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Abstract. This work deals with investigation of a turbulent impinging jet configuration from numerical simulation using
hybrid equations employed by Shear-Stress Transport (SST ) κ − ω . The jet goes out from a fully developed pipe flow
at number Reynolds of 35000. To compare with the numerical results, the experimental data set of Guerra et al. (2005) is
used to describe the full mean temperature and velocity profiles for the radial position along the impingement plate with
circular nozzle. The effects of nozzle-to-plate spacing on the flow and heat transfer have been investigated. The velocity
fields are well estimated by the simulation in the inner layer along the wall jet region. In particular, at the radial location
r/D = 2 these profiles distributions exhibit little variance . This analysis yet revealed that a recirculation bubble supports
the heat transfer.
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1. INTRODUCTION

Impinging jet flows have simple configuration geometry and provides a high heat transfer, but complex configuration
of the flow dynamics appears after the flow impinging on the plate (Guerra et al., 2005). Several studies have shown
the nozzle-to-plate spacing influence and its correlation with the Nusselt number (see, e.g., Jambunathan et al. (1992);
Anwarullah et al. (2012)). The main conclusion is that with large nozzle-to-plate spacing, the Nusselt Number is not
strongly affected and that the heat transfer rate decrease.

The shape of the nozzle is considered to obtain a better heat transfer rate. Attalla et al. (2017) observed that the square
nozzle shape compared to the circular one increase the heat transfer in about 10.7 %. Further, both presents uniformity
in the heat transfer with the increase of the Reynolds number. Zhao et al. (2004) have compared the circular nozzle to
square, rectangular, and elliptical shapes using numerical simulation of the RNG κ − ε turbulent model. They observed
that for dimensionless (H/D) nozzle-to-plate spacing from 2 to 4, non-circular nozzles presented better heat transfer rate
compared to the circular nozzle. For nozzle-to-plate spacing over 5, the circular shape presented better performance.

The heat transfer of an impinging jet has a several studies for circular nozzle Grenson et al. (2016); Wu et al. (2016);
Zargarabadi et al. (2018). Impinging jets generated from the motion of an oscillator exhibit the formation of vortex rings
that increase thermal exchange with increasing nozzle-to-plate distance (see e.g., Greco et al. (2018)). He and Liu (2018)
analyzes thermal exchange effects using circular and lobed nozzles, varying the space between plate and nozzle H/D =
2 and 4, at Reynolds number 10000. Using Large Eddy Simulation, the author noted that for distance H/D = 2 the wall
region begin within the potential core of the free jet, however for H/D = 4 the development starts at the end of potential
core.

The understanding of the fundamental physics of impinging jet flows, is often challenged by the large number of
parameters that are needed to define the problem (J.B.R. Loureiro (2017)).Attention is often focused on the inlet geometry
and flow conditions, the nozzle-to-plate spacing, the effects of Reynolds number, the role of vortical structures. The
purpose of the present work is show up which phenomenon take places when a dimensionless (H/D) nozzle-to-plate
parameter is changed and what provides high heat transfer rates. The present study is disposed conform to next steps.
First, impinging jet flow configuration is presented (Section 2). Next the governing equations are discussed (Section 3).
Following, the numerical methology is showed and validated against the experimental database (Section 4 ). To conclude,
the data from the simulation are examed to obtain understanding related to the heat transfer process on the flat plate
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(Section 5).

2. IMPINGING JET FLOW CONFIGURATION

In Figure 1 is shown a flow domain configuration of the turbulent impinging jet, cf. Czeslaw O. Popiel (1991). The
flow presents complex regions on leaving the nozzle, namely: the free-jet region after leaving the nozzle, with ordered
structures, initially laminar and not influenced by the target wall; the deflection region where the flow changes from axial
to radial direction and the near wall region, where the boundary layer develops and the flow is turbulent.

Focus was given on the adjacent region of the flat surface, where the effects of turbulence dominates near the wall. The
analysis of the impinging jet flow and heat transfer rates will be through the velocity and temperature fields. To validate
the numerical results, the experimental data set of Guerra et al. (2005) was used to describe the mean temperature and
velocity profiles at the wall jet region.

Figure 1: Impinging jet flow configuration.

The heat transfer rate on the surface of the impinging jet is described considering three fundamental parameters,
namely, the convective exchange, boundary layer thicknesses, and the turbulence intensity. Zuckerman and Lior (2006).
In this work, it was considered the thermal field into three regions (Katti and Prabhu, 2008), namely: a stagnation region,
a transition region, and a wall jet region that extends over the radial direction (see illustration in Fig. 1).

