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Abstract

for LES was observed.

Convective heat transfer studies of impinging jets have received
considerable attention over the years, due to their high local,
and averaged heat transfer coefficients. In the present work,
highly resolved Large Eddy Simulations (LES) are carried out
for a turbulent impinging round jet with structured meshes of
varying resolution, with both radial and axial refinements.The
Reynolds number studied is 23000.The height of discharge from
the impingement wall is 2 times the jet diameter. A particular
focus of the current research is to study the role of turbulent
structures in jet impingement heat transfer. Second order turbulence statistics are computed and validated against established
experimental work. Preliminary validation work was carried
out by Natarajan et al. [8]. The present study is a continuation
of this research, the focus now being upon the turbulence statistics. The work also critically examines the effect of Reynolds
number, standoff distance and reveals the role of turbulence in
enhancing heat transfer rate, by comparing turbulent statistics
and the Nusselt number distributions.

The key research objective of the present work is to understand
the role of turbulence in effective heat transfer. The work therefore attempts to analyse the turbulence statistics arising due to
a round jet impinging on a flat impingement surface and extend
the work by Natarajan et al. [8]. It is carried out as part of a
wider study intended to determine the thermofluidic behaviour
of jets impinging upon an oscillating surface.

Introduction

Impinging round jets have been an area of extensive research
over the years. Impinging jets have many applications in the
engineering industry for efficient removal (or addition) of high
heat fluxes. The jet issues from the nozzle, producing a freejet region,a stagnation region and a wall-jet region resulting
in complex flow physics. The heat and mass transfer in synergy with the impingement surface have been the hub of research in the field of jet impingement studies. Despite tremendous amounts of literature on the jets, research on the subject
has been restricted to limited comparisons among experimental
works as well as numerical works. The physical flow is dependent on a range of parameters such as the Reynolds number, nozzle-to-wall distance, geometry of the nozzle and the inflow conditions. Parametric variation studies exist for almost all
possible combinations of the aforementioned parameters. However, far too little attention has been paid to understanding the
turbulence dynamics within the flow which is the main driver
for effective heat and mass transfer.
A fluid flow issuing from a circular nozzle with superimposed
velocity fluctuations impinging orthogonally on a flat plate is
considered in the present work. The flow, after impinging on
the stagnation point, spreads in radial directions parallel to the
wall. The stagnation region limits itself at approximately r/D <
1 where r is the radius of the nozzle and D, the diameter of the
nozzle and thereafter the radial wall jet region disseminates to
the remaining of the domain [5]. The work of Cooper et al. [2]
provided the first detailed measurements of the mean-velocity
and turbulence statistics for a single impinging jet issuing from
a long pipe at Re = 23000 and 70000. The shortcomings of the
RANS models were observed in the earlier work by Natarajan
et al. [8] for Cooper’s experimental configuration and a need

Flow configurations and computational method

The computational setup closely mimics the experimental setup
used in several works including that of Cooper et al. [2].
Fully developed flow at the nozzle exit was generated in all the
works mentioned previously. To reproduce the experimental
conditions, the inlet profiles of velocity and the turbulent kinetic energy k were initialized by a precursor LES simulation
of a fully developed pipe flow. Recycled boundary conditions
are applied such that the fields are computed from a plane sliced
at a distance from the inlet and the variables at the location are
fed back or recycled to the inlet. This method has been well
evaluated [7, 8] and it acts as an infinitely long pipe producing
fully developed instantaneous turbulence. Since the model simulates unconfined jet impingement, the boundary condition at
the outlet is prescribed as analogous to atmospheric boundary
conditions where entrainment is allowed from the outside domain. Pressure outlet and total pressure boundaries are defined
at the outlet. The impingement wall, which has diameter of 20
times that of the nozzle diameter, no slip boundary conditions
are applied. The mesh was discretised with a constant growth
rate of 1.2. A constant heat flux of 1500 W /m2 is applied. Since
the mesh has y+ < 1 in the near-wall region, wall functions were
not applied. The CFL condition for stability was maintained at
' 0.5 by adjusting the time step.
The incompressible Navier-Stokes equations are solved using
the open source finite volume code OpenFOAM. The Pressure
Implicit with Splitting of Operator (PISO) algorithm for the
transient computations was used with an additional pressure
corrector step. The simulation was configured using the Cartesian coordinate system where X = (x, y, z) and the mean velocity
is denoted by U = (u, v, w) and the terms hui, hvi and hwi represent the radial, vertical and azimuthal directions respectively.
All the computations were carried out on EPIC, a HP-ProLiant
BL2x220c G6 blade cluster, maintained by the iVEC supercomputing consortium.
Parallel Aspects and Scalability Studies

