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a b s t r a c t

In this paper, a thorough numerical investigation of the performance of several linear and nonlinear k–ε
turbulence model variants in various jet flow applications is carried out. Three k–ε based turbulence
models are considered, namely the standard k–ε model, the υ2–f model, and the nonlinear k–ε model.
The selected turbulence models are applied for the prediction of simple as well as complex jet flow
applications to underpin knowledge about the accuracy obtained from the two-equation turbulence
models. The numerical code developed by the present authors solves the unsteady RANS equations by
using the control volume approach on a non-staggered grid system. Three jet flow applications are
selected, namely a turbulent free jet, a turbulent jet impinging on a flat plate, and a turbulent wall jet.
In order to validate the numerical results obtained and to investigate the performance of the different
turbulence models considered, different experimental measurements from the literature are used. The
present work is primarily motivated by the desire to provide a rational way for deciding how complex
the turbulence model is required to be for a given application and to find out how the accuracy changes
with model complexity. Due to the superior predictive performance of modern turbulence models in
a wide range of complex industrial and engineering applications, it was believed that a ‘universal’
turbulence model might exist. In general, that is not true. Simple flows can be analysed using standard
two-equationmodels. The present numerical investigation showed that the linear turbulencemodel could
give good results in simple (non-impinging) jet flows. However, in complicated flows, such as impinging
jet problems or wall jet flows, a more elaborate level of modeling is required. In such contexts, nonlinear
models are appropriate for predicting the turbulent viscosity structure, namely the inhomogeneous
near-wall flow region and the anisotropic Reynolds stresses, which is a vital part of turbulent jet flow
prediction.

© 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Turbulent jet flows have a large number of practical applica-
tions such as entrainment and mixing processes in boiler and gas
turbine combustion chambers. Also, turbulent jet flow is of cen-
tral importance to many industrial and engineering applications,
e.g. the aerospace industry, spray processes, internal combustion
engines, agriculture and many other applications in medicine and
meteorology. Despite great efforts by research engineers and sci-
entists, turbulent flow, in general, is not well understood, and it re-
mains an unsolved problem in fluid dynamics [1]. Only slowly have
the experimental techniques become available for observing the
actual jet flow structure during the last stages of evolution. How-
ever, despite recent progress in laser techniques, it is difficult to
design an experiment to make the full evolution of the jet leading
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up to the final stages completely reproducible. Moreover, reliable
quantitative data are not available. Therefore, accurate numerical
simulations of the nonlinear equations have become an important
tool in such areas, and they can be used to validate the theoreti-
cal models. This, together with the superior variability in the nu-
merical simulations in the choice of fluid parameters and initial
conditions, is bound to make simulations an important source of
information.

The main goal in turbulence research is to obtain the velocity
field as a function of space and time for a specific turbulent flow
and also to derive scalar fields of some flow property of interest.
Due to the difficulties in performing and comparing experiments,
a numerical simulation of the problem would have been an
ideal candidate for quantifying the effect of the parameters of
interest. In general, turbulent flows are computed either by solving
the Reynolds-averaged Navier–Stokes equations with appropriate
turbulence models for modeling turbulent fluxes or by computing
the fluctuating quantities directly. Indeed, it is often concluded that
turbulence modeling and simulations are the factors that have set
the pace for the rate of progress of computational fluid dynamics
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Nomenclature

D Exit diameter of the jet nozzle
dr1/2/dx Spreading rate of jet
f Elliptic relaxation function
H Space distance between the jet and the impinging

plate
k Turbulence kinetic energy
L Turbulent length scale
Pk Production of the turbulence kinetic energy
Pstag Stagnation pressure value
p Pressure
pc Pressure correction
r Radial distance from the jet centerline
r1/2 The local jet half-width

Sij Main strain tensor, Sij =


∂ui
∂xj

+
∂uj
∂xi


T Turbulent time scale
t Time
t∗ Non-dimensional time, t∗ = t × Ub/H
Ub Average streamwise velocity at nozzle exit
Um Time-averaged/mean local streamwise velocity
Uc Time-averaged centerline velocity
uu, vv, uv Streamwise, normal, and shear Reynolds stresses,

respectively
uτ Friction velocity, uτ =


τw/ρ

x, y Coordinates in streamwise and transverse direction,
respectively

y+ Non-dimensional inner coordinate, y+
= uτy/ν

y Distance measured from the wall

Greek symbols

ε Turbulence-energy dissipation rate
δij Kronecker delta (δij = 1 if i = j, and δij = 0

otherwise)
κ von Kármán constant (=0.41)
µ Laminar viscosity
µt Turbulent viscosity
ν Kinematic viscosity, ν = µ/ρ
νt Turbulent kinematic viscosity, νt = µt/ρ
ρ Fluid density
τw (Time-averaged) wall shear stress
Ωij Main vorticity tensor, Ωij =


∂ui
∂xj

−
∂uj
∂xi


Subscripts

c Centerline value
i, j, k Component i, j, k of a vector
m Local time mean
max Maximum value
p Near-wall point
w Wall condition

Acronyms

DES Detached-eddy simulation
DNS Direct-numerical simulation
LDA Laser-doppler anemometer
LES Large-eddy simulation
LEVM Linear eddy viscosity model
NLEVM Nonlinear eddy viscosity model
RANS Reynolds-averaged Navier–Stokes
SHW Stationary hot wire
SWF Standard wall function
(CFD) in fluid engineering. This is reflected by the enormous
amount of research on turbulence predictions over the past three
decades. The major difficulty with turbulent flow is that it has
a very wide range of length and time scales and high-frequency
fluctuations embedded,whichmeans that the equations governing
turbulent flow are usually much more difficult and expensive to
solve.

In general, the numerical predictions of turbulent flows have
been limited in accuracy partly by the performance of three key el-
ements, namely grid generation, algorithm development, and tur-
bulence modeling. It is known that a well-constructed grid and
a well-designed algorithm greatly improve the quality of the so-
lution; conversely, poorly constructed grids and poorly designed
algorithms are major contributors to poor results. In addition, nu-
merical simulation difficulties such as the lack of convergence to
a desired level are often a consequence of the poor grid quality
or an invalid algorithm. However, the turbulence model accuracy
has a large influence on the prediction of the physical phenomena
encountered. Consequently, turbulence modeling has a decisive
influence on drag, species transport, heat transfer, vorticity dis-
tribution, and separation. The challenging problem of turbulence
modeling is how to capture the wide range of length and time
scales encountered in such complex flows. Consequently, new con-
cepts and hypotheses are continually being introduced.

Generally, three levels of modeling are commonly adopted in
turbulent flow simulations. (i) Reynolds-averaged Navier–Stokes
simulation (RANS) with the linear eddy viscosity model (LEVM)
based on the Boussinesq assumption or with the Reynolds stress
transport model (RSTM) with the six components of the Reynolds
stress defined by their transport equations. (ii) The so-called large-
eddy simulation (LES), where ‘slowly varying’ components are as-
sumed to extend down to the mesh size where sub-grid models,
based on the eddy viscosity concept, are applied. (iii) Direct nu-
merical simulation (DNS), in which the simulations need a huge
amount of computer memory, because of the grid required for
computation; hence it is restricted for low Reynolds number flow
simulation cases. In all approaches, there are obvious limitations
and different weakness. However, the eddy viscosity concept has
been remarkably successful for simple boundary layer flows and in
the accurate definition of themean flowproperties for the attached
unsteady boundary layer [2]. In the case of separated flows, the ca-
pabilities of different turbulence models are less certain. The LES
approach is probably realistic away froma solid boundary, but near
to a boundary it has all the limitations of a simple eddy viscosity
model. In addition, LES andDNS are three-dimensional studies, and
hence are very computationally demanding. In conclusion, DNS
is presently too costly for most engineering flows. LES, although
presently capable of depicting more complex flows than DNS, is
still too cost intensive and not yet suitable for complex engineer-
ing problem solutions. However, recent developments in computa-
tional resources might make LES feasible for practical applications.

