
4. LARGE EDDY SIMULATIONS & RESULTS

In order to gain insight into the turbulent impinging jet flow, LES studies of a round imping-
ing jet have been performed. The cases with different inflow conditions investigated are:

4.1 Fully developed turbulent jet (Re=23000)
4.2 Velocity field active excitation (Re=23000)
4.3 Velocity field passive excitation (Re=23000)
4.4 Temperature field excitation (Re=23000)
4.5 Swirling jet (Re=23000 & 21000)

4.1 LES of Natural Jet Impingement

This section describes the a-posteriori testing of an impinging jet case. A-posteriori Testing
is defined as the benchmark testing of the LES code by simulating a problem with known
experimental results and comparison of the predicted results with the measurements.

For purpose of investigation the case of orthogonally impinging round jet of Reynolds
number (Re=UbD/ν) 23000 is selected. The flow field was investigated experimentally by
Cooper et al. [28] and heat transfer is investigated by Baughn et al. [13; 12]. It is also an
ERCOFTAC’s recommended test case (C.25), for testing turbulence models [43].

Computational Domain

A cylindrical domain is used for the investigation of an axisymmetric impinging jet. The
jet issues from a pipe and strikes at the center of the circular target wall. A top confinement
wall is used with no slip boundary condition. The wall jet forms as a result of impingement
spreads over the target wall and flow leaves the domain from the outlet circumferentially.
The computational setup resembles closely with the experimental setup utilized in number
of experiments ( see [13; 121]). Figure 4.1(a) shows a schematic diagram of the impinging
jet phenomenon. The temperature at the pipe inlet is To. The temperature attained by the
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(a) (b)

Figure 4.1: (a) Schematic diagram of the jet impingement phenomenon. (b) Computational
domain.

target wall after the jet impingement is Tw. A constant heat flux (qw) is applied at the
target wall. The size of domain must be sufficiently large to capture all relevant large-
scale structures. The computational domain consists of a cylindrical domain connected to a
circular pipe as shown in figure 4.1(b). The length of the pipe is 6D, where D is it’s diameter.
The pipe outlet-to-wall distance (H) is 2D. The cylindrical domain is 16D in diameter.

The local heat transfer coefficient is defined as:

h =
qw

Tw−To
, (4.1)

where To is jet inlet temperature, Tw is the target wall temperature and qw is the heat
flux at the wall, (.) indicates averaging. The Nusselt number is defined as:

Nu =
hD
λ

(4.2)

Numerical grid resolution

The mean grid spacing feasible for DNS simulation is O(η), where η is the Kolmogorov
scale. In LES, however, the grid estimation is not very clear as part of the flow field is
modeled. In a pipe or channel flow, the low speed streaks are present in the near wall
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region, which are estimated to be 1000 viscous wall units and in transverse direction 100
wall units. In the present simulation the streamwise direction in the pipe is 2πD which is
equivalent to 7740 wall units. The grid constructed for the pipe has ∆L+

p = (∆L)puτ/ν=70.
At the impingement wall, the near wall grid fulfills the requirements of properly re-

solved direct numerical simulations. The mean grid spacing near wall ∆+/η+ is 6.6, where
η is the length of the Kolmogorov scale. The most important domain region is the stagna-
tion and wall jet region (r/D≤4), where the ∆r+ = (∆r)uτ/ν is≈ 36 and r∆θ+ = (r∆θ)uτ/ν

≈ 20. In the wall jet zone the maximum ∆r+ is 94.
To further check, the dissipation is estimated from the simulation and Kolmogorov scale

is computed. It is found that inside the shear layer the mean grid spacing is of the order of
8η, which is very close to the earlier estimation.

Both the pipe and cylindrical domain are modeled via O-grids. The domain is divided
into 42 blocks. In the investigations, the hexahedral structured grid have been used. Total 5
million control volumes are used for the simulation of this case.

Outlet Boundary Condition

As it is desired to simulate the non-linear temporal and spatial development of the turbulent
impinging jet flow, the correct choice of the outlet boundary conditions is a crucial problem.
The boundary condition used for the out-flow is a non-reflective or convective boundary
condition. This allows a negligible influence on the evolution of the flow structures in the
finite size interior of the computational domain. It is found that the use of Von Neumann
type boundary conditions with a full three-dimensional domain Large Eddy Simulation,
for the case under investigation, generates a non-physical feedback, which strongly affects
the global stability of the flow field. The non-reflective, radiation, absorbing, or advective/
convective boundary condition is spatially and temporally local, and defined as [27]:

∂U
∂t

+Λ
∂U
∂r

= 0 (4.3)

The quantity Λ is taken to be a constant convection velocity of the large-scale structures,
which is set to a constant as per global mass conservation requirements. This boundary
condition has an upstream influence over about one dimensionless length, which is usually
called a buffer zone.

Inlet Boundary Condition

A turbulent velocity signal has certain statistical properties, such as, mean values, fluctu-
ations, cross correlations, higher order moments, length and time scales. In order to at-
tain realistic turbulent inflow conditions the traditional approach is to perform a precursor
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simulation, which satisfies the above mentioned characteristics. The data from this precur-
sor simulation is transfered to the inlet plane of the following simulation. However, this
demands extra computational resources and costs. Recently, there is a growing interest
towards synthetically generating inflow conditions. In the present work, the approach pro-
posed by Klein et al. [115] is used for the inflow turbulent conditions. The procedure is
found to give good results and has been previously tested for plane jet flow by Klein et al.
[115]. Wegner et al. [189] have used it for a jet in cross-flow, issuing from a circular pipe.
It is also tested by the present author for a backward-facing step and found to be an efficient
method.

In this procedure, the inflow turbulent velocity generated is based on the relation:

ui = ui +gi jU
′
j, (4.4)

where ui is the mean axial velocity at the inflow plane, U
′
j are velocity fluctuations and

gi j is a tensor related to the Reynolds stress tensor (see [115]). The velocity fluctuations
generated are based on digital filtering of random data. According to this procedure, the
prescribed autocorrelation function Ruu for homogeneous turbulence in late stage is used to
describe turbulence.

Ruu(r) = exp
(
−πr2

4(`(t))2

)
(4.5)

where r is the position vector and `(t)=
√

2πν(t− to), is the integral length scale at the
inflow plane. The fluctuation level is specified by DNS data. The fully developed turbulent
pipe flow mean velocity profile together with the velocity fluctuations varying in time are
prescribed at the inflow. The mean velocity profile is taken from Kays et al. [111]:

u+ = 2.5ln
[

1.5y+(1+ r/rw)
1+2(r/rw)2

]
+5.5, (4.6)

where y+ is the pipe wall normal direction and r is the radius of the pipe.
To further check the accuracy of the procedure, the mean velocity at the pipe outlet is

inspected and compared with the turbulent pipe flow simulation. The Reynolds number of
pipe flow simulation corresponds to ReD=23000. Since it is desired to investigate the effi-
ciency of inflow turbulence generator and its utility as a general purpose tool, the pipe flow
simulation is only utilized for comparison purpose and not used as a precursor simulation.

The temperature at inlet is set to 293 K.

Boundary conditions at walls

The pipe and top confinement wall were made adiabatic. At the bottom impingement wall,
the constant wall heat flux of 1000 W/m2 is applied. The no slip boundary condition is used
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for all walls.

Solution Control

The flow inside the domain is monitored and it attains statistical stationary state after eight
cycles, where one cycle corresponds to the natural frequency of the jet. Once the flow
becomes statistical stationary, it is averaged in time and space. The simulation is controlled
in such a way that the CFL number remains less than one. The dimensionless time step used
is ∆tD/Ub equal to 7E-08. For the computation 20 processors were used. The computations
were performed on the CRAY Opteron Cluster, Höchstleistungsrechenzentrum (HLRS),
Stuttgart, Germany.

Results

This sections contains the details of the results and discussion. First the energy spectrum is
investigated and the frequencies present inside jet are investigated then the velocity distri-
butions in the wall jet along with turbulent intensities are explored. The budget of turbulent
kinetic energy and anisotropy invariant mapping is used to explain the nature of turbulence
in impinging jet. Although the computations were done in Cartesian coordinate system, the
results are presented in special Cylindrical coordinates (r, θ, y) system, where r is the radius
of the computational domain. In the following section U represents the mean velocity and
defined as:

U =
√

ur
2 +uθ

2 +uy
2,

where, ur, uθ and uy represent the velocity in radial, azimuthal and vertical directions re-
spectively. The subscripts (.)b and (.)CL represent the bulk and centerline velocity at the
pipe’s exit.

Instabilities in an axisymmetric jet

The large scale structures originating from the shear layer instabilities of a Kelvin Helmhotz
(KH) type, significantly affect the later development of the jet. The KH instabilities which
exist between the fast moving jet flow and surrounding slow moving fluid, also enhance the
entrainment of the surrounding fluid. The instabilities give rise to the formation of the Ring
vortex, shown in figure 4.2.

The contours of the vorticity magnitude shows the development of the initial shear layer.
The resolution of the initial shear layer is important for the development of instabilities in
the jet. The reader is referred to the schematic diagram of instabilities growth in an axisym-
metric jet by Yule [198] presented in figure 1.9(a). The Large Eddy Simulation corroborates
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Figure 4.2: Ring vortex visualized through iso-pressure surfaces (P/ρU2
b = -0.016) and the

contours of the instantaneous total vorticity (ωD/Ub) in the jet’s shear layer.

Figure 4.3: Elongated structures revealed through iso-vorticity surfaces (ωy= ±3.8Ub/D).
The orange structures represent the positive vorticity and yellow shows the neg-
ative vorticity regions. The ring vortex is shown in green color.
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the earlier findings of the researchers. As can be noted, the vorticity containing fluid em-
anates from the pipe wall and forms the shear layer. Figure 4.3 shows the coherent structures
extracted through iso-vorticity surfaces. In a free jet the vortex rings are connected by these
structures [125]. The intermittently generated toroidal shaped (ring) vortices, lose their
structure on striking the surface and the iso-vorticity structures are stretched. Single point
statistics explain the behavior of structures in a turbulent impinging jet, which is discussed
in the next section.

Velocity Spectra and Preferred mode of Axisymmetric jet

If a jet emerges from a converging nozzle and the boundary layer on the inner surface of
nozzle is laminar, the initial region of a jet shear layer can be considered as parallel or two
dimensional. In this case, the ratio of the jet diameter to the initial momentum thickness is
large (ζ/D < 1 - 1.5), where ζ is the distance from the nozzle or pipe outlet. The shear layer
near the nozzle is initially dominated by a Kelvin Helmholtz instability mechanism. This
would cause the formation of the first vortex at the nozzle lip. The formation of a vortex
is attributed to most amplified frequency of small disturbances which grow exponentially
[95]. This mode represented by the Strouhal number (scaled with momentum thickness)
is called shear layer mode [95], in terms of a dimensionless frequency it can occur in the
range of Strouhal numbers Stδ∗∗= foδ∗∗/Uo = 0.01 - 0.018 [73], where δ∗∗, is the momentum
thickness of the boundary layer.

However, if the jet emerges in a fully developed flow state from a long pipe, the mo-
mentum thickness is of order of the jet radius and the jet does not exhibit the shear-layer
mode, instead it will attain the jet column mode. In jet column mode the frequency is scaled
with diameter of the jet. The most amplified frequency represented by the Strouhal number
(scaled with diameter) is called the preferred mode of the jet, corresponding to the Strouhal
number range StD= 0.25 - 0.85 [181; 128].

Liu & Sullivan have found that the natural frequency of an impinging jet is the same
for a free jet if ζ/D > 1 [128]. Olsson & Fuchs have found that the mean velocity and
turbulence intensity in an impinging jet starts to differ from those in a free jet at a distance
of about 1.3D from the wall [149]. Tsubokura et al. also found that the natural frequency
in the impinging jet corresponds to StD equals to 0.37 [183].