Scalability under the parallel architecture was studied for the
mesh with 9 million points. The decomposition for this mesh
was carried out with the SCOTCH partitioner in order to approximately have the same number of points per sub domain

and to maximise the maximum connectivity of the sub-domains.
The test was carried out using 60 - 1080 MPI tasks on the 9
million-cell mesh. Figure 1 shows that the solver used was linear until 960 MPI tasks. With 1080 cores, the solver tends to become slower probably due to interconnect or insufficient number of cells per sub-domain. All the simulations were therefore
carried out with 960 cores in parallel.
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Figure 3: Development of v0 with radius at r/D = 0.5
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Results and Discussion

Large Eddy Simulations for a similar configuration were carried
out and the mean velocity statistics are presented in our earlier
work [8]. However, to better understand the growth of the mean
velocity along the domain, visualization of the mean velocity
vectors is presented in Fig.2. It is clearly seen that the jet core
exiting the nozzle with the maximum velocity, on impact loses
its axial momentum and then gains velocity momentarily just
before the entry into the wall-jet region. The velocity there after
reduces gradually further downstream.
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Figure 4: Development of v0 with radius at r/D = 1.0
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Figure 2: Mean velocity vectors(m/s)
The development of mean and fluctuating velocities is presented
in the following section. The development of velocity fluctuation, v0 with radius is shown from Figs. 3 to 5. The LES results
also compare two grid sizes. The Grid I has 9 million mesh
points whereas the Grid II has half the number of mesh points
of Grid I. It is seen that the finer mesh predicts the velocity
fluctuations more accurately compared to the mesh II. The results compare well with the experimental and numerical results
of Cooper et al. [2]. The fluctuations intensity is high at the
stagnation region(r/D=0.5) compared to the regions outside the
stagnation region. This could be due to the fact that the axial
momentum on impact increases the fluctuation levels within the
region.
The development of u0 with radius is shown from Figs. 6 and
7. It is seen that these results are in reasonable agreement with
the experimental and numerical results of Cooper et al. [2]. The
predictions tend to be on the higher side when moved away from
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Figure 5: Development of v0 with radius at r/D = 2.5
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Figure 6: Development of u0 with radius at r/D = 0.5
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where, kres is resolved turbulent kinetic energy given by,

Figure 7: Development of u0 with radius at r/D = 2.5
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Figure 8: Turbulent Kinetic energy profiles at r/D = 0.5
the stagnation region into the wall-jet region. Since the level of
fluctuations are increasingly smaller away from the point of impact it could be possible that the current level of refinement may
not be sufficient to capture the smaller fluctuations. However,
large variations are not observed within the stagnation region.
The distribution of Turbulent Kinetic energy is shown in Fig.8.
The LES predictions are compared to that of the experimental
results of Cooper et al. [2] and the numerical results of Craft
et al. [3]. In the LES prediction, both the modelled component and the resolved component of the kinetic energy are taken
into account. Good agreement is observed with the experimental results and the present LES predicts the TKE more precisely
compared to the numerical models used by Craft et al. [3].
Resolvedness

Celik et al. [1] proposed the need for quality assessment of a
LES simulation. Though the LES results are a strongly dependent on grid resolution, according to Speziale [11], it is to be
noted that a good LES always tends towards a DNS as the grid
resolution tends to the smallest Kolmogorov scales. Pope [10]
also has pointed that 80% of the energy be resolved everywhere
for the LES with near-wall resolution. Hence, performing grid
independence study is ignored in this case and the quality of the
performed LES is analysed based on the quality index proposed
by Celik et al. [1]. The test for the quality index is based on the
use of turbulent kinetic energy resolved (kres ) versus the total
turbulent kinetic energy (ktot ). Thus, the quality index or the
resolvedness can be defined as,
LES IQk =

kres
kres
= res
tot
k
k + kSGS + knum

(1)


1 2
u0 + v02 + w02
2

(2)