Recently, hybrid RANS/LESmodels have been developed to ben-
efit from the computational economy of RANS but to give the
higher fidelity of LES in regions of interest. Detached-eddy simula-
tion (DES) is the original prescription for the hybrid RANS/LES so-
lution strategies that underlie most recent work [3]. However, DES
still represents many unresolved modeling issues that motivated
the future work to focus on improvement of predicting different
complex turbulent flow and, in addition, grid-resolution studies
are necessary.

Another group of models has utilized a new methodology for
simulating turbulent flows called SCALES [4], which stands for
stochastic coherent adaptive large-eddy simulation. Although
SCALES can outperform classical LES in different complex geome-
tries turbulent flows at high Reynolds numbers, a local SGS model
and efficient data structures are required to realize the benefits of
SCALES in such highly non-homogenous flows [4].



A. Balabel, W.A. El-Askary / European Journal of Mechanics B/Fluids 30 (2011) 325–340 327
The RSTM offers the potential for far more reliable turbulence
production [5]. This is because important production terms are
calculated directly from resolved variables, while the production
terms of two-equation models are modeled. However, the main
difficulties in the RSTM are the modeling of pressure–strain
terms and the near-wall turbulence. Moreover, the numerical
stability is often problematic, as a small time step is required for
stability. Consequently, the RSTM is also numerically challenging
and computationally expensive. All these characteristics of the
RSTM are regarded as important limitations in the context of
industrial CFD. This has thus motivated efforts to improve the
LEVM or to construct models which combine the simplicity of
eddy viscosity formulationwith the superior fundamental strength
and predictive properties of second-moment closure. These efforts
have given rise to the group of modified LEVMs and the group of
nonlinear eddy viscosity models (NLEVMs).

Two-equation models are complete in the sense that they
employ two transport equations for the two turbulent scales,
namely the velocity and length scales. Some improvements of the
LEVM are carried out by introducing ad hoc corrections, usually
to the length-scale equation, and/or the formulation of alternative
equations for different length-scale parameters (e.g. dissipation
rate ε, vorticity ω, time scale ω−1). However, none of these
addresses the fundamental limitations arising from the unrealistic
constitutive relations, and in addition these approaches are also
known to be afflicted by major weaknesses.

Among several LEVMs, the standard (STD) k–ε turbulence
model [6] is still themostwidely used in industrial and engineering
applications, as it represents a good comparison between accuracy
and computational efficiency. It was developed, calibrated, and
validated to cover a wide range of industrial and engineering
applications. It is a robust two-equation turbulence model and it
yields quite reasonable results in high Reynolds number flowwhen
its restrictions are considered [7]. Therefore, the two-equation
STD k–ε model has been the subject of much research in recent
years, even though it fails to predict a number of complex flows
correctly. In particular, the two-equation STD k–ε model has
limitations when the cross-sectional flow area changes or with the
impinging problem. Consequently, there is a need to improve the
predictions of the STD k–ε model in such applications. Recently,
the development procedure has focused attention on extending
the validity of the STD k–ε model in order to provide a wider range
of problemswith a quality turbulent flow solution at an equivalent
cost.

The recent novel attempts to improve the LEVM focus on near-
wall modeling and the nonlinear constitutive relation used in the
nonlinear models. The near-wall modeling needs the development
of low Reynolds stress transport models. The basic idea is based on
the implementation of the near-wall viscous effects by damping
the turbulent viscosity toward a wall by introducing a damping
function. Many versions of such models can be found in [8]. The
low Reynolds number k–ε model [8] dramatically overpredicts the
heat transfer at the stagnation points. Inmore recent research [9], it
is concluded that low Reynolds stress transport models are critical
for heat transfer predictions. Therefore, standard k–ε turbulence
modeling with its improved low Reynolds number form has been
limited to specified applications or combined with other high
Reynolds numbermodels as a part of the turbulencemodeling near
walls.

Some improvements of the STD k–ε model have been recently
developed [10]. The development was carried out either through
modifying the model constants for the application of a free jet,
e.g. [11] using the experimental measurements of [12], or through
re-evaluation of the RNG k–ε model’s constants [13] or by intro-
ducing an ad hoc damping function, e.g. the low Reynolds num-
ber k–ε model [14]. These modifications are adjusted to make the
model fit experimental or computational data [15]. Nevertheless,
no pretence has been made that any of these models can be ap-
plied to all turbulent flows: such a ‘universal’ model may not exist.
Each model has its advantages and disadvantages, limitations, and
appropriate flow regimes. One of the most important controllers
of turbulence model performance is the estimated values of the
model coefficients, which can be only evaluated by advanced ex-
perimentalmeasurements over awide range of fluid dynamics and
heat transfer applications.

An alternative route is used for improving the STD k–ε model
near solid boundaries through the evolution of suitable velocity
and time scales of turbulence. It was noted that the unacceptable
results obtained by the STD k–ε model when it is integrated to
solid boundaries are due to the assignment of k as a velocity
scale [16]. This and other considerations motivated the so-called
υ2–f model [17,18]. In this model, the appropriate velocity scale
for turbulent transport toward the wall is the velocity fluctuation
normal to streamlines υ2, thereby introducing the effects of
streamline curvature in a natural way. Moreover, the υ2–f model
formula provides the right scaling in representing the damping of
transport close to the wall.

The v2–f model was originally developed for attached ormildly
separated boundary layers. Recently, it was also applied in exam-
ples of massive separation and unsteady vortex shedding [18]. The
starting point of the v2–f model is the Boussinesq assumption as
well as any other linear eddy viscosity model, i.e. the overall effect
on themean flow is completely isotropic. Therefore,more recently,
a number of modifications have been introduced in order to de-
rive a non-isotropic relationship for the normal Reynolds stresses.
These efforts have given rise to the group of nonlinear eddy viscos-
ity models in more complex engineering applications [19].

The most important defects of the LEVM are the modeling of
the Reynolds stresses using the linear Boussinesq stress–strain
relations. This gives a wholly unrealistic representation of normal
stress anisotropy, observed in virtually all shear flows, and the
substantial errors in complex strain, in which the gradients of
the normal stresses contribute significantly to the momentum
balance. Other predictive deficiencies include incorrect sensitivity
to curvature strain and dilation, excessive levels of turbulence in
regions of strong normal straining, wrong response to swirl, and
the suppression of self-induced periodic motions.

To avoid the related problems of the LEVM, an alternative
route thus pursued recently has been nonlinear eddy viscosity
models (NLEVMs) [20,21]. This approach is based on the nonlinear
extension of the linear stress–strain relation. Consequently, the
Reynolds stresses are defined by an algebraic formula depending
on a nonlinear combination of mean strain and vorticity as well as
k and ε. In this way, some of theweaknesses of the LEVM related to
turbulence production near stagnation, insensitivity to curvature,
flow separation on curved surfaces, and often poor predictions of
transitions are avoided, and the well-defined important effects are
represented.

The NLEVM is an important topic in recent modeling of turbu-
lent flow. This approach has been developed to describe the flow
in a more physically consistent manner. The NLEVMs are made to
mimic the physics of turbulence by means of mathematical arti-
facts and calibration, and, in addition, they provide a mechanism
for anisotropy of the normal stresses. The basic idea of the NLEVM
is the extension of the original linear stress–strain relation to a
nonlinear form. Consequently, the Reynolds stresses are defined by
algebraic formulae depending on a nonlinear combination ofmean
strain and vorticity as well as k and ε, with coefficients which may
be tuned for particular applications. TheNLEVM’s performancewas
tested in our previous research [21] on asymmetric divergent chan-
nel flow, and good results were obtained.

