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Abstract
An impinging jet heat transfer in cross-flow within and without influence of a vortex generator pair (VGP) is studied
using the unsteady Reynolds averaged Navier-Stokes (URANS) and the large-eddy simulation (LES). The jet Reynolds
number is 15,000 and the cross-flow Reynolds number is 30,000. The elliptic-blending Reynolds stress model (EBRSM) is
implemented and adapted to capture the effect of the jet close to the wall. A v2 − f model is also implemented to study the
ability in predicting such a benchmark. Both models benefit from the elliptic relaxation equation in the entire computational
domain. The URANS results are compared with the accurate results of the LES method and also the experimental data.
The URANS method successfully presents the flow features of the impinging jet while underpredicts the enhancing heat
transfer over the channel bottom wall. The URANS method fails to correctly predict the flow structures forming around
the impinging region, because the method is more diffusive than the LES method. When manipulating VGP, a rectangular
winglet vortex generator pair is placed in the cross-flow channel and upstream of the jet nozzle to enhance the impinging
heat transfer. The VGP increases the Nusselt number at the impingement region. The structures generated by the VGP alter
the effects of the cross-flow on the impinging heat transfer. There are Kelvin-Helmholtz instabilities at the shear layer of the
jet and the cross-flow in the base flow (the flow without VGP). These instabilities are altered in the flow with VGP. A swirl
component is added in the jet to study the effects on the heat transfer. The result shows that for a high or moderate level of
swirl, the jet is diffused before the impinging.

Keywords LES · URANS · Heat transfer · Vortex generator · Impingement cooling · Cross-flow

1 Introduction

Impinging jet provides an applicable means of high heat
and mass transfer where management of locally augmented
heat loading is required. It has been widely used in various
industrial processes, which include heat transfer in gas
turbines and electronic components, parts of the combustor
in gas turbine engines, including combustion chamber
liners, transition pieces, and splash plates, food industry,
textile and paper, annealing of metals, and etc [1].

Impinging jets with special thermo-fluid characteristics
are challenging for numerical simulations and they are
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indeed a recommended test-case for turbulence models
to specially predict the flow features at the stagnation
region. Most of investigations have been focused on
axisymmetric round jets impinging normally on a flat
surface [2]. A simple nozzle impinging jet implies three
distinct regions through which fluid passes the free jet,
the stagnation region and the radial wall-jet region, each
featured by different prevailing turbulence dynamics and
specific generic turbulence mechanisms [3]. The presence
of a cross-flow which tends to deflect the impinging jet
and degrade the favorable thermal performance of the
impinging jet is even more challenging. The flow structure
at low-velocity ratios (jet speed/cross-flow speed) might
be fundamentally different from the common notion of
shear-layer vortices, counter-rotating vortex pairs, wakes,
and horseshoe vortices. Fluid in the near field is strongly
accelerated, which affects the jet trajectory, entrainment,
and mixing behavior [4]. To account for the effects of the
cross-flow on the impingement cooling, the jet Reynolds
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number, the jet to cross-flow velocity ratio, and the nozzle-
to-surface distance to jet diameter ratio are important
parameters. Many investigations are carried out to increase
the heat transfer of the jet impingement in cross-flow
[5] while the heat transfer enhancements are accompanied
with an additional pressure drop penalty [6]. Any effective
method should be able to decrease the effects of the
cross-flow on the jet like decreasing the Kelvin-Helmholtz
instability (KHI).

Kelvin-Helmholtz instability (KHI) occurs at the inter-
face of any two fluid streams in a state of relative motion or
stratification. The flow dynamics underlying the three-stage
development of KHI in low-speed shear layers highlighted
by vortex roll-up and intense mixing between two streams
is well established in literature [7]. Unsteadiness caused
by the KHI is an important feature of single jet impinge-
ment, which creates challenges both for computational fluid
dynamics prediction and experimental measurement. It is
known that local flow streamline separations for a variety of
different impingement configurations can result in KHI [8].
The growth of the KHI in the shear layer of impinging jets
leads to the formation of roll-up vortices with a natural fre-
quency mainly dependent on the nozzle-to-plate distance.
The vortices generate pressure pulsations which affect the
heat transfer in the stagnant region. The strength of these
pulsations also depend on the nozzle to plate distance. In
the presence of cross-flow, the shear from cross-flow around
the jet affects the shear at of the jet edges. Thus, the KHI is
completely different in the impinging jet in cross-flow from
that which happens in the quiescent medium. Numerical
approaches studying the impinging jets are widely treated
in the literature with the purpose of assessing the ability
of numerical simulations to capture the physical mecha-
nism and of gaining insight on the physical phenomenon
itself. The impinging jet is studied numerically, in particular
using LES [2] to understand the flow features and to capture
the thermal effects of impinging jets at different Reynolds
numbers [9] while there is only a few detailed numerical
investigations of impinging jet in cross-flow [10, 11]. Worth
and Yang [12] reported some improvements of the Reynolds
stress model (RSM) compared with the k − ε model for
an impinging jet in a cross-flow. However the RSM fails
to accurately predict the crescent shape vortex which wraps
the impinging region and its location. They [12] finally con-
cluded that RANS-based methods may only be suitable for
preliminary design work.