The contour plot of the LES quality index or the resolvedness
is shown in Fig 9. It can been seen that in general, most of the
domain is well resolved and greater than 90%. However, there
are regions that are under resolved within the domain. The first
region of interest is the region around the nozzle exit. It can be
seen that the region in the immediate vicinity to the nozzle exit,
there is a region of under resolvedness. The quality index in
this region drops substantially to well below 60%. This could
probably be due to the fact that there is a sudden expansion in
the flow and it induces substantial dissipation near the nozzle
exit region. A possible improvement can be achieved by using
an infinitely small nozzle wall thickness. In the present case,
the nominal wall thickness is 10% of the nozzle inside diameter.
Decreasing the nozzle wall thickness may reduce the artefacts
around the exit. Further, if this region is complimented by a
local refinement in the mesh, the dissipation in the region can
be brought down to achieve the desired high quality LES.
The next region of interest is the shear layer that surrounds the
free jet core and in the developing zone at the jet boundary due
to entrainment from the quiescent surrounding fluid in the domain. This shear layer results in the formation of roll up vortices due to Kelvin-Helmholtz instabilities. Precise capturing of
these instabilities and the resulting vortex formation is a challenging aspect in modelling impinging jet dynamics. It is evident from the figure that the shear layer developing from the
stagnation region to the wall jet region further downstream is
under resolved. The average resolvedness is around 75% along
the shear layer. It is to be noted that the under resolvedness
is prominent in the region at which the jet begins to deflect
radially forming the wall-jet. This region undergoes complex
flow physics as the free jet on impact onto the stagnation zone,
loses its momentum and increasing the static pressure in the
zone. The jet, upon losing its axial momentum, deflects in the
radial direction [4]. This is a region of high shear causing maximum undulation in the streamlines. Since this region experiences such rapid variation in the solution, it presents the need
for the highest resolution and increased order of accuracy to
capture the smaller scales. To achieve this, Pelletier et al. [9] refined the mesh in regions where large gradients in solution were
observed. They used an adaptive mesh which had refinements
along the wall, nozzle exit and the shear layer developing in
the wall-jet region. It was reported that substantial reduction in
the overall error was observed after successive grid refinements
along the aforementioned regions. Hence, implementing such
a mesh refinement algorithm or merely providing local refinements along the shear layer could improve the overall quality of
the present LES.

Heat Transfer by the Jet
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Nu =

qw D
(Tw − Ti )κ

(3)

where Ti is the jet inlet temperature, Tw is the target surface
temperature, qw is the heat flux at the wall. D is the jet diameter
and κ is the thermal conductivity. The heat transfer due to an
impinging jet is greatly influenced by the nozzle to wall spacing.
Prominent peaks appear when the nozzle to wall spacings (H/D)
are reduced below 4. The experimental study by Hoogendoorn
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Figure 10: Variation of scaled Nusselt Number with radius
[6] showed that the occurrence of secondary Nusselt peaks were
not only dependent on the nozzle to wall spacing, but also on the
turbulence levels of the jet. There have been several interpretations for this phenomenon over the years without consensus on
the physical phenomenon. The scaled Nusselt number is plotted
against the radial direction in Fig.10 in comparison with the experimental work of Cooper et al.[2] and the numerical work of
Craft et al. [3]. Craft et al. 1-4 represents the various eddy viscosity models used. For detailed formulation of the models used
by Craft et al. refer to [3]. Almost all of the RANS models fail
to predict the stagnation point Nusselt number accurately due
to the complexity of unsteady flow structures in the stagnation
region. The values shown for the present LES are marginally
high, it is believed that second-order statistics in LES take a little longer to converge than the mean quantities and in turn affect
the temperature profile.
Conclusions

Jet impingement studies were carried out at a Reynolds number of 23000 and a stand-off distance of 2. The second order
statistics were investigated by using LES to model the flow and
heat transfer. The LES simulations were performed using the
dynamic Smagorinsky subgrid scale model and were compared
with the experimental works of Cooper et al. [2] and numerical work of [3]. In general the present LES results are in good
agreement with the experimental results. However, there are areas that require further investigation. The results have indicated
that they may be lacking mesh resolution in the upper, freeshear layer of the wall jet. Work by Pelletier et al. [9] has shown
that increased mesh resolution is desirable in the upper shearlayer of the impinging jet. This is further highlighted by the plot
of the resolvedness which indicates relatively poor resolvedness
along the shear layer. This preliminary investigation reflects the
complexity of the flow when the unsteady flow-structures of the
impinging jet coalesce with the oscillating impingement wall. It
highlights areas for improvement, which will ensure that when
wall-oscillations are finally introduced, we can be satisfied that
the baseline flow-field has been modelled correctly.
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