Most NLEVMs are usually quadratic or cubic according to the
order of the characteristic time scale τ = k/ε in the anisotropy
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tensor equation. These differences in order are of considerable
significance. In particular, cubic models play an essential role
in capturing the strong effects of curvature on the Reynolds
stresses. The comparison of many quadratic stress–strain relations
with experimental data showed that none achieves much greater
width of applicability. However, the model of Craft et al. [19] has
proposed a cubic relation between the strain and vorticity tensor
and the stress tensor; this did much better than conventional eddy
viscosity models in capturing the streamline curvature and the
anisotropic stresses over a wide range of flows.

In the present paper, the STD k–ε model, the v2–f model, and
the nonlinear k–ε (cubic model) are investigated against three jet
flow problems, namely a free round jet, a jet impinging on a flat
plate, and a turbulent wall jet. The solution quality obtained from
the different assorted formulations of two-equation turbulence
models is discussed in detail. Moreover, a number of different
criteriawhich are used to judge the turbulencemodel performance
are explored.

The sections below give details of the governing equations,
the different turbulence modeling strategies, and the numerical
approaches adopted. Further, the cases studied are explained in
detail and the present numerical results obtained are compared
with different techniques of experimental measurements. Finally,
conclusions are drawn.

2. Computational methodology

2.1. The governing equations

Starting from the continuity and momentum equations for un-
steady, two-dimensional, incompressible, and Newtonian flow,
and following the Reynolds-averaged procedure,where the instan-
taneous variables for the velocity and pressure field are decom-
posed into the mean and fluctuating components, one obtains the
so-called Reynolds-averaged Navier–Stokes (RANS) equations. In
tensor notation, the RANS equation can bewritten in time-accurate
form as follows:

∂

rα∂xi
(rαρui) = 0 (1)

∂

∂t
(ρui) +

∂

rα∂xj
(rαρuiuj)

= −
∂p
∂xi

+
∂rα

rα∂xj

[
µ


∂ui

∂xj
+

∂uj

∂xi


+ (−ρu′

iu
′

j)

]
, (2)

where a = 0or 1 for two-dimensional flow (x–y coordinates) or ax-
isymmetric flow (x–r coordinates), respectively, ρ is the fluid den-
sity,µ is the dynamic viscosity, ui and uj denote ensemble-average
quantities, u′ is a fluctuating or turbulence quantity, and p is the
pressure. The quantities−ρu′

iu
′

j are known as Reynolds stresses. In
order to close the above equations, turbulence models are needed
to model the apparent Reynolds stresses. For the LEVM, the linear
stress–strain relation is assumed to follow the Boussinesq assump-
tion:

− ρu′

iu
′

j = µt


∂ui

∂xj
+

∂uj

∂xi


−

2
3
ρkδij, (3)

where δij is the Kronecker delta function (δij = 1 if i = j and δij = 0
if i ≠ j), k is the turbulent kinetic energy, and µt is the turbulent
viscosity.

2.2. Two-equation turbulence models

Until recent years, two-equation turbulence models served as
the foundation for much of the turbulence model research. Two-
equation models are complete in the sense that they employ
two transport equations for the two turbulent scales, namely the
velocity and length scales. The starting point of all two-equation
models is the Boussinesq constitutive relation and the turbulent
kinetic energy equation. Apart from that, a second transport
equation is solved to determine the length scale.

2.2.1. The standard k–ε model (STD k–ε)
The k–ε model is one of the most popular two-equation

turbulence models in CFD. The most commonly used formulation
of the k–ε turbulence model is known as the standard k–ε model,
whichwas developed by [3]. In the standard formulation of the k–ε
model, two transport equations for the turbulent kinetic energy k
and its dissipation rate ε are specified:

∂

∂t
(ρk) +

∂

rα∂xj
(rαρujk) =

∂

rα∂xj
rα

[
µ +

µt

σk


∂k
∂xj

]
+ ρ(Pk − ε) (4)

∂

∂t
(ρε) +

∂

rα∂xj
(rαρujε) =

∂

rα∂xj
rα

[
µ +

µt

σε


∂ε

∂xj

]
+ ρ(C1εPk − C2εε)

ε

k
. (5)

The turbulent kinetic energy production rate is defined as

Pk = νt


∂ui

∂xj
+

∂uj

∂xi


∂ui

∂xj
, (6)

where νt is defined as µt/ρ, and the turbulent viscosity µt is
defined as

µt = ρCµ

k2

ε
. (7)

The standard values of the empirical constants are

Cµ = 0.09, σk = 1, σε = 1.3, C1ε = 1.44,
C2ε = 1.92.

In simulations with the STD k − ε model, one significant
problem with an impinging jet (one of the cases studied here)
is the handling of the near-wall, viscosity-affected layer. A full
resolution of this, with a low Reynolds number turbulence model,
is very expensive, as a result of the extremely fine grid needed.
Hence the present work has used the wall function to approximate
the flow development across this layer, allowing the use of a
coarser near-wall grid, with the first near-wall node ideally placed
outside the viscous layer, in the fully turbulent region of the
flow. Standard forms of wall functions (SWFs) are based on an
assumed logarithmic mean velocity profile and local equilibrium
conditions, leading to the near-wall velocity profile being given in
non-dimensional form as U+

=
1
κ
Ln(Ef y+), where Ef = 9.8 for

smooth walls as assumed in the present work, κ = 0.41 is the von

Kármán constant, U+
= ρUk1/2p /τw , and y+

=
yk1/2p

ν
, with τw the

wall shear stress, y the distance from thewall, and kp the turbulent
kinetic energy at the near-wall node. At the wall, the boundary
value for the dissipation rate at the first near-wall point (identified

by the subscript p) can be expressed as εp =
C0.75
µ k1.5p
κyp

. The near-wall
value of the turbulence kinetic energy k is computed by solving the
complete transport equation for k in the near-wall control volume,
with thewall shear stress included in the production term and zero
normal gradients assumed for k at the wall.

2.2.2. The v2–f model
The v2–f model was introduced as a restriction of a full second-

moment closure model [17]. It is able to predict the damping
of turbulence transport near solid boundaries accurately without
using eitherwall functions or damping functions. In addition, it can
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reproduce the well-known near-wall non-local effects of pressure
deformation fluctuations. Thev2–f model including its variants has
been validated over a wide range of complex flows [22].

In the v2–f model, two additional transport equations for v2

and f are solved along with the STD k–ε equations (Eqs. (4) and
(5)). The v2 transport equation (regarded simply as a velocity scale
that satisfies the boundary conditions appropriate for the normal
component of turbulent intensity) can be given as follows:

∂

∂t
(ρυ2) +

∂

rα∂xj
(rαρujυ

2) =
∂

rα∂xj

[
rα


µ +

µt

σk


∂υ2

∂xj

]
+ ρ


kf − υ2 k

ε


. (8)

The quantity υ2 is obtained from a transport equation simplified
from second-moment closure. The associated pressure strain term,
which is responsible for the redistribution of turbulence energy
in the proximity of walls to return the correct level of turbulence
anisotropy, is obtained by solving an auxiliary elliptic relaxation
equation for f :

L2
∂2f
∂x2j

− f =
1
T

[
(C1 − 6)

υ2

k
−

2
3
(C1 − 1)

]
− C2

Pk
k

, (9)

where the turbulent time T and length scale L are given as follows:

T = max

k
ε
, 6


ν

ε


, L = CL max


k1.5

ε
, Cη

ν0.75

ε0.25


, (10)

where ν is the kinematic viscosity. Consequently, the turbulent
viscosity µt is defined as

µt = ρCµv2T . (11)

The constants of the adopted v2–f model are chosen following the
so-called v2–f friendly model [22]:

Cµ = 0.22, σk = 1, σε = 1.3,

C1ε = 1.4(1 + 0.05

k/v2); C2ε = 1.9,

C1 = 1.4; C2 = 0.3; CL = 0.23; Cη = 70.