In order to investigate the most amplified frequencies in the jet, the data is monitored
simultaneously inside the jet core, shear layer, impingement zone and wall jet region. The
most amplified frequency is found inside the shear layer at the distance (ζ) equals one pipe
diameter, downstream of the pipe outlet. This corresponds to a Strouhal number of 0.328
(preferred mode of the jet). The most amplified frequency of jet instability predicted by
LES lies in the known range of Strouhal numbers which can be taken as an indication of
right resolution requirements.
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(a) (b)

Figure 4.4: (a)Turbulence energy spectrum and (b) Power spectral density in jet shear layer,
the line indicates the slope of the inertial subrange.

An important issue in LES is the determination of whether the turbulent scales are
resolved or not. It is interesting to note that although the turbulence at the inflow is specified
artificially, it matches well the known characteristics of the turbulence spectrum. Figure 4.4
(a) shows the energy spectrum and figure 4.4 (b) the power spectral density at the same
point. The slope of the spectrum (−5/3) indicated by the straight line in figure 4.4 agrees
well with the known characteristics of turbulence spectrum. The energy spectrum shows
that the energy does not build up at higher wave numbers.

Figure 4.5 shows the turbulence spectrum close to wall in the wall jet zone near the
stagnation point. The fluctuations in the velocity field go to zero as the wall is approached.
Nishino et al. have found that the flow near the stagnation point is isotropic in nature. The
slope of the spectrum corroborates these findings.

The single point data gives the information about the frequencies present at that par-
ticular location. However, the common frequencies present at two different stations is also
an interesting inquiry. The information about the common frequencies is obtained by plot-
ting the coherency spectrum of the velocity fluctuations at two spatial positions (spaced
r/D=1/2) in the jet shear layer (located at ξ/D=0.05,1.5 and 1.90). The coherency spec-
trum is defined as [177]:

Coh( f ) =
∣∣∣∣∫ ∞

−∞

Cuyuy(∆t)e−2πi f ∆td(∆t)
∣∣∣∣ (4.7)

where Cuyuy (∆ t) is the two time correlation u′y,a(t)u
′
y,b(t +∆t) and u

′
y,a, u

′

y,b are the velocity
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Figure 4.5: The turbulence spectrum close to wall in wall jet zone near stagnation point.
The line indicates the slope of the inertial subrange.

fluctuations at two different positions. The coherency spectrum reduces the influence of the
broadband background energy and increases the discrete frequencies present [177]. There-
fore common frequencies at these particular locations can be investigated by the analysis of
coherency spectrum.

Figure 4.6(a) shows the coherency spectrum of velocity fluctuations at two different
stations at the same level in the shear layer of the jet. The dotted line shows the frequencies
present at the pipe outlet. The solid line shows the frequencies present at a distance of
one jet diameter. The Coh(f) at ξ/D= 1.5 is larger than at ξ/D= 0.05. This shows that the
frequencies are amplified as the free jet develops. Figure 4.6(b) shows the frequencies in
deflected jet near the target wall. There are several harmonic peaks present in the deflected
jet spectrum, which indicate that several structures are present near the wall, which contain
less energy than the structure in the free jet.

Mean flow properties and turbulent flow intensities

The mean velocities & turbulent fluctuations from the Large Eddy Simulation have been
compared with the following experimental data:

1. Cooper et al. (Re=23000 & H/D=2) (Hot wire anemometry)[28]

2. Hargrave et al. (Re=23340 & H/D=2) (Particle Image Velocimetry) [80]

3. Geers et al. (Re=20000 & H/D=2)(Particle Image Velocimetry)[61]
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(a)

(b)

Figure 4.6: Coherency spectrum of the velocity fluctuations in the jet shear layer. (a) The
dotted line shows the frequencies present at the pipe outlet (ξ/D =0.05). The
solid line shows the frequencies present at ξ/D=1.5. (b) The figure shows the
frequencies in the deflected jet, above the impingement wall (ξ/D=1.90). The
coherency spectra is normalized by the pipe diameter and the bulk velocity of
the pipe flow.
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Figure 4.7: Jet mean axial velocity compared with experimental data of Fairweather & Har-
grave (Re=18800).

4. Fairweather et al. (Re=18800 & H/D=2) (Particle Image Velocimetry)[44]

The velocity distribution inside the free jet at the distance of ξ/D=0.5 is shown in figure
4.7. Although, the Reynolds numbers of the experiment is different from the one in sim-
ulation, the agreement between the trend of the velocity distribution is promising. The jet
velocity reduces as the target wall is approached.

The simulated velocity field is shown in figure 4.8. One can see that the velocity of the
jet reduces as the jet approaches the wall. At the stagnation zone the velocity goes to zero.
The flow accelerate radially outward and the near wall velocities are higher than the main
jet velocity. The unsteadiness in an impinging jet causes the entrainment of the surrounding
fluid.

Geers et al. have given the mean velocity distributions in a single impinging jet at
r/D=0, (i.e. stagnation line) and at r/D=0.5 [61]. Figure 4.9, 4.10 and 4.11 show a compar-
ison between PIV and LDA measurements with the current Large Eddy Simulation. Good
match has been found in the results. The mean radial velocity ur is almost zero, which
shows the axial symmetry.
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Figure 4.8: Instantaneous velocity field U/Ub in an impinging jet.

(a) (b)

Figure 4.9: Components of mean velocity ur/UCL and uy/UCL at r/D =0, solid line (LES),
◦ PIV, × LDA measurements of Geers et al.[61], UCL is the velocity at the
centerline at jet’s exit.
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Figure 4.10: Mean velocity U/Ub at r/D =0, solid line (LES), ◦ hot wire measurements of
Cooper et al. [28], Ub is the bulk velocity at the jet exit.

Figure 4.11: Root mean velocity fluctuations u
′
r/UCL and u

′
y/UCL at r/D =0.5, solid line

(LES),4 PIV, × LDA measurements of Geers et al. [61], Ub is the velocity at
jet’s exit.
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The velocity and turbulent fluctuations in the wall jet are compared with the data by
Cooper et al. [28]. The Large Eddy Simulation agrees well with experiments. Figure 4.12
and 4.13 show the comparison between simulation and experiments in the wall jet zone. The
distribution of turbulent stress in wall jet region is shown in figure 4.13(c). According to
Cooper et al. [28], root mean square fluctuating velocities have the experimental measure-
ment uncertainties of ± 4% (u

′
r), ± 6 % (u

′
y) and shear stresses (u

′
ru
′
y) have uncertainiites

of ± 9%. Close to wall the agreement between the shear stresses and wall normal velocity
fluctuations is very good. The radial velocity fluctuations agree with the experimental data
as the jet develops.

It is interesting to note that the turbulent stress does not vanish at a point where the ve-
locity gradient is zero. The same phenomenon is observed by Poreh et al. [162] through ex-
perimental measurements. The eddy viscosity hypothesis based turbulence models assume
that the turbulent shear stress is proportional to the local gradient of the mean velocities. As
found through current simulation this assumption is invalid for the wall jet zone. The mean
velocity is found to be maximum at y/D equals 0.0314, where the shear stress u′ru′y is not
zero.

Note that although the trend of the turbulent flow intensities distribution are in agree-
ment with the experimental data the magnitude of the predicted turbulent intensities are
higher than hot-wire measurements. The reason of this is not clear. It is known that in many
cases the LES with subgrid models (including Germano’s dynamic Smagorinsky model)
over-predicts the turbulent velocity fluctuations, especially in the wall bounded flows [22].
Further, the hot wire measurements are well known for generation of erroneous data in re-
gions of high turbulence. They also under-predict the turbulence level, probably due to their
intrusive flow measurements.

Figure 4.12 and 4.13 (a) shows the differences in the predicted turbulent radial velocity
fluctuations from the experiments. On the other hand, the agreement between the vertical
velocity fluctuations and shear stresses with the experiments is quite good, as can be seen
in figure 4.13 (b) and (c).

Law of the wall for wall jet zone

The wall jet developing after impinging jet does not exhibit the conventional law of the wall
behavior. The following semi-logarithmic relation can be used to model the inner layer of
the wall jet:

u+ =
u
uτ

=
1
κ

ln(
yuτ

ν
)+B (4.8)

where uτ is the friction velocity and κ is the von Karman constant.



4.1. LES of Natural Jet Impingement 75

Figure 4.12: Velocity U/Ub and streamwise fluctuations u′ru′r/U2
b in the wall jet, solid line

(LES), ◦ Hot-wire measurements of Cooper et al. [28], Filled-box PIV mea-
surements of Hargrave et al. [80], Ub is the bulk velocity at jet’s exit.
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(a)

(b)

(c)

Figure 4.13: Root mean velocity fluctuations (a) u
′
r/Ub, (b) u

′
y/Um and shear stresses (c)

u′ru′y/U2
m in wall jet , solid line (LES), ◦ Hot-wire measurements of Cooper et

al. [28], 4 PIV measurements of Hargrave et al. [80], Ub is the bulk velocity
at jet’s exit & Um is the local maximum velocity in wall jet region.
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Wygnanski et al. [194] have found that a logarithmic profile might be fitted to the data
but the constant (B) present in the law of the law must be adjusted. Özdemir and Whitelaw
[150] have found that in case of an impinging jet, if the outer edge of the equilibrium layer
is attached to the point of maximum velocity (Um), which occurs close to wall, then this
maximum velocity can be used as an appropriate scaling parameter. They stated that in
above relation B can not be treated as a constant rather it is a function. They proposed the
following formulation:

B = f (
Um

uτ

) (4.9)

Using the approach proposed by Özdemir et al. [150] and Guerra et al. [63] the follow-
ing relationship is obtained:

B = 1.122(
Um

uτ

)−10.53 (4.10)

The first term in the above equation is called profile shift parameter. If this shift pa-
rameter is subtracted from the law of the wall, the resulting curve shows the presence of
an equilibrium layer that extend up to the point of maximum velocity. Figure 4.14 (a) and
(b) shows the radial velocity profiles with and with out subtracting the shift parameter in
semi-logarithmic axes.

The simulation thus confirms the previous experimental findings of [150] and [63] that
the inner layer of the wall jet, which is formed after the jet impingement on the wall, can be
cast in to scaling log-laws. As can be seen, the flow in an impinging jet and the subsequent
wall jet is highly complex. It is found that the mean flow characteristics are influenced by
the wall shear stress. It is important to analyse the nature of the turbulence in detail, which
is the subject of the next section.

Anisotropy invariant mapping

One of the subtle problems in Large Eddy Simulations is the use of correct formulation for
the near-wall behavior of turbulent flow. Numerous wall-models are proposed for the Large
Eddy Simulations (see section 2.3.2). However, most of these near-wall models are based
on the ideas taken from channel flows. The anisotropy invariant mapping is a nice tool to
investigate the near wall behavior of the turbulent flow. The Reynolds stress anisotropy
tensor is defined as:

bi j =
u′iu

′
j

2k
−

δi j

3
(4.11)
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(a) (b)

Figure 4.14: (a) Semilogarithmic plot of the radial velocity profiles with out subtracting the
shift parameter, (b) Velocity profile with subtraction of profile shift parameter,
the line shows the characteristic of the equilibrium layer that it extend till the
location of maximum velocity.© r/D=1, + r/D=1.5, ∗ r/D=2, × r/D=2.5, /
r/D=3, . r/D=3.5,4 r/D=4.

where the turbulence kinetic energy is defined as:

k =
1
2

u′iu
′
i (4.12)

It is clear from the equation 4.11 that none of the eigenvalues of the anisotropy tensor bi j
can be larger than 2/3 and none can be smaller than 1/3. Therefore, all possible turbulence
states can be described by the turbulence triangle in invariant coordinates.