The interaction of a cross-flow boundary layer with a
jet is studied numerically [13, 14] and experimentally [15,
16] by different groups. Schlengel et al. [13] reported that
a thicker approaching boundary layer leads to a deeper
penetration of the jet. Thus, a rectangular winglet vortex
generator pair (VGP) is placed in the jet exit upstream to
promote the penetrate ration and enhance the impingement

of the jet. Furthermore, a swirl component is added
alongside the axial component in the jet to enhance the
heat transfer. It is shown that a swirling jet increases the
heat transfer from a flat surface [17] depending on the
nozzle-to-surface distance to jet diameter ratio. Regarding
the nozzle-to-surface distance to jet diameter ratio which is
chosen to be 4, a moderate level of the swirl is expected to
enhance the heat transfer. Wang et al. [1] recently studied
the heat and the fluid flow of a jet impingement in cross-
flow with and without different VGPs. They presented
the jet flow features in cross-flow and concluded that a
stronger impingement with higher wall-normal velocity and
turbulent kinetic energy is produced with the VGP. The heat
transfer is significantly augmented on the target wall [1].

A series of numerical simulation is carried out to
replicate the engendered mechanism in impingement heat
transfer in cross-flow. The turbulence models are studied
and adjusted, a comprehensive mesh refinement study
is presented for LES, the effect of a rectangular vortex
generator pair is studied and the results of imposing a swirl
component to the impinging jet is discussed. The paper is
organized in different sections as the flow configuration is
given in Section 2, the numerical details are presented in
Section 3, which consists of two subsections for the base
flow and the flow with the vortex generator pair. The results
are discussed in the Section 4 including two subsections for
the base flow and the flow with the vortex generator pair.

2 Flow configuration

As it can be seen in Fig. 1, a vortex generator pair (VGP)
is placed on the top wall of the channel to enhance the jet
impingement heat transfer. The VGP generates longitudinal
vortices and these alter the upcoming cross-flow upstream
of the jet. The VGP is with a thickness of 0.7 mm. Figure 2
shows a xz-view of the VGP orientation and the nozzle.
Table 1 lists the used parameters in the present study. In
the measurements, the jet exit axial velocity is fixed at
Uaxial,j = 12 m/s. This gives the jet Reynolds number
Rej = 15, 000, based on the nozzle diameter of d =
20 mm. A tangential component is added on the jet velocity
to produce swirl. The swirl quantity is comprehended using
the Sr number [18] given by

Sr = 1

d

∫ d

0 Utan,jUaxial,j r
2dr

∫ d

0 U2
axial,j rdr

, (1)

where Utan,j and Uaxial,j are the tangential and axial
velocity components of the jet, r is the radial position in
the jet pipe. A tangential component of Utan,j = 3 m/s
or 6 m/s, corresponding with the swirl number of 0.25
(referred, hereafter as S1) or 0.5 (referred, hereafter as S2),
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Fig. 1 The flow configuration and the computational domain in the
on-axis xy-plane. The origin located on the heating plate and is aligned
with the center of the jet. The thermal performance of an impinging jet

in the cross-flow is studied and then a vortex generator pair (VGP) is
placed in the upstream of the jet on the upper wall. The VGP effects
on the heat transfer enhancing is discussed as well

respectively, is added on the jet velocity inlet to investigate
the performance of the swirling jet on the heat transfer.
The larger swirl number corresponds with the threshold
of the on-axis recirculation region in a pipe flow [19,
20]. Capturing the physical mechanism engendered by the
swirl is challenging for numerical modeling [21, 22] and a
fine resolution is necessary to reasonably predict the radial
pressure gradient generated by the swirl [19]. The cross-
flow bulk velocity is fixed Uc = 6 m/s. This results in the
cross-flow Reynolds number Rec = 30, 000 based on the
channel height, Hc = 80 mm. Therefore, the ratio of the
nozzle-to-surface distance to jet diameter to be Hc/d = 4.0.
The experimental measurement reported by Wang [23] is
done in a channel with 320 mm width. The jet to cross-flow
velocity ratio is Uaxial,j /Uc = 2.0. Both the jet and the
cross-flow are kept at ambient temperature, T0 [23].
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Fig. 2 The rectangular vortex generator pair orientation in a xz-plane.
The dimensions of the rectangular VGP is shown in the bottom right
of the figure