(12)

2.2.3. The nonlinear k–ε model
The previously described models (the STD k–ε model and the

v2–f model) still follow the Boussinesq hypothesis in the definition
of the stress–strain relation. The idea of nonlinear eddy viscosity
models (NLEVMs) is to extend the linear constitutive relation to
a nonlinear one, which would be able to capture more physics.
This can be simply done by introducing some additional terms in
the stress–strain relation, related to the mean strain and vorticity
tensors. According to [20], the constitutive relation for a cubic
NLEVM can be written as

u′

iu
′

j =
2
3
kδij − 2Cµfµ

k2

ε̃
Sij +

k3

ε̃2


C1


SikSjk −

1
3
SklSklδij



+ C2(SikΩjk + SjkΩik) + C3


ΩikΩjk −

1
3
ΩklΩklδij



+
k4

ε̃3


C4(SikΩjl + SjkΩil)Skl

+ C5


ΩikΩklSlj + ΩjkΩklSli −

2
3
ΩklSlmΩmkδij



+
k4

ε̃3


C6


SklSklSij


+ C7


ΩklΩklSij


, (13)
where the main strain and vorticity tensors are defined by

Sij =


∂ui

∂xj
+

∂uj

∂xi


, Ωij =


∂ui

∂xj
−

∂uj

∂xi


. (14)

The ε-transport equation, Eq. (5), is then modified to include low
Reynolds number terms for the adequatewall treatment according
to the following form:

∂

∂t
(ρε̃) +

∂

rα∂xj
(rαρujε̃)

=
∂

rα∂xj
rα

[
µ +

µt

σε


∂ε̃

∂xj

]
+ ρ(C1εf1Pk − C2εf2ε̃)

ε̃

k
+ ρE, (15)

where the homogeneous and inhomogeneous parts of the dissipa-
tion rate are defined as follows [20]:

ε = ε̃ + D. (16)

The associated model constants and coefficients are described as
follows [20]:

Cµ =
0.3

1 + 0.35η1.5
(1 − exp(−0.36 exp(0.75η)))

η = Max(S̄, Ω̄), S̄ = (k/ε)

2SijSij,

Ω̄ = (k/ε)

2ΩijΩij fµ = 1 − exp


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C1 = −0.4Cµfµ, C2 = −C1, C3 = 1.04Cµfµ,

C4 = 80C3
µfµ, C5 = 0, C6 = −40C3

µfµ,

C7 = −C6,

where the dimensionless parameters S̄, Ω̄ are known as the nor-
malized strain and vorticity tensors. In such a context, the turbu-
lent viscosity µt is then defined as

µt = ρCµfµ
k2

ε̃
. (17)

It should be pointed out that, when C4 = C5 = C6 = C7 = 0, the
so-called quadratic model is obtained. In our study, only the cubic
model is considered.

The above-described nonlinear k–ε turbulencemodel is applied
in the present study, and its results are compared with those ob-
tained from the other considered linear turbulence models (the
STD k–ε model and the υ2–f model). Different previous experi-
mental data are also used for the assessment of the all adopted tur-
bulence models in the prediction of the selected computational jet
dynamics applications. The developed numerical method and pro-
cedure applied for solving the above system of equations (RANS
equations and the turbulence model equations) are explained in
detail in the following section.

2.3. Numerical procedure

All the dependent variables of interest here (u, v, k, ε, v2, f )
follow the generalized conservation principle. The general differ-
ential equation for unsteady, incompressible, and two-dimensional
(α = 0, r ≡ y) or axisymmetric (α = 1) flow is given by
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where ϕ is the dependent variable, Γϕ is the diffusion coefficient
for ϕ, and Sϕ is the source term. The quantities Γϕ and Sϕ are spe-
cific to a particular meaning of ϕ. This arrangement of the govern-
ing equations is necessary for suitable application of the control
volume approach proposed by [23]. The resulting governing equa-
tions presented here are discretized and solved on non-staggered,
structured and cell-centred collocated grids using the implicit frac-
tional step non-iterative method on the basis of the control vol-
ume approach [23]. The implementation of a single cell network for
all variables with a collocated specification of variables at the cen-
tre of each cell requires high-order approximation for calculating
the fluxes at cell faces to ensure a proper velocity–pressure cou-
pling and to prevent the associated pressure oscillations. As there
is no pressure transport equation considered, the continuity equa-
tion is satisfied by solving the Poisson equation for pressure using
the successive over-relaxation method. This method is referred to
as a split-step pressure correction method; it was developed and
applied successfully in our previous research for single-phase and
two-phase flow applications [24].

Our strategy for solving the appropriate system of equations is
carried out by presuming that the velocity field reaches its final
value in two stages; this means that

un+1
= u∗

+ uc, (19)
where u∗ is an imperfect velocity field based on a guessed pressure
field, and uc is the corresponding velocity correction. First, the
‘starred’ velocity will result from the solution of the momentum
equations. The second stage is the solution of the Poisson equation
for the pressure:

∇
2pc =

ρ

1t
∇ · u∗. (20)

where 1t is the prescribed time step and pc is called the pressure
correction. Once the Poisson equation is solved, one gets the
appropriate pressure correction, and consequently, the velocity
correction is obtained according to

uc = −
1t
ρ

∇pc . (21)

After obtaining the divergence-free velocity field, the turbulence
model equations are solved on the computational domain and,
then, the whole solution algorithm is repeated until it reaches the
statistically steady-state condition.

However, the numerical method described above has second-
order accuracy in space and first-order accuracy in time. The
prescribed time step is assumed to be small enough and constant to
ensure a stable numerical solution; consequently, there is no need
to apply CFL criteria.

3. Results and discussion

3.1. A self-preserving axisymmetric turbulent jet

Although a self-preserving axisymmetric turbulent jet is con-
sidered as a relatively simple turbulent shear flow, it represents a
benchmark for research into the physics of turbulent fluid flow. The
importance of the free jet to the understanding of turbulence is evi-
dencedby the large number of publications involving experimental
data, mathematical analysis, and computational modeling. Many
relevant technical applications are based upon jets, e.g. rocket en-
gines and gas turbines.

It was established that the jet was truly self-preserving some
distance downstream of the nozzle, and therefore most of the
results were presented in excess of this distance. However, the
Fig. 1. Axial velocity contours for an axisymmetric turbulent jet (present
simulation for Re = 105).

turbulent intensity showed marked departures from self-preser-
vation even on the axis of the jet. Therefore, the numerical simu-
lation of the axisymmetric turbulent jet, presented in the present
paper, is used to investigate the performance of the implemented
turbulence models and the developed numerical scheme. Great
emphasis is placed on the prediction of the Reynolds stresses that
can describe the flawless performance of the adopted turbulence
models. Indeed, jets pose a difficult problem for turbulence mod-
els employing a single fixed set of constants [25]. Jets are there-
fore widely used as a standard test-case in turbulence modeling
evaluation.

The axisymmetric turbulent jet simulated in the numerical
experiment reported here, as shown in Fig. 1, was modified to
closely match the boundary conditions of the experimental work
of [26]. Air with a mean velocity of Um = 51 m/s exits through a
central nozzle with a diameter of D = 26.4 mm into ambient air
at atmospheric pressure. In this case, the Reynolds number is Re =

105 and the Mach number is Ma = 0.15, both numbers allowing
the flow to be considered incompressible. It was concluded by [27]
that the effect of the initial conditions near the nozzle exit
diminishes rather slowly with downstream distance; therefore
the computational domain is allowed to extend more than 70
diameters downstream of the nozzle. At the nozzle exit, a uniform
velocity distribution is employed. The turbulent intensity at the
nozzle exit is estimated using the ratio of the turbulent fluctuating
to mean velocity at the nozzle exit as I = u′/Um ≈ 0.16Re−0.125.
The resulting inlet kinetic energy is kinlet = 1.5(UmI)2, and the
corresponding dissipation rate εinlet = (Cµ)0.75(kinlet)1.5/l, where
l is the turbulent length scale, assumed to be equal to the nozzle
diameter, and Cµ is a constant, equal to 0.09.