Any function of invariants of a tensor is independent from rotations of the coordinate
system. The first invariant is the sum of the diagonal components. The second and third
invariants denoted by II and III are defined as:

−II = bi jbi j/2 (4.13)

III = bi jb jkbki/3 (4.14)

The fact that the invariants do not change with rotation of the coordinate system, make them
a valuable tool for the turbulent flow analysis.

Figure 4.15 shows the AIM plot of a pipe flow obtained from the experimental data by
Krogstad and Torbergsen [114]. The flow near the wall is following the two-component
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Figure 4.15: Anisotropy invariant map of the Reynolds stresses near pipe wall obtained
from experimental data, ◦ Krogstad and Torbergsen [114] ReD= 22000, 4
DNS Eggels et al. [42], ReD= 5300, × DNS channel data of Kim et al. [110],
ReD= 3300. lines indicate the region for realizable turbulence states (adapted
from [114]).

state. Above the surface after y+>4, the flow is following the axisymmetric expansion
state. Eggels et al. [42] found differences between pipe and channel flows, based on direct
numerical simulations.

Nishino et al. [147] have utilized the anisotropy invariant map (AIM) for the investi-
gation of the nature of turbulence in the stagnation zone of an impinging jet. They found
that the flow near a wall is in an isotropic state. The turbulence is following the axisym-
metric contraction state below y/D =0.1 (or ξ/D = 1.9). However, after y/D= 0.1 (or ξ/D
= 1.9) the turbulence is in an axisymmetric expansion state. Figure 4.16 shows the AIM
plot from experimental data by Nishino et al. [147]. The AIM shows that near wall flow in
pipe/channel flow is very far from near wall flow in case of an impinging jet. Therefore it
is expected that the existing wall models might not work well with the impinging jet Large
Eddy Simulation.

In the wall jet, u′ru′r is larger than u′yu′y and u′
θ
u′

θ
. This causes the anisotropy tensor b11

larger than b22 and b33. It has been found that at r/D=2 the flow near wall is also nearly
isotropic, as the IIIrd invariant is very small. The turbulence is following an axisymmetric
contraction state below y/D =0.02. However, after y/D= 0.02 the flow is in an axisymmetric
expansion state. The AIM at r/D=2 is plotted in figure 4.17. Later at r/D≈ 4 the near
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Figure 4.16: Anisotropy invariant map of the Reynolds stresses near impingement wall at
Re= 10400 and 13000 and H/D= 5.86, ◦ at r/D= 0, � at r/D= 0.5. (adapted
from Nishino et al. [147])

Figure 4.17: Anisotropy invariant map of the Reynolds stresses at r/D=2, ◦ shows the sim-
ulation data, lines indicate the region for realizable turbulence states.
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wall flow becomes non-isotropic. The isotropic flow region moves away from the wall.
This is consistent with the known behavior of the wall jet, as the flow near the wall is
highly anisotropic. It is important to note that RANS based turbulence models with the
assumption of isotropy may not perform good in the near impingement wall jet zone. Only
the Reynolds stress model (RSM) account the anisotropic flow behavior. However, they
too do not give acceptable results for the impinging jet case. This indicate that the better
modeling approaches for anisotropy in flow field are required for acceptable predictions of
the flow field through the RANS based turbulence models. The above analysis reveal that
the flow near the wall is highly complex. In order to understand the near wall flow field
further the budgets of turbulent kinetic energy are investigated in the next section.

Budgets of turbulent kinetic energy

Reynolds stress equations can be written as:

∂u′iu
′
j

∂t
+Uk

∂u′iu
′
j

∂xk


︸ ︷︷ ︸

Ci j

=−
(

u′iu
′
k

∂U j

∂xk
+u′ju

′
k

∂Ui

∂xk

)
︸ ︷︷ ︸

Pi j

− ∂

∂xk

u′iu
′
ju
′
k +

1
ρ

(p′u′iδ jk + p′u′jδik)−ν
∂u′iu

′
j

∂xk


︸ ︷︷ ︸

di j

+
p′

ρ

(
∂u′i
∂x j

+
∂u′j
∂xi

)
︸ ︷︷ ︸

Φi j

−2ν

 ∂u′i
∂xk

∂u′j
∂xk


︸ ︷︷ ︸

εi j

(4.15)

where Ci j denotes convection, Pi j denotes generation due to shear and force field, Φi j
means redistribution effects of pressure fluctuations, di j is the diffusive transport, εi j is the
viscous dissipation.

The trace of the above equation gives the turbulent kinetic energy and can be written
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as: (
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(4.16)

where Ck denotes convection, Pk denotes generation due to shear and force field, dk is
the diffusive transport, εk is the viscous dissipation.

An important quantity in the above equation is the production of the turbulent kinetic
energy (Pk), which can be obtained by trace of the above equation. The term Pi j represents
the continual extraction of energy from mean flow by the action of Reynolds stresses. The
presence of negative production indicates the transfer of energy from turbulent field to the
mean field. The radial distribution of the production of turbulent kinetic energy is plotted in
figure 4.18. The contribution of production of turbulent kinetic energy in radial direction is
higher than the others. It is found that in the wall jet the turbulent kinetic energy production
is maximum approximately at around r/D equals 1.77. The radial distribution of production
rates quickly reveal that P

u′ru′r
plays a dominating role.

Through both experiments and Direct Numerical or Large Eddy Simulations it is found
that there is a negative production of turbulence kinetic energy in the stagnation zone
[147; 61; 169; 30; 78]. Satake and Kunugi [169] have conducted a DNS simulation of
an impinging jet at Re =10000 and H/D = 6. They found that the production of turbulent
kinetic energy is negative in the near-wall region in the stagnation zone. Nishino et al. [147]
have found through experiments of an impinging jet at Re = 10400, 13000 and H/D = 5.86
that the production of turbulent kinetic energy is negative in the near-wall region. At these
H/D ratios, the secondary peak in the radial distribution of Nusselt number is not present.
It is found through present LES (Re =23000, H/D = 2) that close to wall the production of
the turbulent kinetic energy becomes negative not only at stagnation point but also at the
secondary peak.

The budgets of turbulent kinetic energy are plotted in figure 4.20. At the wall the
dissipation is balance by pressure diffusion and turbulent diffusion. It has been found that
pressure diffusion is playing a significant role in turbulent impinging jets, controlling the
dynamics of the flow at the wall. This corroborates the earlier findings of Kataoka et al.
[108] that the large scales eddies of surface pressure turbulence play an important role.
Close to the jet’s outlet, inside the jet’s shear layer, the dissipation is balanced by production
of turbulent kinetic energy. However as the jet develops and moves towards the target
wall, the pressure diffusion becomes important and at the wall the dissipation is balance by
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Figure 4.18: Production rate of turbulent kinetic energy (Pk) near impingement plate
(y/D=0.08), all the values are normalized with U3

b /D.

Figure 4.19: Contribution of the normal stress to the Production rate of turbulent kinetic
energy near impingement plate (y/D=0.08), all the values are normalized with
U3

b /D. The solid line shows the contribution of (P
u′ru′r

), the dashed line shows
the contribution of (P

u′yu′y
) and dotted line shows the contribution of (P

u′
θ
u′

θ

).
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Figure 4.20: The budgets of turbulent kinetic energy at the wall, all the values are normal-
ized with U3

b /D. The solid line shows the contribution of dissipation, � con-
vection,© production, � Pressure diffusion,4 Turbulent diffusion,5Molec-
ular diffusion.
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Figure 4.21: Radial distribution of the Nusselt number in an impinging jet, Re=23000 and
H/D=2, Nusselt number is normalized with Re2/3 � ([65], Re = 23000),
©([47], Re = 23000),4 ([12], Re = 23750),5 ([121], Re = 20000), / ([13],
Re = 23300), .([195], Re = 23000), solid line LES, Re = 23000.

pressure diffusion and turbulent diffusion.

Radial distribution of Nusselt number

Radial distribution of the Nusselt number predicted by the simulation is plotted in figure
4.21. The distribution is obtained after averaging in time and in space. For time averaging,
the data after each 10 time steps has been used. For spatial averaging simulation data after
20 time steps is taken and ensemble-averaged at radial locations. As in some experiments,
the jet’s Reynolds number is different from 23000, it is necessary to remove the effect
of Reynolds number. Therefore, the Nusselt number distribution is normalised by Re2/3,
which is recommended by Martin [133].

As one can see, the first peak Nu1 is slightly off-set towards the stagnation point. How-
ever, the secondary peak is captured well. The differences in experimental data and simu-
lation are high from r/D= 0.5 to about 1. However, the scatter in experimental data is also
very high over there, indicating the complex dynamics of the flow over there.

For H/D equals 2, Lee and Lee [121] have found that the following relationship be-
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tween the local peaks hold:

Nu2/Nu1 = 0.613Re0.023
D (4.17)

From simulation it is found that the ratio between the two peaks Nu2/Nu1 is found to be
0.76, this agrees well with the correlation proposed by Lee and Lee [121] according to
which the ratio is 0.77, for Re=23000 and H/D=2.

As can be seen, LES under-predicts the heat transfer in the stagnation zone (r/D < 1).
It could be reasoned that this drop in the radial distribution of the Nusselt number is due
to the prescription of mean velocity via semi-empirical relation defined by equation 4.6.
The velocity prescribed by such a procedure is only an approximation to the true velocity.
However, as the jet strikes the surface and the wall jet develops the influence of jet’s mean
velocity diminishes. Therefore, for r/D > 1 locations, both flow and heat transfer predictions
are in good agreement with the experimental data.

Coherent structures and passive scalar-flux field

Yule [198] has defined the coherent structures as large eddies which are repetitive in struc-
ture, remain coherent for distances downstream very much greater than their length scales
and contribute greatly to the properties of the turbulent flows, in particular, turbulence en-
ergy, shear stresses, entrainment and mixing. Several parameters have been proposed for
coherent structures visualisation like iso-enstrophy and eigenvalue of the pressure hessian
fields. The enstrophy (1/2

∫
S ω2dS, where S is surface and ω is vorticity helps in detecting

vortex layers that are predominant near the wall but cannot help in distinguishing them from
cylindrical vortex tubes because enstrophy is defined by the square of vorticity. Therefore
the enstrophy is effective in an isotropic turbulent flow but not effective for detection in a
wall turbulent shear flow. In order to investigate the role of the coherent structures, two dif-
ferent methods, namely, iso-pressure surfaces and Q-criterion have been utilized. Through
simulation it has been found that the ring vortices were found to be generated more or less
periodically and striking the surface. This causes a constant oscillation of flow near the
stagnation zone. Popiel and Trass [159] have found from visualisation studies that the fluid
in the vicinity of the stagnation point experiences a pulsation due to swelling and contrac-
tion of the jet core. Hadz̆iabdić [78] has suggested that the constant precessing in this zone
might be the reason for the high stagnation point heat transfer. The simulation corroborates
these findings. It has been found that at r/D=1 the ring vortices are striking the surface
which are causing a low pressure over there. At the same location, locally the velocity at-
tains highest values in the impingement system. The periodic acceleration of the flow in
this zone causes a boundary layer excitation, which increases the boundary layer thickness
and hence reduces the temperature over there. As the ring vortex breaks up due to radial
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stretching, the velocity increases and causes the local cooling effect on the wall. This causes
an increase in heat transfer rate. The heat transfer rate reaches its maximum at r/D equals
to two, which is normally attributed to the increase in turbulent kinetic energy. In order to
understand the flow dynamics in this zone, the Q-criterion is used. The Q definition method
is defined as [90]:

Q =
1
2
(Ξ2

i j−S2
i j) (4.18)

where Si j and Ξi j are the symmetric and antisymmetric parts of the velocity gradient tensor,
defined as,

Si j =
1
2

(
∂ui

∂x j
+

∂u j

∂xi

)
, (4.19)

and

Ξi j =
1
2

(
∂ui

∂x j
−

∂u j

∂xi

)
. (4.20)

This method uses the fact that Q has a positive value when vorticity is more predominant
than shear strain. The condition also corresponds to the source term of the Poisson equation
for the pressure (∇2P = 2ρQ), so the condition shows that an area with Q > 0 has the
minimum pressure and is a local low-pressure area, and that a larger value of Q represents
a stronger vortex. The Q-criterion is used for the investigation of flow structures in the wall
jet zone. Figure 4.22 shows the coherent structures in an impinging jet. It is found that there
is a strong acceleration and stretching of structures in this region. The positive Q values are
very high, not only above the stagnation region, but also in wall jet region. This shows the
strong vortical nature of the flow. The accelerating boundary layer flow in the radial wall
jet experiences the entrainment of the surrounding cold fluid. This whole scenario results
in reduction in wall temperature. This reduction in temperature is found to be significant
from r/D≈1 to r/D≈2. However, after r/D>2 the boundary layer becomes thin due to radial
spreading and reduction in velocity, due to this reason the wall temperature starts increasing
again, which results in reduction in Nusselts number.

