1 ⇒ Newtonian fluids

β ∈ [0, 1) ⇒ viscoelastic fluids

TURBULENCE MODELING

1) Turbulent viscosity hypothesis

2) Turbulent viscosity: νT = c
k2

ε
k - turbulent kinetic energy
ε - rate of dissipation of k

νT - turbulent viscosity

Challenge:
Determine the effect of control on νT
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MOTIVATION

Turbulence: one of the most intriguing natural phenomena
Laminar

(smooth and ordered)

transition to turbulence

Turbulent
(complex and disordered)

Boundary layer (Matsubara & Alfredsson, J. Fluid Mech. ’01)

turbulence suppression:
increased energy efficiency

efluids photo by:
Miguel Visbal

promotion of turbulence:
enhanced mixing

Saintillan & Shelley, Phys. Fluids ’08

DRAG REDUCTION BY TRANSVERSE OSCILLATIONS
Sensor-free vibrational control

drag reduction: f1(U)

control effort: f2(W )

net efficiency: f1(U)− f2(W )

W (y = ±1, t) = 2α sin(
2π

T
t) α - oscillation amplitude, T - oscillation period

Control-oriented turbulence modeling

Model-based design of small-amplitude oscillations

k = k0 + α2 k2 + O(α4)

ε = ε0 + α2 ε2 + O(α4)

⇓

νT = νT0 + α2 νT2 + O(α4)

Saved power: Πsave ≈ α2 Πsave,2

Required power: Πreq ≈ α2 Πreq,2

Net power: Πnet ≈ α2 Πnet,2

perturbation analysis (red), simulations (Quadrio & Ricco ’04; symbols)

INERTIALESS FLOWS OF VISCOELASTIC FLUIDS
• Objective: study the mechanisms triggering “elastic turbulence”

• Approach: uncertainty quantification (worst-case amplification of disturbances)

-

disturbances

 Background noise
Surface roughness
Free-stream disturbances

Flow Dynamics -

Fluctuating
velocity field

• Worst-case amplification in flows with β = 0.5:
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spanwise wavenumbers

• Flows with high We: dominance of streamwise-elongated flow structures

influence of disturbances: polymer stretching: lift-up mechanism:
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[1] R. Moarref and M. R. Jovanović "Model-based design of transverse wall oscillations for turbulent drag
reduction", J. Fluid Mech., doi:10.1017/jfm.2012.272, 2012.
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