As a result of the symmetrical characteristics of the turbulent
jet considered, only the upper half of the computational domain is
simulated. The computational grid employed here consists of 101
(axial) by 151 (radial) grid cells for a computational domain di-
mension of 3 × 1.0 m2, respectively. In fact, we performed the
simulation with three different grids: 51 × 75, 101 × 151 and
203×303 in the axial and radial directions, respectively. No notice-
able differences in the results were obtained from the finest and
medium grids, while the rough grid produced unsatisfactory re-
sults compared with the experimental measurements, so we only
employ here the medium grid. Four types of boundary condition
were used to describe the flow field within the computational do-
main, namely inlet boundary conditions at the nozzle exit, axis of
symmetry along the jet centerline, outlet boundary conditions at
the top and the right end of the computational domain, and slip
boundary conditions at the west side, see Fig. 1.

In the early experimental investigation of [26], which was
carried out by using linearized constant-temperature hot-wire
anemometers, the velocity of the jet was maintained constant to
accuracy better than 1%, and the scatter in r.m.s. values was less
than 1%.

The same experiment was repeated in [28] by using both sta-
tionary and flying hot-wire and burst-mode LDA techniques for the
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Fig. 2. Variation of the centerline axial velocity.

same source and boundary conditions. The uncertainty in the es-
timation of the jet exit momentum was approximately 2.6% [28].
The sampling error for obtaining the mean values using the hot-
wire anemometers was approximately 3% at the outermost radial
location and 0.7% at the centerline [28]. In spite of the LDA tech-
niques applied, there was considerably more scatter in LDA results
(typically 5%) than in the hot-wiremeasurements; see [28]. The ex-
perimental measurements presented in [28] differed substantially
from those reported in [26]. These differences were attributed to
the smaller enclosures used in the earlier experiment of [26] and
due to the recirculation encountered within it. Moreover, the fly-
ing hot-wire and burst-mode LDAmeasurements presented in [28]
were different from the stationary wire measurements due to the
effect of the high turbulence intensity at the jet centerline on the
performance of themeasuring instruments [28]. According to such
associated experimental discrepancies, in addition to the superior
variability of simulations (in the choice of fluid parameters and of
initial conditions), numerical simulations have recently become an
important source of information that is not available experimen-
tally. Therefore, the numerical results obtained in the presentwork
are compared with the experimental measurements of [26,28].

3.1.1. Mean velocity profiles
Fig. 2 illustrates the variation of the predicted centerline

velocity, normalized by the inlet mean velocity, as a function of the
axial location normalized using the nozzle diameter at a distance
of x/D = 75. The numerical results predicted by the implemented
different turbulence models are compared with the experimental
measurements of [26,28]. The experimental measurements of [26]
were carried out by using linearized constant-temperature hot-
wire anemometers, while the experimental measurements of [28]
were performed by using the stationary hot-wire (SHW) technique
and burst-mode laser Doppler anemometry (LDA).

Fig. 2 indicates the decay rate of the centerline velocity Uc rep-
resented by a straight line revealing the self-preserving character-
istics of the jet. The greater the slope of the line, the higher the
decay rate of the centerline velocity. The virtual origin of the jet is
represented by the initial nearly constant part of the profile. All the
turbulence models adopted predict the linear distribution of the
centerline velocitywell. However, the results predicted by the v2–f
model are the nearest results to the experimental measurements
made by using the SHW technique regarding the prediction of the
virtual origin of the jet, x/D ≈ 4.5, which is in close agreement
a

b

Fig. 3. Mean axial velocity profile in the radial direction at x/D = 75, compared
with previous experimental measurements (a) and previous RANS simulation (b).

with the prediction of [28] (x/D ≈ 4.0), while x/D ≈ 7.0 is re-
ported in the experiment of [26]. The predicted values of the virtual
origin using the STD model or the nonlinear model are x/D ≈ 2.3
and 3.2, respectively. These results indicate that the v2–f model is
capable of predicting the virtual origin of the jet correctly.

Fig. 3(a) shows the axial velocity distribution in the radial
direction, normalized by the centerline velocity and plotted versus
the non-dimensional radial coordinates at an axial location of
x/D = 75. The numerical results predicted by the different
turbulence models adopted are compared with the experimental
measurements of [26,28]. The three turbulence models adopted
give almost coincident profiles. The variation in the three predicted
velocity profiles occurs only in the outer portion of the jet (r/(x −

xo) > 0.15), with a close prediction of the v2–f model to the
experimentalmeasurements. However, these differences could not
be considered significant in the prediction of the radial distribution
of the streamwise velocity as the difference between the v2–f
model and the nonlinear model is very small.

In order to show the accuracy of the present RANS simula-
tion, another validation is carried out in Fig. 3(b) by comparing
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Fig. 4. Streamwise component of the Reynolds stresses at x/D = 75.

the numerical results obtained from the linear models (STD k–ε
and v2–f models) with the previous RANS simulation of [11]
using the STD k–ε model and with the same experimental
measurements of [12], considered in [11] for numerical results
verification. Fig. 3(b) shows that the present RANS results are in
better agreement with the experimental measurements of [12]
than those of [11]. This could be a consequence of the numerical
scheme adopted in the present paper.

It should be pointed out that the differences between the exper-
imentalmeasurements of both [26] and [28] are an consequence of
the experimental facilities used in [28], while the discrepancies be-
tween the two experimental techniques (SHW and LDA) are small
but have non-negligible effects. Therefore, the comparison of the
numerical results with the experimental measurements of [28] is
worthwhile. Consequently, we restrict the verification of the tur-
bulence models to the comparison of the Reynolds stresses in the
experimental measurements of [28].

3.1.2. Reynolds stresses (second moments of velocity)
The Reynolds stresses in both the streamwise and normal

directions are non-dimensionalized by the square of the centerline
velocity and compared, for all turbulencemodels adopted,with the
experimental measurements of [28], as shown in Figs. 4 and 5.

The streamwise component of the Reynolds stresses is plotted
in Fig. 4. The numerical results obtained from the STD k–ε and
the v2–f models show better agreement with the LDA data
than those predicted by the nonlinear model, which overpredicts
the experimental measurements. This can be attributed to the
excessive prediction of the normal stresses by the nonlinear
models in such cases where the anisotropic stress effects have a
smaller contribution to the Reynolds stresses. The prediction of the
normal component of the turbulent Reynolds stresses is shown in
Fig. 5, where all turbulence models overpredict the experimental
measurements. Thismight be attributed to the effect of the leading
cross-flow error on the measuring instruments [28]. In general,
the STD k–ε model and the v2–f model showed nearly the same
distribution. However, the nonlinear model showed a different
profile.

The turbulent shear stress is plotted in Fig. 6. All the turbulence
models adopted in the present paper showed an overall qualita-
tive agreement with the LDA measurements, while the SHWmea-
surements failed to predict the distribution of the turbulent shear
stresses. A fairly quantitative agreement has been obtained for
Fig. 5. Normal component of the Reynolds stresses at x/D = 75.

Fig. 6. Turbulent shear stress for an axial free jet at x/D = 75.

the STD k–ε and v2–f models. However, the nonlinear model still
overpredicts the experimental measurements. This may be a con-
sequence of the nonlinear constitutive relations presented in the
nonlinearmodel and themodel constants included. The results ob-
tained from the nonlinear turbulencemodel are clearly affected by
the constant values which were previously calibrated in the origi-
nal paper of [19] to give the best agreement with the experimental
measurements only in the case of the impinging-jet problem.