The Q surfaces colored by the magnitude of the turbulent kinetic energy are shown in
figure 4.22. The regions of high turbulent kinetic energy coincides with the ring vortex
impingement location on the wall. This shows that the ring vortex is affecting the flow field
significantly. Lytle and Webb [131] attributed the occurrence of the secondary peak to the
higher turbulence in boundary layer due to flow acceleration and intense shear between the
radially ejecting jet and stagnant ambient. Also, the so-called transition zone (r/D =1−
2) suggested by [159], where toroidal vortices and wall eddies developing and abruptly
merging is in fact what was stated above. The Large Eddy Simulation confirms the previous
experimental findings and it has been found that the seemingly different interpretations are
the same.
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Figure 4.22: The Q > 0 surfaces (Q= +3.15U2
b /D2) in an impinging jet case. The Q surfaces

are colored by turbulent kinetic energy. The red Q-surfaces are the zone of high
turbulent kinetic energy which coincides with the ring vortex impingement
zone.
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4.2 LES of Jet Impingement with Active Velocity Field Excitation

It is known that through jet’s velocity field excitation or pulsation, the jet behavior can be
significantly altered. Pulsations affect not only the flow structures but also the entrainment
effects. In the case of limited mass flow rate, the possibility of jet heat transfer enhance-
ment is very important. In this section, the effect of excitation of fully developed turbulent
impinging jet on heat transfer is investigated using LES. The jet is excited at four different
frequencies, which correspond to a preferred mode, subharmonic and harmonic frequencies
of the preferred mode of the un-excited jet. The amplitude of excitation is kept at 50 % of
the inlet bulk velocity.

The inflow conditions are very important for the Large Eddy Simulation. For inflow
conditions, the digital-filter based turbulence generation procedure proposed by Klein et al.
[115] has been used. The mean velocity profile of fully developed turbulent flow is used for
non excited jet. However, for the excited jet the inlet velocity field is altered based on the
following relation:

Uin = Ub +ANsin(2π f t) (4.21)

where Uin, Ub and AN are jet’s inlet velocity, jet’s bulk velocity and A is the amplitude of
excitation. In this section it is taken as 50% of the Ub.

Computational Domain

A schematic representation of the computational domain is shown in figure 4.23. It consists
of a circular impingement zone and a circular pipe of length 6D. The domain is confined by
an adiabatic, no-slip wall at the top. Also the boundary condition at the pipe wall is made
adiabatic and no-slip. The domain is 16D in length. The jet’s Reynolds number, based
on the time averaged bulk velocity Ub and jet’s diameter D, is 23000. The dimensionless
nozzle-to-plate distance (H/D) is 2. This domain and grid quality is same as used for the
non-excited impinging jet simulation, which is investigated in the previous section.

In each case, the total simulation time is equivalent to 20 cycles, where one cycle cor-
responds to the preferred mode of unexcited jet.

Results

Figure 4.24 shows the energy spectrum of the velocity signal in case of excited and unex-
cited jet at the same position in the jet. Only the large scales are affected by the excitation
and become more energetic. However the small scales are unaffected by the excitation. It
is interesting to note that the slope of the spectrum is independent of the excitation. Exper-
imentally, Azevedo et al. [11] have observed that the excitation only affect the large scale
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Figure 4.23: Schematic diagram of computational domain used for the impinging jet Large
Eddy Simulation. The origin is fixed at the geometrical stagnation point of the
jet.

structures. As the present simulations endorse these findings, the excited jet simulation on
the same grid as used for non-excited jet is justified.

Instead of exciting the inlet velocity field at random frequencies, it is decided to excite
the jet at frequencies corresponding to the jet’s preferred mode ( fn), subharmonic of pre-
ferred mode ( fn/2), twice of preferred mode ( f2n) and five times of Preferred mode ( f5n).
The Strouhal numbers of the jet are:

• St=0.16 (Naturally occurring subharmonic)

• St=0.32 (natural/preferred)

• St=0.6 (harmonic)

• St=1.45 (higher harmonic)

The instantaneous entrainment behavior at different excitational frequencies is shown in
figure 4.25. Figure 4.26 shows the entrainment behavior in case of a natural jet. It is found
that the fast change in velocity increases the structures renewal effect but it also makes the
flow structures smaller, making them less effective for heat transfer enhancement.

Over the years, researchers with different objectives, investigated many interesting phe-
nomena in excited jet cases, for example, large scale structural dynamics, vortex pairing,
vortices collective interaction and unsteady separation of the wall boundary layer. In case
of the excited jet impingement, the understanding of these phenomena is important, as they
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Figure 4.24: The turbulence spectrum in case of excited and unexcited jet.

may affect the heat transfer distribution on the target wall. It is therefore interesting to
discuss the jet’s flow field under excitation effects, which would help in understanding the
differences between the heat transfer distributions discussed in this paper.

Kataoka et al. [109] have discovered the interesting phenomenon of surface renewal
effects in case of impinging jets. According to them the flow over the target surface is
renewed by the large scales structures depending on the H/D ratios, Reynolds number and
velocity fluctuations. The large scale structures arise from the flow emerging from the
nozzle and flow impact on the surface. These structures effect the whole flow field and
control the impinging jet dynamics. The phenomenon in the stagnation zone is quantified
through the surface renewal parameter, defined as:

Sr =

√
(u′u′)stg

UCL

feD2

ν
(4.22)

where fe is the frequency of the large scale structure passage frequency. It can be interpreted
that the surface renewal parameter is the product of the turbulent Reynolds number and
Strouhal number. Kataoka et al. [109] have found experimentally that as the surface renewal
parameter increases the heat transfer on the target wall in the stagnation region increases.
However, the investigations and reasoning proposed by Kataoka et al. [109] were valid
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Figure 4.25: Instantaneous pathlines in case of jet inlet velocity excitation, at different time
steps.

Figure 4.26: Instantaneous pathlines in case of unexcited (natural) jet.



4.2. LES of Jet Impingement with Active Velocity Field Excitation 93

only for the case of naturally occurring unexcited jet cases. However, as in case of jet
excitation the turbulent coherent structures can be controlled it can be imagined that the
surface renewal effect is controlled as well.

Another, important phenomenon in axisymmetric jets is vortex pairing in which two
discrete vortices coalesce together. It can occur in free as well as impinging jets. Under
controlled excitation multiple coherent structures merge together and it is called collective
interaction [85]. Two of the characteristic features associated with the collective interaction
are the sharp drop in passage frequency and relatively high shear-layer growth [84].

Several researchers have observed

Figure 4.27: Displacement thickness (in mm)
computed for wall jet bound-
ary layer (excitation at preferred
mode).

these phenomena in their experiments
and its role in the heat transfer enhance-
ment has been investigated (see [128;
53; 93]). In this investigations, in case
of turbulent jet (Re=23000) at the am-
plitude of excitation of 50% with outlet-
to-target wall distance (H/D) of two, no
pairing and collective interaction pheom-
ena could be observed. However, the
phenomenon of unsteady separation is
observed. Didden & Ho [38] have in-
vestigated the axisymmetric jet excita-
tion at a Reynolds number of 19000 and
the frequency of excitation corresponds
to the preferred mode of the unforced
jet. Landreth & Adrian [117] have in-
vestigated the impingement of a low
Reynolds number turbulent circular jet
using Particale Image Velocimetry (PIV). They found that the primary vortex or ring vor-
tex causes the formation of secondary vortices at the wall, which are lifted away from the
wall jet. Later both primary and secondary vortices merge together. A similar phenomenon
has been observed through simulation. The sharp rise in the displacement thickness is an
indication of unsteady separation. The displacement thickness is defined as:

δ
∗ =

∫
δ

0

[
1−
(

u
U∞

)]
dy (4.23)

where δ is the boundary layer thickness, U∞ is the velocity at the edge of the wall jet
boundary layer.

At one particular instant, figure 4.27 shows the displacement thickness at different radial
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positions in case of excitation at the preferred mode. The sharp rise in the thickness is a
sign of the unsteady separation. It is observed that in case of excitation at subharmonic
frequency the unsteady separation is delayed.

The Anisotropy Invariant Map of turbulent stress tensor is plotted in figure 4.28. As
described in section 4.1, in case of natural jet impingement the near wall turbulence at
r/D=2 is following the axisymmetric contraction state but for y/D > 0.02, the turbulence is
following the axisymmetric expansion state. This trend is also observed when jet is excited
at fn/2, fn and f2n frequencies. However, when jet is excited at higher harmonic frequencies
the near wall turbulence follows the two-component state and then with out following the
axisymmetric contraction it moves towards the axisymmetric expansion state. This shows
that the nature of the turbulence in an impinging jet flow can be altered by the high frequency
excitations.

The contours of turbulent kinetic energy for the excited and the unexcited jets, are
shown in figure 4.29 and 4.30. In case of non-excited jet the turbulent kinetic energy is
highest in the wall jet. The same trend can be seen in case of excitation at preferred mode
and its subharmonic frequency. The change in trend is observed in case of excitation at
frequencies higher than the preferred mode, the turbulent kinetic energy becomes higher
more closer to the jet and later in case of higher harmonic excitation it is high at the jet
outlet, with significant reduction in the amount of turbulent kinetic energy near the wall.
Further, it is found that in case of natural jet the turbulent kinetic energy is concentrated
at the location of the secondary peak. However, in case of excitation the turbulent kinetic
energy is high in the wall jet zone but the distribution is uniform, causing the secondary
peak to be flattened or removed.

The radial distribution of the Nusselt number in case of velocity field excitation is plot-
ted in figure 4.31. The surface averaged Nusselt number & Nusselt number at the stagnation
point under different excitation cases are plotted in figure 4.32 (a). The Nusselt number is
plotted against Strouhal number of excitation. The semi-logarithmic plot of Nusselt num-
ber at the stagnation point versus Strouhal number is plotted in figure 4.32(b). The value of
Nusselt number is normalized with the corresponding values of Nu in case of unexcited jet.

It is found that the excitation of inlet velocity field at high amplitude can improve the
heat transfer. Although the heat transfer at the stagnation point is improved with the increase
in excitational frequencies. The investigations at four different frequencies shows that the
increase in surface averaged heat transfer is very significant at the frequency corresponding
to the half of the preferred mode. It is interesting to note that the heat transfer can be
enhanced with excitation of the inlet velocity field at the large amplitude (in our case 50%).
However, care must be taken in selecting the excitational frequencies. The frequencies
depend on the geometric configuration of the jet outlet, which in fact affects the jet flow
instabilities growth and jet structure.
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(a)

(b)

Figure 4.28: (a) Anisotropy Invariant Map (AIM) at r/D=2 with and with out inlet velocity
field excitation (b) close up view.
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Figure 4.29: Turbulent kinetic energy in case of excitation.