3. GOVERNING EQUATIONS

The turbulent jet flow is described by solving the equations of continuity, momentum and energy:
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To solve the closing problem of the turbulence was used the turbulent stress modeling Shear-Stress Transport (SST )
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The model is associated by the definition of turbulent viscosity µt (see, e.g., Menter (1993))
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Where κ is the turbulent kinect energy and ω is the rate of dissipation to the turbulent kinetic energy, a1 and β1 are
constant, α∗ is the damping coefficient, F2 is the blending function and y is the distance of next node to the wall.

In (2), the terms with index κ and ω refer to the turbulent kinetic energy and rate of dissipation, respectively. Thus, σκ
and σω are the turbulent Prandtl numbers, G̃κ and Gω are the mean generation of turbulence kinetic energy, Yκ and Yω
represent the dissipation due to turbulence, Sκ and Sω represent source terms, and Dω represents the cross-diffusion term
(Fluent, 2015).

It is worthy to note that one of the advantages of SST κ − ω turbulent model is its relatively low computational cost
for computing the turbulent viscosity µt.

The turbulent heat flux modeling is given by

u′iT
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where Prt is the turbulent Prandtl number, which relates the momentum diffusivity and the heat diffusivity, and νt is the
kinematic turbulent viscosity.

The jet Reynolds number and instantaneous Nusselt number are defined as
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q
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where L is the length scale defined as the distance from the stagnation point. Herein, q, k, and ∆T are, respectively, the
heat flux imposed to the surface, the thermal conductivity of the air, and the surface temperature difference.

4. NUMERICAL METHODOLOGY

The next part details the computational and the numerical domain. ANSYS FLUENT 16.0 finite volume computer
code was used for the RANS simulation (Fluent, 2015). Based on a finite volume method it solves the Navier-Stokes
equations in a cell-centered grid system. The coupling of the velocity and pressure is performed by the SIMPLE algo-
rithm. For steady bi-dimensional convection, the discretization was through Second Order Upwind scheme (Patankar and
Spalding (1983)). The least squares cell-based was used to check gradients and derivatives. The pressure scheme was
PRESTO. To reduce the computational time, the κ− ε model by Jones and Launder (1972), was at first used in each mesh
until convergence. Once the flow becomes fully converged the SST κ − ω model initialized. The experimental data of
Guerra et al. (2005) was used to validate the results in present simulation.

4.1 Domain and boundary conditions

The computational domain of the study is shown in Fig. 2, the jet consists of a circular nozzle with D = 43, 5mm,
dimensionless (H/D) nozzle-to-plate spacing H/D = 1 and H/D = 2.The radial length is counter from the diameter
jet center of the incidence region until to the plate edge at r=420mm. Note that the geometry of interest is symmetrical.
Herein, the numerical calculations have been carried out for the entire flow domain.

Figure 2: Computational domain and boundary conditions.

According to Guerra et al. (2005), the hydraulic diameter and the turbulent intensity are 0.0435 and 5%, respectively.
The inlet conditions was performed separately from a circular duct using periodic boundary conditions since the actual
state at the entrance to the experiment is fully developed flow. In the walls, the shear condition was non-slip. On the
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impigiment flat surface was imposed a heat flux Q = 284W/m2. The inlet fluid was fitted to Ti = 297K, ambient
temperature. The air flow is assumed to be incompressible with the maximum velocity of 12 m/s at the inlet and the
constant atmospheric pressure boundary condition was imposed at the outlet open boundaries.

4.2 Meshing strategy and solution control

In this analysis, Tab. 1 shows three different meshes that were tested, all with hexahedral elements and structured
division. The grid used is described in Fig. 3a, the refinement was performed by increasing the number of elements as it
approaches the impact region. Moreover, the turbulence model used required that the node closest to the wall be a distant
y+ < 1 inclusive for the coarser mesh (see Fig. 3b). Figure 4a shows the estimated effect of the Nusselt number on the
flat plate for the three meshes. The coarse mesh solution predicts just on maximum peak in the stagnation region. From
0.05m when the development of the boundary layer begins there is a decrease of Nu. The fine mesh result shows two
maximum peaks, due to high Reynolds number and vortices that break down from the shear layer according Dogruoz
et al. (2015). Fig 4b demonstrate that this behavior was also observed skin friction , the fine and medium meshe showed
a second peak closer to the stagnation region. It is observed that y+ = 0.577, in the stagnation region, does not predict
satisfactorily the behavior of Nu and Cf according Huang et al. (2018, 2019). A slight difference can be noticed between
meshs two and three. For this reason, the grid resolution with 350 thousands cells is chosen with acceptable precision and
lowest cost.

Meshs Total size (thousand) y+

Fine: 3 500 0.295
Medium: 2 350 0.421
Coarse: 1 200 0.577

Table 1: Numerical grid resolution.

(a) Grid distribution. (b) Effect the grid on y+.

Figure 3: Mesh of the computational domain.