In general, and from the previous comparisons, it can be con-
cluded that linear models such as the STD k–ε and v2–f models are
better than nonlinear models in the prediction of simple turbulent
shear flows. In such cases, the nonlinear model, as a result of its
nonlinear constitutive relation, overpredicts the normal Reynolds
stresses in comparison with the experimental measurements or
the other linear turbulence models. The nonlinear model might be
useful in other jet applications where the anisotropic stresses have
a large contribution to the Reynolds stress predictions. Some im-
portant jet applications are the jet impinging andwall jet problems,
which are described in the following sections.
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Fig. 7. Axial velocity contours for the impinging jet problem (present simulation,
for H/D = 2 at Re = 23 000).

3.1.3. Jet spreading rate
One of the important characteristic variables of round turbulent

jets is their spreading rate dr1/2/dx. The jet half-width r1/2 is
defined as the radial distance from the jet axis to the point atwhich
the local mean axial velocity is half the mean axial velocity on
the jet axis itself at the same location. The standard STD k − ε
model results in a spreading rate of dr1/2/dx = 0.075. This value
deviates significantly from that found in the literature using the
same STD k − ε model [10], where the value of the spreading rate
was determined to be 0.086. We ascribe this discrepancy to the
property of the limiters used in the STD k − ε model. Due to the
coarse grid resolution at the nozzle exit, strong gradients at the
jet boundary occur, thereby reducing the accuracy of the adopted
numerical scheme. Bymodifying the value of the constantC1ε to 1.4
instead of its standard value 1.44, the spreading rate is improved to
dr1/2/dx = 0.08. Therefore, this modification should be employed
whenever the nozzle exit cannot be resolved sufficiently. However,
the value of the spreading rate predicted by using the standard
value of the constant C1ε and by implementing the v2–f and the
nonlinear models is nearly about dr1/2/dx = 0.082 and 0.086,
respectively. This indicates that the problem of varying the model
constants could be diminished.

3.2. Impinging jet problem

More recently, impinging jets have received considerable atten-
tion because of their widespread engineering and industrial ap-
plications. Examples include manufacturing, material processing,
cooling of turbine blades and drying paper, textiles, quenching of
metals and glass, and more recently cooling of electronic equip-
ment [29]. There are numerous papers dealing with this problem
both numerically and experimentally, focusing essentially on the
prediction of the heat transfer parameters [30]. However, the pre-
diction of the turbulent characteristics and structure have been in-
vestigated less as a result of the complexity associated with the
experimental measurements or the numerical challenges.

For a better understanding of the jet impingement heat transfer
process, details of the flow and turbulence characteristics and
structure are required [31]. Consequently, numerical simulation of
the impinging jet problem would have been an important key for
quantifying the effect of different parameters of interest. However,
many complex features are encountered in the impinging problem
due to stagnation, jet entrainment, and high streamline curvature.
These features prove to be incompatible with most existing
turbulence models, which have essentially been developed and
tested for flows parallel to a wall. Therefore, the complexity
of such a flow has led to it being chosen as an excellent and
challenging test-case for the validation of different turbulence
models. The configuration of the impinging jet is shown in Fig. 7;
a

b

Fig. 8. Axial velocity profiles for the impinging jet problem for H/D = 2 (a) and
H/D = 6 (b); (r/D = 0) at Re = 23 000.

a turbulent air flow issues from a nozzle, with diameter D, and
uniform exit velocity U . The problem is governed by the physical,
hydrodynamic, and geometrical parameters of the jet/surface
system. The principal parameter, in addition to D and U , is the
distance between the nozzle and the surface of impact, denoted
byH , which is generally expressed in the dimensionless formH/D.
Fig. 7 illustrates the present numerical results for the axial velocity
contours of an impinging jet for H/D = 2 and Re = 23 000.

The boundary conditions are required to be specified on all
sides of the computational domain. At the axis of symmetry, the
radial velocity component and the gradient of the other dependent
variable are equal to zero. Along the solid wall, a no-slip boundary
condition is applied for the velocity components, zero value for
the turbulent kinetic energy, and zero gradients for the energy
dissipation rate. The inlet boundary conditions imposed at the
nozzle are described as in the case of turbulent jet (see Section 3.1).
Two different values of nozzle to plate distance (H/D = 2 and
H/D = 6) have been considered for Reynolds number equal to
23000. The corresponding grids used for such dimensions are non-
uniform 50 × 80 (for the H/D = 2 case) and 150 × 80 (for
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the H/D = 6 case) grids (y and r dimensions), respectively (see
Fig. 7). In the present simulation cases, the effect of grid resolution
is also considered to find a suitable grid. However, with further
refinements, there is no significant improvement in the results
obtained. The experimental data selected to validate the results of
the present simulation is a set of flow measurements carried out
by [32] using hot-wire measurements.

3.2.1. Axial velocity profiles along the jet axis
The performance of the three selected turbulence models is

considered in this section for the impinging jet problem. The
centerline velocity profiles on the stagnation line (r/D = 0) are
shown in Fig. 8 for the two nozzle to wall distances (H/D = 2 and
H/D = 6) at Re = 23 000 and compared with the experimental
measurements of [32]. The calculated profiles for the centerline
velocityUc are normalized by the bulk velocityUb (average velocity
over the nozzle cross-sectional area). Fig. 8 shows that there is very
little difference between the predictions of the different turbulence
models, and quite good agreement with the experimental data is
observed as well for the two ratios of H/D considered. Moreover,
nearly all turbulencemodels adopted represent the steep variation
of the velocity profile in the near-wall region adequately.

In such a context, it is difficult to assess the performance of
the turbulence models by presenting the mean variable profiles.
Near the solid boundaries, the implemented wall functions for
the STD k–ε model give almost the same axial velocity profile as
obtained from the v2–f model or the nonlinear k–ε model without
using anywall functions. Therefore, the assessment of the different
turbulencemodels should be evaluated through the prediction and
comparison of the Reynolds stresses.

3.2.2. Streamwise Reynolds stress component
In the present section, only a sample of the numerical results

for the Reynolds stresses obtained is presented, to show the
performance of the turbulencemodels considered. Fig. 9 illustrates
the development of the axial Reynolds stress profile (predicted at
the centerline of the jet) against the dimensionless normal distance
from the impinging wall for the two space distances (H/D = 2 and
H/D = 6) at Re = 23 000. The comparison of the numerical results
obtained showed that none of the implemented turbulencemodels
perfectly matches the experimental data. However, the nonlinear
k–ε model and the v2–f model give more reliable results than the
STD k–ε model, especially in the case of nozzle distance H/D = 6.

In the experimental work of [32], not all the Reynolds stress
components were presented at the stagnation line. However,
other measurements were carried out in the radial direction for
different values of r/D. When comparing our numerical results
of the Reynolds stresses components at different locations of r/D
with the available measurements of [32], the same conclusion
was obtained, i.e. none of the turbulence models adopted can
be considered as a general one; nevertheless, the mean velocity
profiles were reasonably well predicted by all turbulence models.
The turbulence models adopted showed either an overestimation
or underestimation of the experimental measurements for the
different stresses considered, which makes the final conclusion
difficult to draw.

It is expected that the nonlinear model performs consistently
better than other linear models as a result of the cubic relation
coupling the strain with the vorticity and stress tensors. How-
ever, the quantitative comparisons between the numerical results
obtained from the nonlinear model and the experimental mea-
surements showed very little difference. Similar results were also
demonstrated in [19], where only small differences were observed
between the experimental measurements [32] and the profiles of
r.m.s. velocities perpendicular and parallel to the wall. Therefore,
a

b

Fig. 9. Axial Reynolds stress profiles for the impinging jet problem at H/D = 2 (a)
and H/D = 6 (b); (r/D = 0) at Re = 23 000.

there is no need to duplicate the same results as a matching be-
tween the numerical results and the experimental measurements
is already expected. However, a slight variation of the associated
model coefficients (C1, . . . , C7) and the expressions proposed for
Cµ and fµ have shown a significant effect on the final results. This
is considered a general problem of either linear or nonlinear tur-
bulence models.