Figure 4.30: Turbulent kinetic energy in case of unexcited jet.
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Figure 4.31: Radial distribution of Nusselt number in case of velocity field excitation.
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(a)

(b)

Figure 4.32: (a) The semi-logarithmic plot of surface averaged Nusselt number versus
Strouhal number. (b) The semi-logarithmic plot of Nusselt number at stag-
nation point versus Strouhal number. The Nusselt number is normalized with
the corresponding values of Nu in case of unexcited jet.
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4.3 LES of Jet Impingement with Passive Velocity Field
Excitation

Active control of excitations is an effective approach for heat transfer enhancement in an
impinging jet. However, it demands efficiently designed mechanism for the control of the
flow field. Passive excitation of the jet is a simple approach which can be accomplished by
simple change in the geometry of the flow domain or by using some excitational devices.
The devices of such kind are cylindrical inserts, rings, springs etc. In this section a case of
passive excitation of the impinging jet’s velocity field has been investigated. In the present
investigation a cylindrical insert inside the pipe is modeled. The geometry of the computa-
tional domain is shown in figure 4.33 (a). The diameter of the cylindrical insert is half of the
diameter of the main pipe. The center of the cylinder is at (x,y,z)=(0,2.2D,0) in Cartesian
coordinates. The Reynolds number (Re=UbD/ν) of the main pipe flow is 23000. The jet
outlet-to-target wall distance is two.

Computational domain

The whole computational domain is modeled with an O-grid. At the impingement wall, the
near wall grid fulfills the requirements of properly resolved Direct numerical simulations.
The mean grid spacing near wall ∆+/η+ is 6.4, where η is the length of the Kolmogorov
scale. The most important domain region is the stagnation and wall jet region (r/D≤4),
where the ∆r+ = (∆r)uτ/ν is ≈ 8 with in the jet zone and 16 in the wall jet region. The
parameter r∆θ+ = (r∆θ)uτ/ν ≈ 20. In the wall jet zone the maximum ∆r+ is 94. The grid
near the cylindrical insert is finest, as the thin shear layer emanating from the cylinder and
the subsequent wake region are the main flow features in this simulation. The grid spacing
perpendicular to the cylinder are ∆

+
⊥ = 0.5. Total 12 blocks are surrounding the cylindrical

insert. Total 7.3 million control volumes are used for the simulation of this case.

The flow attains statistical stationary state after twenty cycles, where one cycle corre-
sponds to the vortex shedding frequency of the cylindrical insert. Once the flow becomes
statistical stationary, it is averaged in time and space. The simulation is controlled in such
a way that the CFL number remains less than one. The dimensionless time step used is
∆td/Ub equal to 3.57E-08, where d is the diameter of the cylinder. The total simulation
time is equivalent to 90 cycles.

The computations were performed on the NEC-SX8 Cluster, Höchstleistungsrechen-
zentrum (HLRS), Stuttgart, Germany. The computations are done using 5 processors, using
33 blocks in total.
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(a) (b)

Figure 4.33: The schematic diagram of the computational domain used for the simulation
of the passive jet excitation case.

Results

The instantaneous velocity field from the simulation is shown in figure 4.33 (b). As can be
seen, the cylinder in the pipe causes the formation of the wake region which extends till the
target wall. The size and strength of this wake region change in time and the vortices shed
by the cylinder strike the surface.

Experimentally it has been found that different vortex structures form over the cylinder
when free-stream flow passes over it. Different flow behavior according to the Reynolds
number, based on the cylinder diameter and the free-stream velocity are outlined below
[129].

In the LES investigations the Reynolds number of the flow the over the cylinder is
11500. However, the cylinder is inserted in a pipe (confined) and flow over it is far from
free-stream conditions. No vortex street has been found, instead random turbulence has
been found to be dominant in the wake region of the cylinder.

The velocity distribution at the pipe outlet with and without cylindrical insert is shown
in figure 4.34(a). As can be noted the jet velocity is increased due to the cylindrical insert.
Figure 4.34(b) shows the power spectral density of velocity fluctuations in the jet at y/D=1.

It is explained in section 4.1 that the velocity in wall jet, which forms after an impinge-
ment, does not exhibit the conventional law of the wall.

The following semi-logarithmic relation can be used to model the inner layer of the
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(a)

(b)

Figure 4.34: (a) The velocity distribution at the pipe outlet with and without insert. (b) PSD
of velocity fluctuations in the jet at y/D=1, the line indicates the slope of the
inertial subrange.
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(a) (b)

Figure 4.35: (a) Semilogarithmic plot of the radial velocity profiles with out subtracting the
shift parameter, (b) Velocity profile with subtraction of profile shift parame-
ter, the line shows the characteristic of the equilibrium layer that it extend till
the location of maximum velocity.(Normal to the axis of insert)© r/D=1, +
r/D=1.5, ∗ r/D=2, × r/D=2.5, / r/D=3, . r/D=3.5,4 r/D=4.

(a) (b)

Figure 4.36: (a) Semilogarithmic plot of the radial velocity profiles with out subtracting the
shift parameter, (b) Velocity profile with subtraction of profile shift parameter,
the line shows the characteristic of the equilibrium layer that it extend till the
location of maximum velocity. (Parallel to the axis of insert.)© r/D=1, +
r/D=1.5, ∗ r/D=2, × r/D=2.5, . r/D=3.5,4 r/D=4.
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Table 4.1: Flow over cylinder
Reynolds number range Flow over cylinder
0 < Red < 5 No flow separation
5 < Red < 45 Vortex pair attached to cylinder
45 < Red < 200 Purely laminar, vortex street
200 < Red < 4.5× 105 Formation of vortex layer,

Vortex street superimposed with
irregular frequencies.

Red > 4.5× 105 Turbulent vortex street

wall jet:

u+ =
u
uτ

=
1
κ

ln(
yuτ

ν
)+B (4.24)

where uτ is the friction velocity, κ is the von Karman constant and B is defined as:

B = f (
Um

uτ

) (4.25)

Using the approach proposed by [150; 63] the following relationship is obtained:

B = 1.122(
Um

uτ

)−10 (4.26)

The first term in the above equation is called profile shift parameter, which is subtracted
from the law of the wall, the resulting curve shows the presence of an equilibrium layer that
extend up to the point of maximum velocity, as found for non-excited jet case. Figure
4.35(a) and 4.35(b) shows the radial velocity profiles with and with out subtracting the shift
parameter in semi-logarithmic axes for the velocities normal to the insert axis in the wall jet
direction. On the other hand, Figure 4.36(a) and 4.36(b) shows the radial velocity profiles
with and with out subtracting the shift parameter in semi-logarithmic axes for the velocities
parallel to the insert axis in the wall jet direction. As can be seen, close to stagnation point
the velocities parallel to insert axis are deviated from the law of the wall. However, the
value of B is found to be independent of the insert axis effect.

Figure 4.37 shows the distribution of turbulent kinetic energy in the cylindrical insert
case. The kinetic energy is very high in the stagnation zone. Compared to no-insert case
there is a 30% increase in the turbulent kinetic energy in the domain. The figure on the
right hand side shows the close up view of the stagnation zone. Here the time averaged
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Figure 4.37: Distribution of turbulent kinetic energy. The figure on the right hand side
shows the close up view of the stagnation zone.

streamlines are plotted. The contour shows the time averaged temperature field, which
normalized by the jet’s inlet temperature value. The target wall is heated with a constant
heat-flux, therefore the flow there is hot. The flow coming from the cylindrical insert,
sweeps the geometrical stagnation zone and an up-wash region is created. This complex
flow dynamics has tremendous effects on the heat transfer distribution. It is found that
under this highly complex flow field the heat transfer at the target wall is greatly enhanced.
The time averaged and instantaneous radial distributions of the Nusselt number are plotted
in figure 4.38 (a).

The fluctuations in the Nusselt number distribution are large in the wake region of the
cylinder. However, as the wall jet develops the influence of the wake flow is reduced. Figure
4.38 (b) shows the radial distribution of the Nusselt number at the target wall compared to
the case of no-cylindrical insert. Secondary peak in the radial distribution of the Nusselt
number is found to be shifted towards the zone affected by the wake region. The impact
of the high velocity jet streams, originated due to cylindrical insert, cause the increase in
heat transfer. Lee et al. [121] have found that the Nusselt number at the stagnation point for
a single jet impingement without insert, at H/D=2, can be related to Re0.5

D . In the present
case it is found that two jet streams emerged from the sides of the cylinder with velocity
reaching twice as high as in the main pipe. This casues the Reynolds number to be doubled.
Interestingly the Nusselt number at the stagnation is following the same trend as found for
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(a)

(b)

Figure 4.38: The instantaneous and time averaged radial distributions of Nusselt number.
(b) The time averaged Nu distribution with and with out insert case.
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Figure 4.39: Radial distribution of Nusselt number normalised by Re2/3.

jet with out insert case.
The radial distribution of Nusselt number normalised by Re2/3 is plotted in figure 4.39.

The Nusselt number is normalised by the Reynolds number of the flow in the main pipe.
Also a new Reynolds number Remax,hy =Umax Dhy/ν based on the jet’s maximum velocity
and the hydraullic diameter of the jet is used for the normalisation. As the effective flow
area is reduced, the Reynolds number Remax,hy is smaller than the Reynolds number of the
flow in the main pipe.
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4.4 LES of Impinging Jet with Active Temperature Field
Excitation

Introduction of controlled fluctuations in the inflow conditions of an impinging jet can sig-
nificantly alter the heat transfer at the target wall. In this perspective, the investigation of
the effect of changes in the jet’s inlet temperature field on heat transfer is a pioneering in-
vestigation. In this section, the effect of an impinging jet’s inlet temperature field excitation
on heat transfer is investigated. The jet is excited at three different frequencies, which cor-
respond to a preferred mode, subharmonic and harmonic frequencies of the preferred mode
of the unexcited jet. The jet’s inlet temperature field is excited according to the following
relation:

Tin = Tb +ANsin(2π f t) (4.27)

where Tin and Tb are the jet’s inlet and bulk temperatures respectively and AN is the am-
plitude of excitation. In this thesis it is taken to be 50% of Tb, which corresponds to peak-
to-peak ± 10oC variation. The jet’s Reynolds number, based on the bulk velocity Ub and
jet’s diameter D, is 23000. The dimensionless nozzle-to-plate distance (H/D) is 2. The
computational domain and grid used are described in section 4.1.

(a) (b)

Figure 4.40: Power Spectral Density of the (a) temperature fluctuations (b) velocity fluctu-
ations inside the jet shear layer at subharmonic frequency.

Figure 4.42 shows the power spectral density of the temperature fluctuations inside the
jet shear layer (y/D≈ 1) when jet’s inlet temperature field is excited at different frequencies.
In each case, the slope of the spectrum in inertial range as shown by the line. The fluctuation
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(a) (b)

Figure 4.41: Power Spectral Density of the (a) temperature fluctuations (b) velocity fluctu-
ations inside the jet shear layer at preferred mode.

(a) (b)

Figure 4.42: Power Spectral Density of the (a) temperature fluctuations (b) velocity fluctu-
ations inside the jet shear layer at harmonic frequency.
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in temperature signal exhibit the slope of -7/3. The prominent peaks corresponds to the
excitational frequencies or wave numbers.

Thermal impact on the wall

The Nusselt number is defined as:

Nu =
qw

(Tw−Tin)
D
λ

(4.28)

Tin is the time averaged jet’s inlet temperature, which is equals to Tb= 293K. An important
issue in case of temperature field excitation is the quantification of the thermal variation at
the target wall. For that the instantaneous fluctuations in the Nusselt number are monitored
at the target wall. Figure 4.43 shows the fluctuations in the instantaneous Nusselt number
near the stagnation point (r/D=1.3) on the target wall, when the jet’s temperature field is
excited at three different frequencies. It is found that in case of subharmonic excitation the
percentage difference between the maximum value of the Nusselt number and the time aver-
aged value is around 87%. In case of excitation at preferred mode the percentage difference
between the maximum value of Nusselt number and time averaged value is around 156%.
In case of excitation at twice of the preferred mode, the percentage difference between the
maximum value of Nusselt number and time averaged value is around 125%. This indicates
that the subharmonic excitation are much better than other excitation cases.

