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a b s t r a c t

A turbulence model based on elliptic blending concept, referred to as improved k–ω–ϕ–α
model compared against the original k–ω–ϕ–α model developed previously, is developed
and verified. This model consists of four governing equations. Among them the k and ω

equations are based on the Wilcox’s k–ω model with some modifications and improve-
ments according to the original k–ω–ϕ–α model, and the ϕ and α equations are extracted
from the original k–ω–ϕ–α model directly without any change. The improved k–ω–ϕ–
α model is applied to near-wall, separated and impinging jet flows and convective heat
transfer, i.e. the 2D fully developed channel flow, the 2D backward-facing step flow, the
2D impinging jet flow, and the convective heat transfer in the 2D fully developed channel
flow and the 2D impinging jet flow. The computational results are comparedwith available
DNS and experimental data and also to those computed using the original k–ω–ϕ–α model
and the popular Menter’s SST k–ω model. It is shown that the improved k–ω–ϕ–α model
has better numerical stability, higher computational efficiency andmore concise form than
the original k–ω–ϕ–α model. In addition, compared with the original k–ω–ϕ–α model, the
improved k–ω–ϕ–α model can yield similar velocity profiles in the fully developed channel
flow and step flow and friction and pressure coefficients in the step flow and very close
temperature profiles in the fully developed channel flow. Moreover, it shows significant
improvements on the predictions for the fluid flow and heat transfer in the impinging jet
flow. As a whole, the improved k–ω–ϕ–α model predicts better results than both of the
original k–ω–ϕ–α model and the SST k–ω model.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Accurately predicting turbulent information is of importance from practical and theoretical points of view because
turbulent flows are commonly encountered in engineering applications. It is well known that the Direct Numerical
Simulation (DNS) can solve directly the Navier–Stokes (N–S) equations, which are able to describe the details of turbulent
motions,without any simplification. However, its huge computing capacity prevents it frombeing applied in real engineering
problems. Alternatively, the Reynolds-Averaged N–S equations (corresponding to RANS methods) and the filtered N–S
equations (corresponding to Large Eddy Simulation method, LES) are primarily utilized in practices. Although LES shows
more powerful ability than RANS for turbulence simulation, especially for unsteady turbulent flows, its application range is
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Nomenclature

Greek letters

α Elliptic variable
β, γ , β∗, β0 Turbulence model coefficients
δ Half width of the channel
ε, εh Dissipation rate and homogeneous dissipation rate
ω, ωh Specific dissipation rate and homogeneous specific dissipation rate
κ Von Karman constant
µ, ν Molecular dynamic and kinematic viscosity
µt , νt Turbulent dynamic and kinematic viscosity
Ωij Vorticity rate tensor
ϕ Wall-normal turbulent anisotropy, ϕ = v2/k
ρ Density of fluid
σd, σd0, σd1 Turbulence model constants
σk, σω, σε, σϕ Turbulent Prandtl numbers
τ ,τw Shear stress and wall shear stress
θ Mean temperature of the fluid
θw Wall temperature
θin Fluid temperature at inlet
θ+ The normalized temperature
ζ Turbulence model constant

Latin letters

B Width of the inlet of the jet
Cf Skin-friction coefficient
Cp Pressure coefficient
cp Specific heat of the fluid
Cε1, C∗

ε1, Cε2, C∗

ε2, Cε3, Cε4, Cε5, Cµ, CL, CT , Cη, C1, C2 Turbulence model parameters
CD Cross-diffusion term
Dk,Dt

k Turbulent diffusion of k
E The ‘E’ term
f Elliptic relaxation function
fk, fω, fµ Damping functions
fβ Additional function
Fb Blending function
Gk Production of turbulent kinetic energy
H Step height
I Turbulent intensity
k Turbulent kinetic energy or thermal conductivity of the fluid
L Turbulence length scale
n Turbulence model constant
Nu Nusselt number
p Pressure or turbulence model constant
Pr Molecular Prandtl number
Prt Turbulent Prandtl number
q Heat flux
ReH Reynolds number based on H
Ret Turbulent Reynolds number
Reτ Friction velocity based Reynolds number
S Magnitude of strain rate
Sij Strain rate tensor
t Physical time
T Turbulence time scale
Tlim Upper bound of the turbulence time scale
ui Instantaneous velocity vector
u, v, w Velocities along x, y and z directions
Ub Mean velocity of the bulk flow
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