3Modellingmethodology

The simulations presented herein are performed using the
finite-volume method in the OpenFOAM-3.0.x CFD code.
The central differencing scheme is used for the diffusion
terms. The second-order linear-upwind differencing is used
for the URANS simulations to approximate the convection
term. The unbounded central differencing scheme is also
used for convective terms for the base flow when using LES.
The limited linear total variation diminishing (TVD) scheme
with a conformance coefficient is used for convective
terms when using LES. The convection term is descretized
using 5% second-order linear-upwind differencing and 95%
central differencing. An implicit bounded second-order
accurate Crank-Nicolson scheme is used to discretize the
time terms. The computational domain is Ly × Lz = Hc ×
3Hc and is presented in Fig. 1. The domain is extended
Lx = 6Hc upstream of the jet and Lx = 10Hc downstream
of the jet to ensure that the boundary conditions are far
from the impinging region. The origin is located on the
heating plate on the bottom wall of the channel and is
aligned with the center of the jet, see Fig. 1. Figure 3
shows the distribution of the two-point correlation along
three spanwise lines. The most correlated spanwise line
is at (x, y) = (0, Hc/2) where the line crosses the jet
and the VGP structures. As can be seen, the spanwise
extent is sufficient to ensure the spanwise decorrelation.

Table 1 Setup parameters

Diameter of the jet nozzle d = 20 mm

Length of the jet nozzle 8d

Rectangular winglet H = 1.5d, L = 2H

Angle of attack α = 45◦

Spacing between the VGP w = 1.2d

Spacing between the VGP and the jet nozzle l = 4d

Height of the channel Hc = 4d
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Fig. 3 Two-point correlations in the spanwise direction at (x, y) =

The nozzle is extended 8d from the upper wall of the
channel. The simulations are advanced in time with mean
Courant-Friedrichs-Lewy (CFL) number of 0.06; therefore
the local CFL number in the vicinity of the jet nozzle
and close to the plate is smaller than one. The maximum
CFL number is about 9, which happens locally close to the
trailing edges of the VGP. The base flow which is impinging
jet in cross-flow in the absence of VGP is studied with
the URANS and LES methods. Two turbulence models,
which benefit the elliptic blending model of Durbin [24], are
used. He suggested that v2 regarded as the turbulence stress
normal to streamlines rather than k should be considered in
computing the turbulent viscosity. Durbin’s model enables
the integration down to the wall, with an acceptable
grid density without any damping function. A v2 − f

model [25] is implemented and used which is proposed
for incompressible and compressible flows, with a limit
imposed on the turbulent viscosity. The elliptic-blending
Reynolds stress model (EBRSM), proposed by Manceau
and Hanjalić [26], is implemented [27] and verified in
various flow fields. Thielen et al. [28] modified the EBRSM
for a better performance in impinging jet flow field, which
is used in this study. Moreover, the fluid is simulated with
LES, the WALE (Wall Adapting Local Eddy viscosity) by
Nicoud and Ducros [29] is chosen as sub-grid-scale model.
The medium is air, treated as a compressible ideal gas. In
LES the Navier-Stokes equation is expressed as

ρ

(
∂ūi

∂t
+ ∂(ūi ūj )

∂xj

)

=− ∂p̄

∂xi

+ ∂

∂xj

(

μ
∂ūi

∂xj

)

− ∂τij

∂xj

, (2)

where ρ is the air density, u is the velocity components, μ is
the air absolute viscosity and p is the pressure. The turbulent
stress tensor τij is defined as

τij = ρ(uiuj − ūi ūj ). (3)

The notation < ¯ > is used to show filtered values and ()ij
is index in physical space. The term in Eq. 3 is commonly
modelled with a sub-grid-model based on the Bousinnesq
approximation, relating the stress tensor to the local flow by
the turbulent viscosity, μt , and the strain rate

τij − 1/3τkkδij = 2νt S̄ij . (4)

In the study of impinging-jets’ heat transfer in cross-
flow, the thermal interaction due to the temperature gradient
between the cross-flow and jet, and the wall are the main
features of the flow. Thus, it is reasonable to choose the
models and a sub-grid-model capable of accounting for near
wall effects. The WALE model details are given here to be
tuned. The definition of turbulent viscosity μt in the WALE
sub-grid-scale model is

μt = ρ	2
(Sd

ij S
d
ij )

3/2

(S̄ij S̄ij )5/2 + (Sd
ij S

d
ij )

5/4
, (5)

where 	 is the length scale (or grid filter) defined in terms
of the cell volume V, locally changing as follows

	 = min(κdw, CwV 1/3), (6)

where κ is the von Kármán constant, dw is cell distance from
the wall and Cw = 0.325 and 0.525 is the switch coefficient.
A higher level of modeled turbulence is expected with a
higher Cw value. The switch coefficient is tuned to study its
influence on the turbulent viscosity, μt . The strain tensors
are defined as

S̄ij = 1

2

(
∂ūi

∂xj

+ ∂ūj

∂xi

)

, (7)

Sd
ij = 1

2

((
∂ūi

∂xj

)2

+
(

∂ūj

∂xi

)2
)

− 1

3
δij

(
∂ūk

∂xk

)2

. (8)

This sub-grid-scale model yields correct asymptotic
behaviour near the wall and the sub-grid-scale eddy
viscosity, νt , goes to zero without any ad hoc modifications
or dynamic procedures. These qualities make the model
well-suited for complex flows.