Wall temperature fluctuations may cause cyclical thermal stresses and depending on
the wall material may trigger fatigue cracking of the wall. The phenomenon is known as
thermal striping. This can be analyzed by looking at the distribution of the crest factor
(CF) or scalar variance at the target wall. Voke & Gao (1998) have used the crest factor to
investigate the temperature variation on the target wall in case of hot jet impingement. The
Crest factor is defined as:

CF =
Tmax−Tmin

Trms
(4.29)

It is found that in case of unexcited jet, the Crest factor is maximum in the wall jet zone
at the location of r/D = 6. In the stagnation zone it is found to be less significant, which
shows that the temperature fluctuations in this zone are small. The same conclusion has
been drawn from the estimation of the scalar variance, therefore only the scalar variance
has been used for the quantification of the thermal impact in case of excited jets. The scalar
variance T ′T ′ quantify the effect of the fluctuation in the temperature field.

Radial distribution of Nusselt number in case of temperature field excitation is shown
in figure 4.46. The excitation will affect the Nusselt number till r/D<3. After that although
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(a) (b)

(c)

Figure 4.43: Fluctuations in the Nusselt number at the target wall near stagnation point
(r/D=1.3) when jet temperature field is excited at (a) subharmonic frequency
(b) preferred mode (c) harmonic excitations. The red line shows the time av-
eraged value.
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Figure 4.44: Contour plot of crest factor on the target wall (with out excitation).

Figure 4.45: Radial distribution of scalar variance at the target wall in case of temperature
excitation.
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Figure 4.46: Radial distribution of Nusselt number in case of temperature field excitation.



4.4. LES of Impinging Jet with Active Temperature Field Excitation 113

the heat transfer due to excitation is higher than the non-excitation case, the time averaged
Nusselt number distribution exhibit a random character.

It is interesting to note that the radial distribution of the Nusselt numbe is very different
from the natural jet impingement case. Excitation of the temperature field at subharmonic
frequency is found to be the most promising technique for heat transfer enhancement at
stagnation point. However, in case of excitation at higher harmonic frequencies, the risk of
faliure is high. In case of excitation at preferred mode, the surface-averaged Nusselt number
is higher than the other cases.
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4.5 LES of Swirling Jet Impingement

Swirling jets consist of complex flow features like, spiral type flow instabilities, vortex
breakdown and free shear layer. The control of these features through different swirling
rates and their influence on the heat transfer at the target wall is an interesting inquiry. In
this section, the results of the Large Eddy Simulations of a swirling jet impingement at the
Reynolds number (Re=UaxD/ν) of 23000 and 21000 are presented. The jet outlet-to-target
wall distance (H/D) is two. The swirl number of the jet are 0.2, 0.39 and 0.47. The heat
transfer due to swirling jet is compared with the experimental findings of Yan & Saniei
[195].

In order to understand the influence of different parameter on the heat transfer due to
swirling jet the swirl number, Reynolds number and the jet’s inlet temperature is varied as
tabulated below.

Table 4.2: Large Eddy Simulations
Cases Swirl Re Jet Inlet Temperature
Case-I 0.47 23000 300 K
Case-II 0.2 23000 293 K
Case- III 0.5 21000 298 K
Case- IV 0.39 21000 293 K

Swirling Jet Inflow Conditions

For the numerical simulation the precursor simulation of rotating pipe flow is used by some
researchers. However, generating inflow through such a procedure is time consuming and
demands extra computational cost. The specification of inlet velocities based on the expres-
sions of forced vortex and Rankine vortex are also used. However, they are too simplified
and usually do not give good quality results. In the experiment of Yan and Saniei [195],
the swirl is imparted to the fully developed turbulent pipe flow by tangential jets. The same
procedure is used here. The tangential velocity is superimposed on the fully developed pipe
flow. The turbulent fully developed flow is prescribed in axial direction and described above
for the non-swirling jet case.

The mean tangential velocity prescribed through an empirical relation is plotted in Fig.
4.49. The empirical relation is reported by [97]:

uθ

u∗
θ

=
[

2ϑ

1+ϑ2

]κ∗

(4.30)
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Figure 4.47: Distribution of the tangential velocity (Re=23000, S=0.47).

where, ϑ=r/r∗, r∗= 0.51 R φ0.41
∗ , u∗

θ
=2.04 uax φ1.1

∗ . Here κ∗ is an index depending on the
swirl conditions and R is the radius at the jet outlet. The parameter φ∗ is comprised of swirl
number and axial momentum flux S/Gax .

Problem Description & Computational Setup

Fig. 4.48 shows the schematic representation of the domain used for the investigation of the
heat transfer due to impingement of the swirling jet at a bulk Reynolds number of 23000.
First the swirling jet is simulated using the same computational domain as used for non-
swirling jet simulation. However, this causes the swirl rate decay in the pipe, therefore, a
different domain is utilized for the swirling jet investigation. The grid spacing in dimen-
sionless units is ∆r+≈ 27, r∆θ+ ≈ 20 and ∆y+/η+ is 6, where, η is the length of the Kol-
mogorov scale. In the investigations, a hexahedral structured grid has been used. The heat
flux of 1000 W/m2 is applied at the impingement wall. Total 6.4 million control volumes
are used for the simulation of this case.
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Figure 4.48: Schematic diagram of the computational domain used for swirling jet. The
origin is fixed at the geometric stagnation point. The jet enters at y=2D. A
swirling device is shown for clarification but not modeled.

Solution Control

On average total simulation time for each case is equivalent to 20 cycles, where one cy-
cle corresponds to the natural frequency of non-swirling jet. The flow becomes statistical
stationary after about 9.3 cycles. The simulation is controlled in such a way that the CFL
number remains less than one. The dimensionless time step used is ∆tD/Uax equal to 7E-07.

Computations are done on two different computing clusters available at Höchstleis-
tungsrechenzentrum (HLRS), Stuttgart, Germany. For Case-I, the vectorized version of
the code is used and computations are done on NEC-SX8 cluster. Case II, III and IV are
computed on CRAY Opteron Cluster.

Result

Case-I

Due to the addition of a swirl the jet breaks down before impingement. At small swirl
number, the jet’s breakdown is delayed, on the other hand, at high swirl values it is en-
hanced. The complexity of the flow field can be visualised through iso-velocity surfaces,
shown in figure 4.49. The phenomenon of the swirling jet impingement is different from
the non-swirling jet impingement in a number of ways. Figure 4.49 shows the contour of
instantaneous velocity distribution and Fig. 4.50 shows the distribution of turbulent kinetic
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Figure 4.49: The iso-velocity surfaces (U/Ub=0.77) and instantaneous velocity field con-
tours in the swirling jet domain.
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Figure 4.50: The contours of turbulent kinetic energy in the swirling jet (Re=23000,
S=0.47).

energy in the swirling jet. As as be seen, the turbulent kinetic energy reaches its maximum
at H/D=1. In case of the non-swirling jet the maximum in turbulent kinetic energy is found
to occur close to the wall. In case of the non-swirling jet, the peak value of the Nusselt
number occurs at the geometric stagnation point. On the other hand, in case of the swirling
jet, the swirl causes the jet break down before the impingement and causes the formation
of the several impingement zones at the target wall. A strong recirculation zone forms at
the geometric stagnation location. The flow in this zone is heated causing a heat transfer
reduction.

The Nusselt number distribution is defined as:

Nu =

(
q
′′
w

Tw−Tj

)
D
λ

(4.31)

where, q
′′
w is the heat flux at the target wall. Tw is the temperature attained by target wall

after jet impingement and Tj is the jet’s inlet temperature.
Figure 4.51 shows the radial distribution of the Nusselt number.
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Figure 4.51: Radial distribution of the Nusselt number case of swirling jet impingement
(Re=23000, S=0.47).

The result is in very good agreement with the experimental data of Yan and Saniei
[195]. The case is used for a benchmark testing of the LES set-up.

Case-II

Recently, Lee et al. [123] and Yan and Saniei [195] have reported separately the heat trans-
fer distribution due to swirl at Re of 23000 and S=0.2 at H/D = 2 case. However the
reported Nusselt number distribution trends were not only different in trends but are enor-
mously high. According to Yan and Saniei [195] the anomaly is hard to explain. Therefore,
the need to investigate this case in detail is clear. The Nusselt number distribution predicted
is compared with the experimental data. The radial distribution of the Nusselt number fol-
lows the trend of the Nusselt number distribution obtained in Case-II. Figure 4.52 shows
the distribution of the Nusselt number for this case.

The radial distribution of the Nusselt number has been further checked by computing
the surface averaged Nusselt number, defined as:

Nu =
1
A

∫
A

NudA (4.32)

The surface averaged Nusselt number obtained from LES is compared with the empiri-
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Figure 4.52: Radial distribution of the Nusselt number in case of swirling jet impingement
(Re=23000, S=0.2).

cal correlation proposed by Ward and Mahmood [188]:

Nu = CRe0.8Pr0.33(H/D)−0.2(1−S)0.57 (4.33)

The correlation is valid for the condition of S < 0.48 & H/D = 2 - 12, where, C is taken as
C=0.032 till r/D=6.5.

The percentage difference between LES and Ward& Mahmood correlation is around
7%.

Case-III & IV

Radial distribution of the Nusselt number due to swirling jet at Reynolds number of 21000
and swirl of 0.39 and 0.5 is plotted in figure 4.53. The jet’s inlet temperature is different
in both cases. It is found that the higher jet inlet temperature results in the higher Nusselt
number. Further, the increase in swirl increases the jet spreading rate. Due to this the jet
impingement also shifts. In general, it has been found that the addition of the swirl does not
give any appreciable increase in heat transfer for the H/D=2 case.

Swirling Jet Kinematics and Heat Transfer

Figure 4.54 shows the coherent structures extracted through iso-vorticity surfaces (ωy) un-
der different Reynolds number and swirl levels. The figure shows that at small swirl level
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Figure 4.53: Radial distribution of the Nusselt number in case of swirling jet impingement
(Re=21000, S=0.39 & 0.5).

the jet core is behaving like a rotating solid body. As the swirl increases the jet core exhibit
helical shaped structures but their influence to the heat transfer at the wall is limited.

Senda et al. [172] have found that the location of the peak value in the radial distribution
of the Nusselt number correlates strongly with the approaching maximum velocity near the
wall. Abrantes and Azevedo [5] have discovered that turbulent kinetic energy can also be
correlated with the peak value in the radial distribution of the Nusselt number. Through
the simulation it is found that in case of high swirl number jet, the peak value in radial
distribution of the Nusselt number is better correlated with the occurrence of maximum
turbulent kinetic energy close to the wall. However at small swirl number the peak value in
the radial distribution of the Nusselt number is correlated with the approaching velocity.