From the above discussion, it is essential to check the validity of
these turbulence models using additional criteria, because most of
the turbulencemodels to date are sometimes fitted for a given test-
case, and theymight give muchworse results when they flow con-
ditions are changed. Therefore, the prediction and visualization of
the flow structure is believed to play a significant role in evaluating
the turbulencemodel behavior according to the physical character-
istics encountered in the specified jet flow applications. The most
important predicted parameter in the impinging jet problem is the
turbulent viscosity near the stagnation point. This is essentially de-
pendent on the good approximation of the normal stresses at the
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v2 – f model

Fig. 10. Turbulent viscosity structures for the impinging jet problem for H/D = 6 and Re = 23 000 (comparison of the turbulence models used).
Fig. 11. Turbulent viscosity structures for the impinging jet problem computed from the nonlinear turbulencemodel forH/D = 2 (left) andH/D = 6 (right) at Re = 23 000.
v2 – f model

Fig. 12. Turbulent viscosity structures for the impinging jet problem for H/D = 2 and Re = 23 000 (comparison of the turbulence models used).
stagnation point and the constitutive relation adopted in repre-
senting the stress–strain relation of the selected turbulencemodel.
The nonlinear relation applied in the nonlinearmodel is developed
essentially to match the anisotropic stresses and the streamline
curvature effects. Both effects are encountered in impinging jet
problems. Consequently, in the following sections, the turbulent
viscosity structure and the stagnation pressure are numerically
predicted and visualized from the different linear and nonlinear
turbulencemodels adopted and compared with each other to indi-
cate the capability of each turbulencemodel in predicting the phys-
ical phenomena of the impinging jet problem.

3.2.3. Turbulent viscosity structure
In order to show the effectiveness of the selected group of

turbulence models, the structure of the turbulent viscosity is
illustrated in Fig. 10 for the nozzle to wall distance H/D = 6 and
Re = 23 000. The STD k–ε model shows an excessive generation
of turbulent viscosity near the stagnation point. This can be
attributed to themisrepresentation of the turbulent kinetic energy
production rate. This problem is observed much less when using
the v2–f model, and almost disappears on using the nonlinear
representation of the Reynolds stress components through the
application of the nonlinear model.

An important feature of the turbulent viscosity structure is
shown in Fig. 11 when comparing the numerical results of the
nonlinear k–ε model when H/D = 2 and H/D = 6 for Re =

23 000. For smaller nozzle to wall distance, i.e. H/D = 2, the
evolution of the issued jet is not complete. The incoming jet hits
the wall in a wider area than that observed for H/D = 6, and
the reflecting flow is characterized by a highly disturbed eddy
structure on both sides of the stagnation line of the impinging jet.
Because of the rapid impinging process and the small nozzle to
wall distance, an extreme jet momentum is produced, resulting
in a group of curved streamlines that evolve after the impinging
process. This behavior of the streamline curvature makes most of
the experimental measurements in such a region very complex
and less accurate. However, for larger nozzle to wall distance,
i.e. H/D = 6, the incoming jet is considered to be fully expanded
regarding sufficient impinging distance compared with the initial
mixing axial distance required for complete jet evolution, which
can extend to an x/D value of about 5 [33]. Consequently, and
due to the nearly complete jet evolution, the impinging jet moves
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a
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Fig. 13. Pressure contours (a) and transient stagnation pressure (b) for the
impinging jet problem for H/D = 6 and Re = 23 000.

nearly parallel to the wall after the impinging process. It should
be pointed out that, by using the nonlinear model, no excessive
generation of the turbulent viscosity in the stagnation point could
be observed in both cases (H/D = 2 and H/D = 6).

It should also be pointed out that the highly disturbed eddy
structure obtained for H/D = 2 by using the nonlinear k–ε model
could not be sufficiently well predicted using the other linear
models, as illustrated in Fig. 12. The success of the nonlinear k–ε
model in predicting the turbulent viscosity structure ismuchbetter
than that of the other models, based on the Boussinesq concept.
This reveals that nonlinear models aremore suitable for predicting
the realistic features of the impinging jet problem. However, the
group of coefficients implemented in such models needs to be
validated over a wide range of numerical simulations as well as
experimental measurements in similar applications in order to
obtain good quantitative results. This problemmight be considered
in more detail in our future research.
Fig. 14. Steady-state streamwise velocity contours of a plane turbulent wall jet
(present simulation for Re = 13 974).

3.2.4. Stagnation pressure
An important problem in the impinging process is the devel-

opment of stagnation pressure with time at the impinging point,
i.e. at r/D = 0. The accurate prediction of the mean pressure level
at the impinging point has a significant effect on the estimation of
the resulting force on the considered structure (wall or bluff body).
This may be considered a challenging problem in fluid–structure
interaction applications. Consequently, in the following figures, a
numerical prediction for the transient pressure value and its be-
havior by using the implemented linear and nonlinear turbulence
models has been carried out.

Fig. 13(a) shows the pressure contours in the computational
domain, while Fig. 13(b) illustrates the history of the stagnation
pressure until the steady-state value starting from atmospheric
initial conditions, scaledwith the nozzle-exit dynamic pressure, for
the specified case (H/D = 6 and Reynolds number = 23000). The
pressure contours (computed from the nonlinear model) indicate
the prediction of maximum pressure value at the stagnation point
with an acoustic field ahead of the impinging plane. This acoustic
field may be useful in studying the generated sound phenomenon
due to the jet impinging processes. The important feature of the
stagnation pressure for the considered case (developed impinging
jet) is that it reaches a maximum value in a short time, followed by
a fluctuation period until a nearly constant value is achieved; see
Fig. 13(b). In Fig. 13(b), Pstag is the stagnation pressure and t∗ is the
nondimensional time, defined as t∗ = t × Ub/H . The maximum
values of the steady-state stagnation pressure are affected by the
considered turbulence model in such a manner that the nonlinear
model and the v2–f model overpredict the value obtained from
the STD k–ε model. This could be a consequence of the excessive
generation of the production termdeveloped by the STD k–εmodel
at the stagnation point, which leads to incorrect prediction of the
stagnation pressure value. This associated problem can be less
viewed by using the nonlinear model or the v2–f model, which
are more useful for jet impinging applications.

In general, the stagnation-pressure levels as well as the ra-
dial distribution of turbulent pressure characteristics on the
impinging surface have been rather poorly documented in the lit-
erature; therefore,more investigations are required for a better un-
derstanding of the fluctuation behavior and the transition from the
impingement region to the developed radial wall jet region.

3.3. Plane turbulent wall jet

In the present section, the numerical method developed here
along with the selected turbulence models is applied further to
predict the plane turbulent wall jet flow. A turbulent wall jet
is essentially obtained by issuing a fluid at high velocity along
a smooth or rough boundary. The complexity of such flow is a
consequence of the strong interaction of the inner wall boundary
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a b c

Fig. 15. The transient evolution of turbulent viscosity at different time intervals for the wall jet problem using the nonlinear turbulence model.
a b c

v2 – f model

Fig. 16. The turbulent viscosity structure at the same time as predicted by the different adopted turbulence models.
layer and the outer free jet. In the inner boundary layer, the flow
velocity increases from zero at the wall to a local maximum, while
the jet velocity decreases from a local maximum to zero. This
strong interaction poses challenging problems for the associated
numerical modeling of the wall jet problem, which can be seen
in many industrial applications such as solid smoothing and film
cooling of gas turbine blades. Such a type of flow has been widely
investigated both experimentally or numerically; see e.g. [34–37].
However, the spreading mechanism of the wall jet, which affects
the velocity distribution and, consequently, the associated related
characteristics, is not well understood.