The energy equation is expressed as

∂(ρE)

∂t
+∂(ujρE)

∂xj

= − ∂

∂xj

(

k
∂T

∂xj

)

−p
∂uj

∂xj

+ ∂

∂xj

(τij ui),

(9)

where E is the total energy, T is the temperature and k
is the thermal conductivity heat transfer coefficient. The
turbulent Prandtl number was set to 0.9 and the viscous
Prandtl number for air to 0.713.

3.1 The base flow

The domain is discretized with a fully structured and
conformal body-fitted mesh using ICEM Hexa software.
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The near wall region is resolved, the first cell spacing at the
wall is 10-5 m ensuring y+ smaller than one at any location
and time for both methods. After a mesh independence
study, the base flow (without VGP) is studied using 5.4
million cells for the URANS and 10.9 million cells for
the LES. The resolution used for the URANS consists of
Ny × Nz = 128 × 128 with Nx = 144 cells before the
nozzle and Nx = 160 cells after the nozzle. The mesh
used for the LES consists of Ny × Nz = 168 × 232 with
Nx = 224 cells before the nozzle and Nx = 96 cells
after the nozzle. The stretching ratio is 1.05 in the wall
normal direction. The boundary conditions are discussed in
the following section while the inflow conditions for two
methods are reported herein. In order to match the inflow
condition corresponding with the realistic conditions, the
channel and the nozzle inflows are generated by a separate
URANS and LES method. For the URANS method, the
mean velocity, the turbulent kinetic energy and the Reynolds
stresses tensor are captured and applied on the base flow.
It is worth mentioning that the EBRSM is highly sensitive
to its Reynolds stresses tensor profile at inlet. In LES, the
velocity field in the channel and the pipe exit plane were
recorded and stored at every time step. These data were
subsequently used to define the inflow velocity components
for the cross-flow simulation. It is worth mentioning that the
domain before the nozzle could have been shorter due to the
realistic inlet boundary condition. The domain is preserved
the same for both methods.

The base flow is studied using two switch coefficients,
Cw = 0.325 and 0.525 of the WALE model. Figure 4a
shows the streamwise velocity fluctuation, uu/U2

c , of the
base flow for different switch coefficients along the line
x/d = 1. The streamwise velocity fluctuation is strong close
to the top wall of the channel due to the interaction of the
cross-flow and the jet nozzle. The peak around the channel
center-line is due to the free shear layer between the leeward
jet edge and the cross-flow. Figure 4b shows the viscosity
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Fig. 5 The filter size, 	 (m), for the fine mesh, at x/d = 1 where the
resolution is slightly non-orthogonal

ratio, νt/ν, of the base flow for different switch coefficients.
The switch coefficient is shown by Eq. 6. If the resolution
is fine the switch coefficient, Cw, will not play a prominent
role. Figure 4 shows that a higher νt decreases the velocity
fluctuation close to the wall. Since the resolution is fine
enough to resolve the boundary layers, Cw = 0.325 is used
to resolve more unsteadiness. Figure 5 shows the filter width
along x/d = 1. It should be pointed out that the filter width at
x/d = 1 is not smooth because of non-orthogonality of the
resolution in the immediate downstream of the jet. The filter
width changes smoothly close to the walls. Figure 4b shows
that νt presents two peaks where the filter width increases.

3.2 The flowwith VG

The domain is meshed using body-fitted grids in ICEM
Hexa software. A detailed mesh refinement study is
done because of lack of experimental results in the flow
part. Three resolutions are used to carry out the mesh
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Fig. 4 a streamwise velocity fluctuation, uu/U2
c at x/d = 1 in the on-center xy-plane, b Viscosity ratio, νt /ν, of the base flow for different switch

coefficients, Cw , of the turbulence model of LES. The legend is the same for two subfigures
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Table 2 Mesh resolution
details in different sections of
the domain including before
VG, on VG, between VG and
the jet and after the jet

Nx before VG Nx on VG Nx in VG-jet Nx after jet total

coarsea 128 64 128 78 15 × 106

midb 256 64 128 210 28 × 106

finec 256 64 128 192 36 × 106

aNy × Nz = 128 × 256, bNy × Nz = 160 × 272, cNy × Nz = 160 × 304

independence study, 15 × 106, 28 × 106 and 36 × 106 cells
approximately. Table 2 shows the details of the resolutions.
Regarding the stretching parameter chosen here, 1.2 ≤
	y+ ≤ 8 and 14 grid points lay down within y+ ≤ 10, with
the first point at y+ = 0.22. The stretching ratio is 1.05
in the wall normal direction. The dimensionless distances
in x and z directions are 	x+ = 18 and 	z+ = 14,
respectively. Therefore, the requirements are fulfilled for a
highly-resolved LES in a wall bounded flow.