Table 4.3: Location at the target wall (r/D)
Pkmax Pkmin kmax Numax Um

Re S
23000 0.2 1.38 1.92 1.93 0.644 0.52
21000 0.39 0.68 1.0 0.8 0.66 1
21000 0.5 0.66 0.71 0.8 0.90 1.2

Table 4.3 outlines the locations (r/D) at the wall where the said quantities appear. For
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example in case of jet’s Reynolds number 21000 and swirl number 0.5, the maximum value
of the production of turbulent kinetic energy occurs at r/D=0.66, the minimum value of the
production of turbulent kinetic energy occurs at r/D=0.71, the maximum value of turbulent
kinetic energy occurs at r/D=0.8. Similarly the maximum value of the Nusselt number
occurs at r/D=0.90 and the maximum value of the velocity approaching the target wall
occurs at r/D= 1.2. This shows that there exist strong correlation between the turbulent
kinetic energy and Nusselt number. It can be inferred from the information presented in
table 4.3 that at small swirl numbers the jet velocity approaching the target wall plays an
important role in control of heat transfer. However, as the swirl increases the turbulent
kinetic energy is found to play an important role. LES thus confirms the result of Senda
et al. but found to be valid at small swirl numbers (S=0.2). Correlation between turbulent
kinetic energy and Nusselt number is found to be strong when swirl number is high (S=0.39,
0.5).
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Figure 4.54: Coherent structures extracted through iso-vorticity surfaces.
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5. AN ASSESSMENT OF SCALAR-FLUX MODELING FOR
COMPLEX FLOWS

The computation of turbulent flows in problems of engineering interest often demands the
investigation of flow at high Reynolds numbers. Such flows under computing memory and
time constraints can only be simulated through Reynolds Averaged Navier-Stokes equations
(RANS) based turbulence models. Therefore, the RANS based turbulence models are con-
stantly being refined and improved. In the analysis of problems of industrial significance,
the need to model complex flows with higher accuracy and certainty is urgent. The mean
deformation rates in simple flows are usually mild and turbulence has time to achieve an
equilibrium state with the mean flow. Because of this reason, the principal directions of the
Reynold stress tensor tend to be aligned with those of mean strain and an eddy-viscosity
representation of turbulence, used in some turbulence models, is adequate. However, in
complex flows the principal axes of the Reynolds stress tensor are not aligned with those of
the mean deformation tensor, as they involve extra strain rates which are absent in classical
boundary layers.

In the engineering analysis, not only the correct prediction of momentum field is im-
portant but also the heat transfer might be important. The traditional approach for the con-
vective heat transfer computation is based on the concept of the turbulent Prandtl number.
According to this approach the turbulent scalar-fluxes are approximated using Fourier’s law:

−u′iT
′ = Γt

∂T
∂xi

(5.1)

where, Γt is called eddy thermal diffusivity related to turbulent Prandtl number and momen-
tum diffusivity as:

Γt = νt/Prt (5.2)

The turbulent Prandtl number which is often taken as a constant is in fact a variable
dependent on the Reynolds stresses, turbulent heat flux and mean temperature and velocity
gradients. Kasagi et al. [107] have done a Direct Numerical Simulation (DNS) of passive
scalar field in turbulent channel flow. They found that the turbulent Prandtl number is a
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varying quantity. Also the arguments usually stated for the justification of this approach are
valid for fluids with molecular Prandtl number close to unity only. Jischa and Rieke [102]
have found that the Prt is a weak function of the molecular Prandtl number for fluids having
Prandtl number greater than one. However, the turbulent Prandtl number increases rapidly
as Prandtl number reduces.

Due to this reason researchers have proposed non-linear, algebraic transport equations
models for the computation of convective heat transfer.

The exact transport equation for the turbulent scalar flux vector can be written as (see
[199]):

Du′iT
′

Dt = −u′iu
′
j
∂T
∂x j
−u′jT

′ ∂Ui

∂x j︸ ︷︷ ︸
PTi

− p′

ρ

∂T ′

∂xi︸ ︷︷ ︸
ΠTi

−ν

(
1+

1
Pr

)
∂u′i
∂x j

∂T ′

∂x j︸ ︷︷ ︸
εTi

− ∂

∂x j

(
−νT ′

∂u′i
∂x j
− γu′i

∂T ′

∂x j
+u′iu

′
jT
′ +

T ′ p′

ρ
δi j

)
︸ ︷︷ ︸

DTi

(5.3)

where, DTi is the molecular and turbulent diffusion, PTi is the production term, ΠTi is
pressure scalar gradient correlation, εTi is destruction rate tensor. Also, γ, ν, ρ and Pr are
molecular thermal diffusivity, momentum diffusivity, density and Prandtl number respec-
tively.

As one can see, the equation represents a detailed description of turbulence scalar flux
transport. However, as usually the case with the RANS based modeling, because of averag-
ing, the information has been lost and solution requires an input from the user side. Instead
of computing the equation 5.3, equivalent explicit algebraic scalar flux models (ESFM) are
offered by numerous researchers, like Daly and Harlow (1970) [32], Rogers, Mansour and
Reynolds (1989) [163], So and Sommer (1996) [174], Suga and Abe (1999)[180], Abe and
Suga (2001) [2] and Younis, Speziale and Clark [199]. The commonly used models are:
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Daly and Harlow (1970) suggested the relation [32]:

−u′iT
′ = Cθ1

k
ε

u′iu
′
j

∂T
∂x j

(5.4)

where Cθ1 = 0.3.
Abe and Suga (2001) have proposed the relation [2]:

−u′iT
′ = Cθ2

k
ε

u′iu
′
k

u′ku′j
k

∂T
∂x j

(5.5)

where Cθ2 is 0.6.
Younis, Speziale and Clark (2005) have proposed the model [199]:

−u′iT
′ = C1

k2

ε

∂T
∂xi

+C2
k
ε

u′iu
′
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)
∂T
∂x j

(5.6)

where the coefficients are C1 = -0.0455, C2 = 0.373, C3 = -0.00373, C4 = -0.0235. For near-
wall turbulent flows the model is further adjusted by including parameters that are sensitive
to changes in turbulence structure in the near wall region. These parameters are the turbulent
Reynolds number (Ret ), turbulent Peclet number (Pet ), second and third invariants of the
Reynolds stress anisotropy tensor (Ai j) and the stress flatness parameter (A). The Ret is a
scalar quantity which represents the ratio of the turbulent to molecular shear stresses and its
value tends to zero at the wall. Near the wall, the anisotropy of the flow is very important
which is included by tensors Ai j . It has been found that the coefficient C1 has a smaller
value than earlier reported. The recent recommendation for C1 is given in the form of a
damping function [200]:

C∗1 = C1[1− exp(−AβPeα
t )] (5.7)

where,

Pet = RetPr

Ret =
k2

νε
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Ai j =
úiú j

k
− 2

3
δi j

A2 = Ai jAi j

A3 = Ai jA jkAki

A = 1− 9(A2−A3)
8

The new coefficients α and β, recommended for the C1 modification, are 0.1 and 1.5
respectively. The values for α and β have been determined via DNS data of wall-bounded
flows. However, there is still a need to assess the coefficients for more complex flows.

The coefficients of these ESFM are meticulously calibrated by investigators, but often
for the cases of simple channel flows. Wikström et al. [192] (2000) used DNS data of
channel flows. Abe and Suga [2](2001) and Younis et al. [199] (2005) used LES data of
channel flows. There still is the need for analysis and reassessing the model for cases of
more complex flows, like jet impingement or flow separation.

Recently impinging jets have been simulated via LES by a number of researchers like
Gao and Leslie (1995), Gao and Voke (1995) [55; 56], Olsson and Fuchs (1998) [149],
Cizesla et al. [30; 31], Tsubokura et al. [183], Hadz̆iabdić and Hällqvist have reported
separately the investigation of impinging jet case using LES [78; 79]. In general, it is found
that LES is a powerful tool for complex flows simulations. Recently, Abe [3] (2006) has
used LES data for a plane impinging jet, with flow Reynolds number of 6000 and nozzle-
to-plate spacing of 10, for the calibration of the coefficients of a quadratic model.

Originally, the coefficients of the Younis et al. explicit scalar flux model (ESFM) were
calibrated using homogeneous turbulence data. Later, the model was refined for complex
turbulent channel flows and modified parameters were introduced.

In this chapter, the coefficients of the scalar-flux models are investigated using the LES
data of a natural jet impingement case reported in section 4.1. An important inquiry, in an
impinging jet, is the distribution of the u′rT ′ , u′

θ
T ′ and u′yT ′ in the wall jet zone, which is

disscused in the next section.

5.1 Turbulent Heat Flux Distribution

The distribution of dimensionless turbulent heat fluxes at two different locations are shown
in figure 5.1. The locations selected are r/D=0.5 and 2, i.e one close to the stagnation zone
and the other in the wall jet zone close to the secondary maximum in the radial distribution
of the Nusselt number. Close to the wall, the dimensionless radial turbulent heat flux has
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(a) (b)

Figure 5.1: Distribution of u′rT ′ , u′
θ
T ′ and u′yT ′ obtained from LES at r/D=0.5 (a), 2 (b).

The distributions are normalised by frictional velocity at pipe wall and temper-
ature qw/ρcpuτ.

dominating effect. However away from the wall, at y/D≈0.05 the order of magnitude is
same as that of dimensionless azimuthal heat flux. Further at, y/D≈0.2, all the turbulent
heat fluxes have the same order of magnitude. It is interesting to note that the wall tempera-
ture increases as the wall jet region develops, as boundary layer becomes thin, which causes
the increase in heat-flux.

Assuming, a two dimensional boundary layer, the turbulent Prandtl number is defined
as:

Prt =
u′ru′y

∂T
∂y

u′yT ′ ∂U
∂y

(5.8)

Using LES data, the turbulent Prandtl number is computed at three different radial
locations in the wall jet zone. Figure 5.2 shows the distribution of the turbulent Prandtl
number in wall normal direction. As for a channel flow, it is found that near the wall the
turbulent Prandtl number reaches a constant value. However, near the wall, as the wall jet
region develops the turbulent Prandtl number changes as well.

One can expect that the turbulence models using constant turbulent Prandtl number
might not perform well for impinging jet case. Behnia et al. [14] have investigated the
effect of turbulent Prandtl number variation on the prediction of turbulent impinging jet heat
transfer using the υ2-f model. Three different constant turbulent Prandtl numbers (Prt=0.73,
0.85 and 0.92) along with experimental data reported by [111] were compared. For this
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Figure 5.2: Turbulent Prandtl number distribution at r/D=3, 4 and 6 (obtained from LES).

purpose the Nusselt number data (at H/D=6) from experiments of Baughn and Shimizu
[12], Baughn et al. [13] and Lytle and Webb [131] have been used. It is found that the
Kay’s correlation ([111])for turbulent Prandtl number gives good results near the stagnation
zone. Unfortunately, the differences in experimental data are too high. Therefore, no final
conclusion can be made on the quality of the correlation.

5.2 Calibration of Coefficients

The scalar-flux models coefficients are determined through the method based on the non-
linear least-squares algorithms. The coefficients are analysed for the following models:

• Daly and Harlow [32]

• Abe and Suga [2]

• Younis et al. [199]

5.2.1 Daly and Harlow Model

The model is based on the gradient diffusion hypothesis (GDH). The coefficient for this
model is obtained from the LES data analysis and plotted in figure 5.3(a) and 5.3(b). It is
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(a)

(b)

Figure 5.3: Daly and Harlow model [32] coefficient distribution close to target wall from
(a) u′yT ′ at y/D=1× 10−03 and from (b) u′rT ′ at y/D=0.02. The symbol shows
the model coefficients obtained from LES data.
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(a)

(b)

Figure 5.4: Abe and Suga model [2] coefficient distribution from (a) u′yT ′ at y/D=1× 10−03

and from (b) u′rT ′ at y/D=0.02. The symbol shows the model coefficients ob-
tained from LES data.
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found that the original value of the coefficient for this model, 0.3 is too high for heat transfer
prediction in impinging jet case. The maximum value of the Cθ1 estimated from LES data
analysis is found to be 0.15.

5.2.2 Abe and Suga Model

The model coefficient for this model is investigated. The original value of the coefficient
recommended for this model is 0.6. The value estimated from LES data analysis is found to
be much lower. The coefficient for this model is obtained from the LES data analysis and
plotted in figure 5.5(a) and 5.5(b). The maximum value of the Cθ2 estimated from LES data
analysis is around 0.2.