The flow throughout the domain have been monitored by residuals, to verify whether the equations were solved with
accuracy. Celik et al. (2008) summarized that in a range of 1E−4 − 1E−5 there is good convergence and for the most
part satisfactory to engineering applications. For all computations, was assumed to be converged after show up tiny
oscilantions in velocity and temperature.
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(a) Nulsselt number. (b) Skin friction.

Figure 4: The grid independence tests using three meshes for H/D = 2.

5. RESULTS AND DISCUSSION

The mean velocity profiles presented were obtained in the wall jet zone. The numerical data for Re = 35000 and H/D
= 2 are shown in six different radial positions r = 80, 85, 90, 95, 100, and 105 mm, is validated against experimental data
of Guerra et al. (2005).

The results for r = 80, 85, 90, 95 100, and 105 shown in Fig. 6 expresses the behavior of radial velocity
〈
u
〉

varying
with distance

〈
y
〉

from the impingiment plate. The fact that, in the present case, the inner layer was calculated regarding
y+ < 1, Fig. 6 shows that the distribution of velocity profile agreed successfully with the experimental data for viscous
sublayer. For the thermal case, it was observed that near the stagnation point the numerical values have large difference
compared to the experimental ones. The velocity profiles, as the flow away from the impinging region, present a decrease
in the average velocity values.

In order to relate the dimensionless (H/D) nozzle-to-plate spacing to the heat transfer, the recirculation zone in the
wall jet region is analyzed. One reminds that are formed by the influence of the confine wall and can be interpreted as the
increase in the difference pressure between the walls. From the observation of a recirculation bubble in velocity contour, a
shear layer can be noted. Fig. 5 illustrates contours of velocity magnitude for H/D = 1 and 2. For smaller nozzle-to-plate
reveal large recirculation zone, affecting zones more closest to the stagnation region producing an extension in this region.
As well as notable raise on heat transfer.

(a) H/D = 2 (b) H/D = 1

Figure 5: Contours of radial velocity; Re = 35000.

The temperature profiles had calculated for Re = 35000 and H/D = 2 at the same radial positions where the average
velocity profiles were obtained. Validation of heat transfer performed in this study is shown in Fig. 7. For 80 ≤r≤
100, the numerical result reveals the trend of the shape thermal field, with a slight overestimation of the maximum
temperature values. Region 80 ≤r≤ 85 corresponds to the beginning zone of the boundary layer.The linear behavior
ranging 0.005 ≤y≤ 0.015 suggest the formation of a radial shear layer existing between the recirculation bubble and the
boundary layer.

The present investigations at Reynolds number of 35000 for H/D =1 and 2, it is found that the recirculation bubble in
radial distribution of flow fluid is appearing at r≥ 80 i.e. within the wall jet boundary layer. In this region the turbulent
boundary layer becomes more influenced by shear boundary layer and the jet exit velocity is still present until r≤ 115.
Moreover, results shown that the recirculation bubble affects velocity performance, is also the heat transfer. It is worth
noting that the temperature profiles exhibits representative behabior of the thermal flow, despite of the fact that temperature
field were underpredicted.
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Figure 6: Distribution of radial velocity compared with Guerra et al. (2005) data for H / D = 2 at six radial positions (a) r
= 80 mm, (b) r = 85 mm, (c) r = 90 mm, (d) r = 95 mm, (e) r = 100 mm, (f) r = 105 mm.
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Figure 7: Temperature profiles in the radial positions.
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6. CONCLUDING REMARKS

A SST κ− ω simulation of an impinging jet onto a heated flat surface has been performed at high Reynolds number.
The simulation has been rightly validated on a experimental data base. It was predicted the flow dynamics and the heat
transfer of a turbulent impinging jet considering nozzle-to-plate spacing, circular nozzle, and radial position along the
impingement plate. The comprehensive data provided by this simulation permited to investigate what occur when the
dimensionless (H/D) nozzle-to-plate spacing is changed. Based flow pattern, profiles of velocity and temperature profiles,
the role played by recirculation zone on high convective heat transfer has been demonstrated. Only the recirculation bubble
could be associated to increse on heat transfer rate. Furthermore, this phenomenon rebounds over all computational
domain, not only in the radial wall jet. The understanding of flow behavior is however still incomplete and further
investigation should be assumed to isolate the parameters that are responsible for the extension and/or intensification on
heat transfer in the stagnation region.

As a first analysis, the numerical results predicted the flow behavior, however with unequal values. Was observed that
the existence of a shear layer highly affect the Nusselt number distribution. The literature shows that maybe a core center
and ring vortices lead a increases in the heat transfer in the stagnation zone. Therefore, to investigate this phenomenon,
requests a finer mesh which will be the subject of a forthcoming paper.
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