Since the dominating factor of the mesh quality is the
resolution in the near-wall region, some well established
requirements of the grid spacing are necessary. The
resolution can be assessed by comparing the size of a
local grid spacing, Gs , and an estimate of the Kolmogorov
length scale, η, which characterizes the length scale of the
dissipative motion. The Kolmogorov scale is defined by the
following expression

η =
(

ν3

ε

) 1
4

, (10)

where ν is the kinematic viscosity and ε is the dissipation
rate. The dissipation is the summation of the resolved, εres ,
and modelled, εsgs , dissipation is defined by the following
expression

ε = εres + εsgs, (11)

where the resolved part, εres , is calculated by

εres = ν
∂ui

∂xj

∂ui

∂xj

, (12)

and the modeled part, εsgs , is calculated by

εsgs = CEk
3
2
sgs

Gs

, (13)

where ksgs is the sub-grid-scale kinetic energy and CE is
an empirical constant, CE = 0.7. The empirical constant is
considered as 1.0 by Schumann [30] while it overpredicts
the actual dissipation rate. Furthermore an estimate of ksgs

is typically calculated from

ksgs =
(

νsgs

CνGs

)2

, (14)

where νsgs is the computed sub-grid-scale viscosity and Cν

is another empirical constant. It should be noted that some

dispute on the reasonable magnitude of the Cν constant
do exist in the literature. Since the resolution in this study
is fine, Cν = 0.094 is considered. Results showing the
spatially and temporally averaged Gs/η before and after the
nozzle for the fine mesh are presented in Fig. 6.

It is argued by Pope [31] that in an isotropic turbulence
the maximum dissipation takes place at length scales of
about 24η. As at least two points are necessary to resolve
any flow feature, a grid spacing of 12η is needed to resolve
the scale of 24η. Thereby, any flow region discretized by
cells with Gs/η � 12 can be considered as very well
resolved. Inspecting the results presented in Fig. 6, it can
be seen that maximum Gs/η ratio does not exceed 12,
indicating that the presently used grid resolution is very fine
resolved LES (Fig. 7).

The Neumann boundary condition is applied at the outlet
boundary for the velocity and the negative velocities are
clipped. The no-slip wall boundary condition is applied on
the bottom and the top walls, the VGP and the nozzle wall.
The slip boundary condition is applied on the spanwise
direction. The inlet boundary condition for the channel is
a fully developed channel flow mean velocity profile. The
channel inlet boundary condition is challenging because
the flow feels the presence of the VGP far upstream. The
recycling method [32] was not successful to replicate the
flow field. This method, which was developed for flat-plate
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Fig. 6 Estimate of the spatially and temporally averaged Gs/η ratio
in yz-plane for the fine mesh, x/d = −4 is placed between to trailing
edge of the VGP
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Fig. 7 The streamwise velocity for the flow with VGP using three meshes in the on-center xy-plane. The base flow is also presented for
comparison. The legend is the same for all subfigures

boundary layers, consists of taking a plane of data from
a location several boundary-layer thickness downstream of
the inflow, and rescaling the inner and outer layers of
velocity profiles separately, to account for the different
similarity laws that are observed in these two regions. In
order to match the inflow condition corresponding with the
realistic conditions, the channel inflow is generated by a
separate LES simulation of the fully developed turbulent
channel flow. The velocity field in the channel exit plane
was recorded and stored at every time step. These data were
subsequently used to define the inflow velocity components
for the cross-flow simulation. Imposing mean velocity with
superimposed pseudo turbulent fluctuations, generated by
a method presented by Klein, Sadiki and Janicka [33] was
also successful to replicate the impinging region. The length
scales at the inflow of the channel is set to 0.125Hc/2 and
the fluctuation level to a uniform value of 2%. The inlet
boundary condition for the jet generated using the recycling
method for velocity. The inlet boundary condition for the
swirling jet is constant axial and tangential mean velocity
with superimposed pseudo turbulent fluctuations, generated
by a method presented by by Klein, Sadiki and Janicka [33].
The idea is to filter random data in order to obtain prescribed
two point correlations together with a prescribed Reynolds
stress tensor. The turbulence intensity for the swirling jet
corresponds with that of the non-swirling jet at the jet exit.
The length scales at the inflow of the jet nozzle is set to
0.125d/2 and the fluctuation level to a uniform value of 2%.