In general, and from a review of the literature, it was concluded
that the high lateral rate of spread can be attributed to stress-
induced axial vorticity, which is generated by the anisotropy of the
Reynolds normal stresses perpendicular to the jet axis; for more
details see [38]. Therefore, the correct prediction of the remarkable
lateral spreading rate of a wall jet depends on the accurate model-
ing of the Reynolds normal stresses. As we restrict our developed
numerical method to the prediction of a two-dimensional plane
turbulent wall jet, consequently, only the experimental verifica-
tion of the numerically obtained Reynolds stresses is presented. It
should be pointed out that most of the previous numerical results
are concerned with a two-dimensional laminar wall jet or three-
dimensional turbulent wall jet. Accordingly, the presentation of
Reynolds stresses in the case of a two-dimensional turbulent wall
jet is rarely found in the literature.
The plane turbulent jet simulated in the numerical experiment
reported here, as shown in Fig. 14, was modified to closely match
the boundary conditions of the experimental work of [35]. A water
jet is discharged from a two-dimensional slot having a height b =

9.6 mm. A flat mean velocity profile is assumed at the inlet of the
slot with a mean velocity of 1 m/s, which gives an inlet Reynolds
number of 9600. The inflow turbulence kinetic energy is uniformly
considered as a function of the inlet turbulence intensity, which is
taken to be 0.003.

The computational grid employed and tested for the plane tur-
bulent wall jet problem consists of 173 (streamwise, x) by 173
(vertical, y) grid cells for a computational domain dimension of
2.16 × 1.2 m2, respectively. Three types of boundary condition
are applied to describe the flow field within the computational do-
main, namely inlet boundary conditions at the slot exit, no-slip
boundary conditions for the left and southwalls, and outlet bound-
ary conditions at the top and the right side of the computational do-
main. The numerical solution is started from zero initial values for
all variables in the computational domain. The flow field is devel-
oped in time until it reaches a statistically steady-state condition
where the final results are obtained.

Before the presentation of the statistically steady-state results
of the plane turbulent wall jet, a sample of the transient evolution
for the turbulent viscosity (eddy) structure predicted by the
adopted nonlinear turbulence models is presented in Fig. 15. The
numerical visualization of the turbulent viscosity in the previous
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figure reveals the formation of the coherent (eddy) structure at
later time intervals Fig. 15(c), which could be predicted by the
present two-dimensional RANS simulation using the nonlinear
turbulence model. This is considered a capability of nonlinear
models as a result of the nonlinear constitutive relation.

In comparison with the other turbulence models considered,
shown in Fig. 16, this coherent structure is not predicted by the
linear models, either the k–ε model or the v2–f model. Also,
the turbulent viscosity predicted by the nonlinear turbulence
model shows a maximum in the inner boundary layer along the
wall, while a minimum value of the turbulent viscosity has been
predicted by the linear models in the inner boundary layer region.
This can also be considered a limitation of linear turbulencemodels
in such applications. The reduction of turbulent viscosity estimated
from the linear model may be due to the increased predicted
dissipation rate, andhence the turbulence energy decreases in such
a region.

3.3.1. Mean velocity profiles
The numerically predicted mean velocity profiles, obtained by

the various turbulence models selected, are compared at different
axial locations with the experimental measurements of [35],
where LDV was used. It should be pointed that the experimental
measurements in [35] have an uncertainty in measuring the slot
height and the spanwise velocity distribution of approximately
±0.1 mm and ±0.25%, respectively.

Fig. 17 shows the comparison of the mean velocity profiles
scaled by the maximum velocity in the vertical direction at two
different positions, x/b = 70 (Fig. 17(a)) and 150 (Fig. 17(b)). The
vertical distance is scaled with the distance y1/2, at which the half
of the maximum velocity occurs (as represented in the original
paper [35]).

The velocity comparisons at two different axial locations show
that the nonlinear model gives the best agreement with the
experimental measurements, especially in the near-wall region.
This could be a consequence of the correct prediction of the
turbulent stresses that are the essential parameters in calculating
the turbulent kinetic energy production and dissipation rates.
This of course leads to an adequate computation of the turbulent
viscosity, especially in the inner region, as shown in Fig. 16.

3.3.2. Reynolds stresses profiles
The turbulent quantities predicted from the different selected

turbulence models are compared with the experimental measure-
ments of [35]. Fig. 18 shows the distributions of the Reynolds stress
components uu (Fig. 18(a)), uv (Fig. 18(b)) and vv (Fig. 18(c)), nor-
malized by the square of the local maximum velocity and plotted
against the nondimensional distance y/y1/2 at an axial distance
x/b = 70. It can be shown that the nonlinear turbulence model
gives the best agreement with the experimental measurements
compared with the other linear turbulence models. The adequate
prediction of the near-wall region using the nonlinear model is
clearly visible, especially for the Reynolds stress components uu
and uv, as can be seen in Fig. 18(a) and (b), respectively. The nega-
tive peak of turbulent shear stress near thewall as seen in Fig. 18(b)
is overpredicted by both linear models; however, a lesser degree
can be seen from the nonlinear turbulence model. Moreover, the
linear turbulence models show a large deviation from the exper-
imental measurements in the outer shear layer; in contrast, the
nonlinear turbulence model gives only small discrepancies from
the measured values in the outer region of the wall jet. In general,
the well-predicted inner and outer wall jet regions from the non-
linear turbulence model adopted show the remarkable ability of
such a turbulence model in wall jet applications.
a

b

Fig. 17. Comparison of the mean velocity profiles of a wall jet with experimental
measurements [35] at x/b = 70 (a) and x/b = 150 (b).

Conclusion

The performance of three selected k–ε based turbulencemodels
has been investigated numerically. The turbulencemodels selected
are the STD k–ε, υ2–f and the cubic nonlinear k–ε models.
They have been validated against three different jet applications,
namely a free round jet, the impinging jet problem, and the
wall jet problem. The numerical prediction of the turbulent flow
considered is obtained by solving the unsteady RANS equations
on a non-staggered grid system by using the control volume
approach. A quantitative comparison of the predicted numerical
results with the experimental measurements reveals that a fairly
good agreement has been obtained for the mean velocity profiles
for almost all selected turbulence models. The linear turbulence
models are found to give better predictions than the nonlinear
models in simple (non-impinging) jet flow. However, the linear
turbulence model, in comparison with the nonlinear turbulence
model, gave a lesser degree of agreement with the experimental
measurements when comparing the Reynolds stress components
in impinging jet problems. Moreover, the turbulent viscosity
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Fig. 18. Comparison of the Reynolds stresses components of a wall jet with
experimental measurements [35].
structure predicted by the nonlinear turbulencemodel can be seen
to be more realistic than that predicted by the linear turbulence
models. All these important results can be attributed to the
nonlinear constitutive relations presented in the nonlinear model
and the model constants included. The quality of the solution
of the nonlinear models is significantly affected by the constant
values which were estimated to give the best agreement with
the experimental measurements in the case of the impinging jet
problem. However, for other simple jet flows, these constants gave
significantly worse results in comparison with the standard k–ε
results.

It should be pointed out that the prediction of the turbulent vis-
cosity structure is as important as the prediction of the mean tur-
bulence properties. Therefore, the best turbulence model should
predict both turbulent characteristics (mean turbulent variables
and turbulent viscosity structure) adequately. Accordingly, among
the different selected turbulence models, the nonlinear model is
chosen to be the most reliable turbulence model in impinging
and wall jet applications, as it predicts the mean turbulent vari-
ables and the associated turbulent viscosity structure in an accu-
rate manner.
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