Both Daly and Harlow model and Abe and Suga model have incorporated the gradient
diffusion hypothesis. It is interesting to note that the trend of the coefficient distribution
is similar to the Daly and Harlow model. The similitude in trend is an indication of the
dominating role of GDH in Abe and Suga model. Recently, Abe has stressed the importance
of GDH for the scalar-flux modeling in impinging jet case [3].

5.2.3 Younis et al. Model

The coefficients of the Younis et al. model are investigated using radial u′rT ′ and vertical
u′yT ′ distributions. In both cases, C3 and C4 are found to be more sensitive than the other
coefficients. The coefficients of C1, C2, C3 and C4 are plotted in figure 5.5. In the Younis et
al. model, the coefficient C3 is found to be varying a lot and C4 is showing large swing near
the stagnation point. A polynomial is fitted to the coefficient data. The mean, standard de-
viation and coefficient of determination are reported in table 5.1. The closer the coefficient
of determination is to 1, the more completely the fitted model explains the data. However,
from the practical point of view this approach reduces the robustness and generality of the
model. Because of large oscillations in the optimized coefficient values, it is important to
analyze the role of each term in detail.

Table 5.1: Coefficients of Younis et al. model [199]
Coeff. Original value Mean Standard Coefficient of

Deviation Determination
C1 - 0.0455 - 0.0481 0.008 0.468
C2 + 0.373 + 0.3723 0.0017 0.3424
C3 - 0.00373 + 0.0028 0.0084 0.432
C4 - 0.0235 - 0.0195 0.0087 0.784
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(a)

(b)

Figure 5.5: Younis et al. model [199] coefficients distribution at (a) y/D=1× 10−03, com-
puted from u′yT ′ (b) at y/D=0.02, computed from u′rT ′ .
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According to Younis et al. the functional relation of these terms in the scalar-flux is:

Scalar f lux = Gradients of scalar [ C3 (Mean velocity gradients)
+C4 (Production rate)] (5.9)

The C3 term and C4 term represent the effect of the production terms and scalar gra-
dients, is originated from the Dakos and Gibson (1987) model for fluctuating pressure and
scalar-gradients [33]. Kataoka et al. [108] have found that large scale eddies of surface
pressure turbulence play an important role in an impinging jet. Therefore the inclusion of
these terms in the scalar-flux model is justified. However the analysis through LES data
shows that the model coefficients for these terms needs to be adjusted. Figure 5.6 (c) and
(d) shows that the Younis et al. model under-predicts the effect of this term at the stagna-
tion point. To compensate this effect the value of C3 in general and C4 is found through
optimization.

Further, it has been found that near the jet’s stagnation point, the first term of Younis et
al. model is playing a dominant role and important for the stagnation modeling. The term
actually represent the Gradient Diffusion Hypothesis.

5.3 Similarity of Mechanical and Thermal Time Scales

An important issue in scalar-flux modeling is the similarity of mechanical and thermal time
scales. The flow (rm) and thermal scales (rt ), used in scalar-flux models, are defined as:

rm =
k
ε

(5.10)

rt =
T ′T ′

εt
(5.11)

εt can be estimated from the asymptotic relation, used for specification of boundary
conditions in scalar-flux models as:

εt = α(∂
√

(T ′T ′)/∂y)2 (5.12)

It is clear from figure 5.7 that the assumption of same heat and mechanical scales is
very far from reality.

The coefficients of scalar flux models determined from LES are tested in the commer-
cial CFD code, CFX-sp11. For the flow field the model implemented by Dietz [39] at ITLR
has been used. It incorporates the specific dissipation rate and the dissipation rate tensor
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(a) (b)

(c) (d)

Figure 5.6: Curve fitting of the coefficient distribution at y/D=1× 10−03, (Younis et al.
model) computed from u′yT ′ .
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Figure 5.7: Ratio of the mechanical (rm) and heat (rt ) time scales at at y/D=1× 10−03.

is modified based on the Rotta and Kolmogorov approaches [193; 164]. The wall reflec-
tion term is used for modeling of pressure-correlation based on modifications proposed by
Speziale, Sarkar and Gatski (SSG) [176]. The low Reynolds number damping function
proposed by Gullman and Strand is also included [71].

No significant changes in the model behaviors were found when C3 and C4 are changed.
The radial distribution of the Nusselt number predicted by different scalar flux models is
plotted in figure 5.8. The Low Reynolds number SSG model, is found to be incapable
of predicting the secondary peak. All three models were found to be behaving in a similar
fashion in case of an impinging jet. Here, it is important to note that the indirect influence of
flow turbulence model can significantly alter the scalar-flux predictions, as the mechanical
time scale is a quantity independent of the scalar-flux model. The scalar flux models are
based on the turbulent fluctuations and correct predictions of them in the near wall region is
crucial for the correct flow field prediction. The flow field predicted by Low Re SSG model
is shown in figure 5.9(a) and 5.9(b).

The Anisotropy invariant map in the wall jet at r/D = 2 from the Low Reynolds SSG
model and LES data is plotted in figure 5.10. The low Reynolds number SSG model pre-
dict that in an impinging jet the near wall flow is isotropic and follows the axisymmetric
expansion state like channel or duct flows. This is contrary to what has been found through
experiments and LES and discussed in previous chapter, that the flow near wall is following
the axisymmetric contraction state. Further the magnitude of second and third invariants is
underpredicted. This shows that the complete Reynold stress tensor is underpredicted by
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Figure 5.8: Radial distribution of the Nusselt number from the Low Reynolds SSG model
and scalar flux models.
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(a) (b)

Figure 5.9: Prediction of (a) mean velocity and (b) u′ru′r from Low Reynolds SSG model in
wall jet.
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Figure 5.10: Anisotropy invariant map in wall jet at r/D = 2 from Low Reynolds SSG model
and LES (till y/D = 0.04). The lines with arrow in the legend show the trend
of distribution.

the model. In this situation, one can expect that the mechanical time scale is also underpre-
dicted.

As the turbulent fluctuations are underpredicted near the wall, the level of the u′iT
′ will

also be underpredicted. However, the scalar-flux underprediction is corrected by the high
values of the coefficients used in the scalar-flux models. Therefore, although the turbu-
lent quantities are underpredicted, heat transfer predicted by the scalar-flux models is in
satisfactory agreement with the experimental data.

The above analysis based on the Large Eddy Simulation data gives better insight in
an impinging jet phenomenon which would help in devising better turbulence models for
RANS based computations.
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The dynamics of flow and heat transfer in an impinging jet is very complex involving jet
stagnation, ring vortex impact, acceleration of flow and then deceleration. The addition of
swirl and pulsations make the flow further complex. Large Eddy Simulations provide the
detailed information of the flow and heat transfer fields which is difficult to get in details by
present experimental techniques.

First, a Large Eddy Simulation of an impinging jet at Reynolds number of 23000 and
(jet’s) outlet-to-target distance of two diameter has been conducted. The flow statistics are
compared with known experimental results. The most amplified frequency is found to be
present in the jet’s shear layer. This frequency is found to be very close to free jet, indicating
the undisturbed nature of the jet. Several harmonic frequencies were found in the wall jet
zone, indicating the complex flow structural dynamics.

It is found that the mean velocity in the wall jet can be cast into scaling log-laws.
In order to highlight the reason of the failure of the RANS based turbulence models, the
anisotropy invariant map is utilized. The flow is found to be anisotropic near the wall
which means that the RANS models based on isotropy assumption may not work well for
this case. The production of turbulent kinetic energy is found to be negative in distinct
regions very close to wall. This also indicates one of probable reason of the failure of
the RANS models. The turbulent Prandtl number is evaluated and found to be varying
from 0.6 to 1.2 in non-linear fashion. The reason of peaks in the radial distribution of the
Nusselt number were investigated. The previously proposed interpretations for the peaks are
outlined and discussed, which helps in understanding the underlying phenomenon causing
the appearance of the peaks in the distribution of the Nusselt number.

In case of the velocity field excitation it is found that the excitation of the jet velocity
field causes only large scale excitation. It is interesting to note that the slope of the spectrum
is independent of the excitation. The excitation at higher frequencies gives rise to non-linear
interactions between the scales and the jet receptivity to the excitational frequencies higher
than the preferred mode becomes lower. This causes the reduction in the most amplified
frequency. The inlet velocity field is excited at four different frequencies. It is found that
the excitation at harmonic frequencies causes the formation of small vortical structures
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which are less able to improve mixing and enhance heat transfer. This makes the harmonic
excitation less effective. In case of natural (unforced) jet the turbulent kinetic energy is
concentrated at the location of the secondary peak. In case of forced jet, the turbulent kinetic
energy is high in the wall jet zone but the distribution is uniform, causing the secondary peak
to be flattened or removed.

The passive excitation of the jet through an excitational device like cylindrical insert in
the pipe is investigated. The device can generate the flow fluctuations which can bring forth
the enhancement in the heat transfer. It is found that the heat transfer is greatly improved
by the use of such device.

The investigation of the effects of excitation of jet’s inlet temperature field on heat
transfer is a pioneering work. The jet’s inlet temperature field is excited at three different
frequencies. In case of the temperature field excitation, it is found that the surface-averaged
Nusselt number is high when the jet is excited at its preferred mode. The excitation at the
subharmonic frequency gives the highest heat transfer at the stagnation point. However
on excitations at higher harmonic frequencies the scalar variance shows sudden increase,
which is an indicator of thermal fluctuations experienced by the target wall. Therefore, in
some cases depending on the material of the target wall it is should be monitored for safe
operation.

The turbulent swirling jet impingement has been simulated with different Reynolds
numbers and swirl numbers. It is found that in case of the swirling jet, the increase in swirl
causes the jet breakdown before the impingement. It is noticed that the high temperature
fluid is trapped in recirculation zone which causes the deterioration of the heat transfer
in the geometric stagnation region. The addition of the swirl to the jet creates multiple
impingement zones which causes the shift in the location of maximum heat transfer at the
target wall. In case of high swirl number, the peak in radial distribution of the Nusselt
number is better correlated with the occurrence of maximum turbulent kinetic energy close
to wall. However at small swirl number the peak in the radial distribution of the Nusselt
number is better correlated with the approaching velocity. The swirl gives no perceptible
increase in overall heat transfer for H/D=2 case.

The simulation data is used for the investigation of the relationship between turbulence
quantities and scalar-fluxes. The coefficients of the RANS based scalar-flux models are
originally validated for the heat transfer estimation for simple flow cases. The investigation
of different scalar-flux models through LES data of an impinging jet shows that coefficients
in the models need adjustment. However, it is important to note that in RANS equations
not the turbulent heat flux but its spatial derivative is important. Also, the prediction from
scalar-flux models depends a lot on the accompanying turbulence model. Therefore in some
cases the turbulence model may overcome the deficiencies of scalar-flux model and it could
deliver the acceptable results. Through the investigation it is found that commonly held
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assumption of similar flow and thermal scales utilized in scalar-flux modeling is a drastic
simplification. It is found that the surface pressure driven scalar-flux transport mechanism is
dominant and must be accounted in the heat transfer modeling for prediction of the complex
phenomenon of impinging jet. The results found through LES data give better insight in the
flow phenomenon, which will help in devising new turbulence models for RANS based
computations.
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(a)

(b)

Figure .1: Grid used for the investigation of unexcited/excited jet impingement, (a) Grid
view in cross-section, only the zone (-2 < x/D < 2) is shown. (b) Close up at the
jet’s outlet.
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(a)

(b)

Figure .2: Grid used for the investigation of passively excited jet impingement, (a) view in
cross-section, only the zone (-2 < x/D < 2) is shown. (b) close-up at the jet’s
outlet.
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(a)

(b)

Figure .3: Grid used for the investigation of swirling jet impingement, (a) view in cross-
section, only the zone (-2 < x/D < 2) is shown. (b) close-up at the jet’s outlet.
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