4 Results and discussions

4.1 The base flow

The base flow is discussed in this section by validating the
numerical results of the URANS method with the highly-
resolved LES. Figure 8 validates the streamwise Nusselt

number over the plate in the on-center xy-plane. The heat
transfer coefficient is calculated as

h = Qw

Tw − T0
, (15)

where Qw is the total heat flux imposed on the plate, Tw

is the wall temperature and T0 is the air bulk temperature.
Based on the jet diameter, d, the Nusselt number is defined

Nu = hd

k
, (16)

where h is the air convective heat transfer and k is the air
thermal conductivity coefficient. The LES shows a good
agreement with the measurements. The impinging location
based on the maximum Nusselt number, Numax = 48, is at
x/d = 5.8. The LES slightly overpredicts the Nu at x/d =
5.8, Nu = 50, while the maximum Nu predicted by LES
is 51 (x/d = 5.5). The URANS method underpredicts the
Nusselt number. The impingement offered by the EBRSM is
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Fig. 8 The streamwise Nusselt number variation for the base flow on
the heating plate in the on-center xy-plane. The experimental results
are taken from ref. [23]
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around x/d = 6 with Nu = 45. The v2 − f model captures
the impingement around x/d = 8 with Nu = 42. The
EBRSM is less diffusive than the v2 −f model; therefore, it
predicts +6.25% maximum Nu number than that of the v2 −
f model. Since the EBRSM exactly solves the production
terms, it can selectively augment or damp the stresses due to
the curvature effects, the swirl and the stagnation. It means
that the EBRSM captures more realistic structures around
the impinging region. Figure 9 shows the streamwise and
wall-normal mean velocity of different methods before and
after the nozzle. Figure 9a shows that the velocity profile of
the URANS method in the jet upstream is still very much
fully developed while the LES sees the jet more remarkable.
Therefore, the cross-flow predicted by the URANS deflects

the jet more than that of the LES. Figure 9b shows that the
wall-normal velocity before the nozzle is almost negligible.
In the near downstream of the jet, Fig. 9c, the EBRSM
yields better results than that of the v2 − f model close
to the top and the bottom channel wall. Figure 9e shows
the strong downward flow of the jet. Figure 10 shows the
streamwise velocity fluctuation after the jet. The EBRSM
results are very close to the LES ones while the v2 − f

model underpredicts the velocity fluctuations after the jet.
The v2−f model is initialized by the Launder-Sharma k−ε

model and the EBRSM is initialized by the Speziale-Sarkar-
Gatski (SSG) Reynolds stress model. The elliptic relaxation
equation used by the URANS turbulence models improves
the results significantly.

Fig. 9 The velocity components
for the base flow with different
turbulence models in the
on-center xy-plane
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Fig. 10 The streamwise velocity
fluctuation for the base flow
with different turbulence models
in the on-center xy-plane. The
legend is the same for all
subfigures
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4.2 The flowwith VG

The computational domain is appropriately extended
upstream of the VGP. Figure 7 shows minor discrepancies
among the mean velocities that are captured using different
resolutions. The velocity profiles of the mid and the fine
resolution are very close. The VGP strongly perturbs
the upper wall boundary layer far upstream. Placing a
vortex generator upstream of a jet is imperative for the
enhancement of the heat transfer. Figure 11 shows the heat
transfer coefficient in the streamwise direction on the plate
in the on-center xy-plane. It shows the LES results together
with the experimental measurements. The maximum values
are predicted very well in the base flow and the flow with the
VGP. The maximum Nu = 48 (x/d = 5.8) is measured for
the base flow while the LES yields Nu = 50 at that location.
The maximum Nu = 110 (x/d = 0.9) is measured for the
flow with the VGP while the LES yields Nu = 106 at that
location. The maximum Nu given by LES is 115 (x/d =
1.6). The difference between the numerical Nusselt numbers
and the experimental ones might be related to the non-
orthogonality of the resolutions around the VGP. Imposing
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Fig. 11 The streamwise Nusselt number variation on the heating plate
in the on-center xy-plane. The experimental results are taken from ref.
[23]

a swirl component in the jet in this flow configuration does
not enhance the impinging heat transfer. However, the peak
of Nu number for S1 is larger than that of S2. As it is
mentioned before, the jet in S2 losses its coherence quicker
than that of S1. The LES results underpredict the Nu number
downstream of the impingement.

The mean Nusselt number, Nu, calculated by

Nu =
∫ 3d

−3d

∫ 10d

0 Nu(x, z)dxdz

A
, (17)

where A is the total area between 0 < x/d < 10 and
−3 < z/d < 3 on the impingement wall [34].

The pressure drop of the jet (	Pj ) is measured from
two points located at x/d = - 24.0 and 30.5. The
pressure drop of the cross-flow (	Pc) is measured from
two points located at x/d = −12.5 and 30.5. Based on
the average heat transfer and pressure drop of the jet, the
thermal performance is also calculated by Nu/	P

1/3
j . The

experimental results presents Nu/	P
1/3
j = 7.88 for the

base flow and Nu/	P
1/3
j = 11.84 for the flow with the

VGP while the numerically predicted values are 7.97 and
12.03, respectively. Placing the VGP enhances the heat
transfer by +63.6% while increases the pressure drop by
+29.0%. The thermal performance of the jet increases by
+50.2% with placing the VGA. The LES predicts this
enhancement very well. Table 3 summarizes the numerical
results and the experimental measurements.

The Fig. 12(top) shows the high vortical regions of
the flow. It can be seen that the impinging occurs about
x/d = 1 on the plate. A horse-shoe vortex forms around
the impingement region, where is encirculated to highlight
the structures. The cross-flow wraps the jet to form a
horse-shoe vortex close to the plate. As a result, two
streamwise counter-rotating vortices develop side-to-side
and decay further downstream of impinging region. The
nature of each ground vortex is similar to the crescent
shape structure known to be generated by the deflection
of a boundary layer by a solid obstacle [35]. There is
a pocket of high vorticity region on the suction side of
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Table 3 Average heat transfer
and pressure drop of the jet
impingement in cross-flow
within and without VGP. The
experimental results are taken
from ref. [23]

- Nu 	Pj (Pa) 	Pc (Pa) Nu/	P
1/3
j

base flow 32.7 71.56 6.78 7.88

LES of base flow 33.0 71.04 6.71 7.97

flow with VGP 53.5 92.32 10.48 11.84

LES of flow with VGP 55.1 96.08 11.61 12.03

the VG winglet. Figure 12(bottom) shows the streamlines
in different planes. The vortical structures generated by
VGP are pushed downward by the jet and retain their
coherence far downstream. α shows the horse-shoe vortex
in the upstream of the impingement and β shows the
crescent shape structure around the nozzle. Figure 13 shows
the iso-surface of Q-criterion. The horse-shoe vortex and
the crescent shape structure, which is the result of the
interaction between the cross-flow and the jet, are presented.

Figure 14 shows the y-vorticity, �ωy = (∇ × �U)y(
1
s
),

along cross-section plane y = Hc/4 for the flows
with and without VGP. Dipole structures associated with
the formation and development of the Kelvin-Helmholtz
vortices is also apparent in Fig. 14(top). It can be seen
that there are two counter-rotating vortices generated in the
downstream of the jet in the base flow. The vortices retain
their coherence far downstream. These is no large coherent

Fig. 12 top) Iso-surface of vorticity in the vicinity of the VGP and
the jet nozzle, the encirculated region shows the impingement region
where is about x/d = 1, d = 20 mm. bottom) streamlines in the on-
center xy-plane and two yz-planes. The on-center plane is colored by
the streamwise mean velocity. α points the horseshoe vortex around
the impingement region. β points the crescent shape structures around
the jet nozzle

structures at the cross-section plane y = Hc/4 in the flow
with the VGP, see Fig. 14(bottom).

Figure 15 shows the streamwise and wall-normal mean
velocity of different flows. The streamwise velocity, U/UC ,
in the channel is strong close to the bottom wall before the
jet and is strong close to the top wall after the jet for the flow
with the VGP. The flow wraps the jet and goes up to the top
wall of the channel; therefore the VGP reduces the effects
of the cross-flow on the impinging jet. Figure 15b shows the
strong downward flow due to the VGP. Figure 15c clearly
shows that the jet impinges about x/d = 1 on the plate
for the flows with the VGP while the jet in the base flow
impinges more downstream, about x/d = 6. The base flow
feels the jet, and leaves the pattern of the fully developed
flow far upstream, see Fig. 15a. A negative velocity region
can be seen at x/d = 1 around y/Hc ∼ 0.8 due to the wake
of the jet in the cross-flow, see Fig. 15c. The streamwise
velocity of the flow with the VGP is very similar with those
of S1 and S2 before the nozzle. The streamwise velocity of
S2 at x/d = 1 is different close to the bottom wall of the
channel due to the relatively high level of swirl in the jet.
There is strong downward flow before and after the nozzle
due to the VGP.

Fig. 13 The iso-surface of Q-criterion
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jet nozzle

Fig. 14 Instantaneous y-component vorticity, �ωy = (∇ × �U)y( 1
s
),

along cross-section plane y = Hc/4. top) Kelvin-Helmholtz vortices
are generated by the interaction of the cross-flow and the jet in the base
flow. The jet core is encirculated by red box and Kelvin-Helmholtz
vortices are at two downstream corners of the red box. The dipole
vortices are encirculated by black boxes. bottom) KHI is not detected
in the flow with VG

The highest level of turbulence happens close to the
trailing edge of the winglet. Figure 16 shows the velocity
fluctuations mean square in the on-center xy-plane after the
jet, at x/d = 1 and 4. The base flow gives a peak about
the center-line of the channel due to the shear layer at the
leeward edge of the jet, see Fig. 16a. The peaks of uu/U2

c

close to the bottom wall is due to the wall-jet. It can be seen
that the flow with the VGP yields the strongest peak and
then those of S1 and S2. Figure 16b shows that uu/U2

c of
the flows with the VGP is stronger than that of the base flow
even at x/d = 4. This is another reason that the heat transfer
is enhanced due to the VGP structures. The strong swirling
jet, S2, yields a weaker peak of uu/U2

c which the peak
is slightly shifted upward. The S2 jet losses its coherence
earlier than that of S1. Figure 16c presents uv/U2

c with three
negative peaks which the top one is due to the interaction
of the cross-flow and the nozzle flow; the mid one, which
is also the largest one, is due to the VGP structures and
the wake behind the jet; the bottom one is due to the wall-
jet. The base flow presents two peaks of uv/U2

c which the
larger one is due to the shear layer of the leeward edge of
the jet. Figure 16d shows two negative peaks for the flows
with the VGP while the wall-jet peak turned positive. Based
on the shear layer peaks, the vortical structures generated by

the VGP make an angle of 6◦ with the channel center-line.
It is worth mentioning that the streamwise and wall-normal
velocity fluctuations are negatively correlated in the wake of
the jet; therefore, a negative v carries high momentum fluid
away from the channel center-line. This negative correlation
should be promoted to decrease the effect of the cross-
flow on the impingement cooling and enhance the heat
transfer. This is the reason that the streamwise velocity in
the downstream gives a large peak close to the top wall,
see Fig. 7b and c. Figure 16e presents a peak of ww/U2

c

close to the top wall of the channel which is diffused in
the downstream. The flow goes toward the steady condition
further downstream.

A complete description of a turbulent variable u at a
given location and instant in time is given by the probability
density function (PDF), f (u), where f (u) is

∫ +∞

−∞
f (u)du = 1. (18)

The skewness is the third moment of u, normalized by
u3

rms ,

S = 1

u3
rms

∫ +∞

−∞
u3f (u)du = 1

2u3
rms

∫ T

−T

u3(t)dt . (19)

The variance (the square of RMS) shows how large the
fluctuations are in average, but it does not present if the
time history includes few very large fluctuations or if all are
rather close to velocity fluctuation root mean square. The
flatness gives this information, and it is defined from u4 and
normalized by u4

rms , i.e.

F = 1

u4
rms

∫ +∞

−∞
u4f (u)du. (20)

Figure 17 shows the probability density function (PDF)
at two point in the on-center xy-plane. The first is located
close to the top wall and between the VGP at x/d =
−4. The skewness is S = 4 and the flatness is F =
0.4. Figure 17a shows that the values are approximately
equally distributed around zero. There exists some large
positive values and some large negative values. The absolute
value of the positive ones are larger that of the negative
ones while the number of negative values is higher than
their counterparts. The second point is located at the
impingement at x/d = 1. The skewness is S = −2
and flatness is F = 9. Figure 17b shows that the most
of values are positive while there are some large negative
values. The PDF confirms that there are a few large positive
values, which shows 3-dimensionality of the flow at the
impingement. The PDF of other components are very
similar to Fig. 17.
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Fig. 15 The velocity
components for different flows,
the base flow, with VGP and
with swirling jet in the on-center
xy-plane. The legend is the
same for all subfigures
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5 Conclusion

Numerical study of impinging heat transfer in cross-flow
within and without influence of a vortex generator pair
(VGP) is undertaken. The URANS and LES methods
are used to study the base flow while the flow with
VGP is studied with the LES. The URANS turbulence
models benefit from the elliptic relaxation equation. They
successfully predict the main features of the impinging
jet in the cross-flow, while they predict a slightly more
deflected jet. Furthermore, they undervalue the Nu number.
The EBRSM presents the Nu number with −6.25% error.
The v2 − f model underpredicts the Nu number with
−12.5% error. The LES results predict the convective heat
transfer in the base flow and the heat transfer enhancing
in the flow with the VGP with reasonable agreement with
the measurements. The VGP generates strong structures

which make the flow to get around the jet and move
upward to the top wall of the channel. Thus, the VGP
decreases the drawback of the cross-flow on the impinging
heat transfer. Placing the VGP enhances the heat transfer
by + 63.6% while gives + 29.0% higher pressure drop. The
thermal performance of the jet increases by + 50.2% with
manipulating the VGA. The LES predicts this enhancement
very well. The Kelvin-Helmholtz instabilities are strong
in the base flow while the VGP avoid generating the
instabilities in the shear layers. However, the jet hits the
heating plate with a higher level of turbulence in the
presence of the VGP than that of the base flow, which this
increases the 3-dimensionality of the impinging jet. A swirl
component is added in the jet to study the effects of the
swirling jets on the heat transfer. The swirling jets lose their
coherence before the impingement, therefore, they do not
enhance the Nu number.
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Fig. 16 The velocity fluctuation
for different flows, the base
flow, with VGP and with
swirling jet in the on-center
xy-plane. The legend is the
same for all subfigures
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Fig. 17 The probability density
function (PDF) for the fine
resolution before and after the
nozzle in the on-center xy-plane
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