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Abstract. Impinging jet is an efficient mechanism to enhance wall heat transfer (also mass transfer); therefore, it is
widely used in engineering applications. The flow field of an impinging jet presents a complex flow phenomenon, with
the presence of a potencial core, stagnation region, shear layer and wall jet. Due to the flow complexity it is an
excellent problem to evaluate turbulence models. In the present work, a numerical study was carried out using the
finite-volume method. Due to the anisotropic chacacteristics of an impinging jet, the Reynolds Stress Model (RSM) was
selected to predict this type of flow. The mean velocity, Reynolds stresses profiles, temperature and heat transfer rates
obtained are compared with available experimental data. Reasonable agreement is obtained for the mean quantities.
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1. INTRODUCTION

Impinging jet is a very attractive and cost-effective technique because it can increase heat flux significantly near the
stagnation point; and the wall heat transfer change noticeably if distance from the wall is small (Behnia et al., 1999).
Therefore, impinging jets configurations are commonly used in numerous industrial applications such as drying of
tissue, paper, textiles, and photographic films and cooling of high power density electronic components, because of
their highly favorable heat and mass transfer characteristics.

The flow field of an impinging jet comprises three distinctive flow regions, namely a free jet region, a deflection
region (or stagnation region) and a wall jet region. For high inlet-to-wall distances, the free jet region has three zones: the
potential core zone, the developing zone and the fully developed zone (Viskanta, 1993). These regions are shown in Fig.
(1). A shear layer is created due to the velocity difference between the potential core of the jet and the ambient fluid.
Commonly this shear layer is the source of the turbulence in the jet; however, since in the present case, the inlet-to-wall
distance is so short, there is not enough gap for mixing to happen with the surrounding fluid. As a result, the flow field in
the vicinity of the stagnation point has low turbulence intensity. In the free jet region, the mean shear strain is zero and the
production of kinetic energy is exclusively due to the normal straining. As the flow approaches the wall, the centerline
velocity decreases to zero at the stagnation point. Moreover, the proximity of the solid boundary causes the deflection of
the jet and a strong streamline curvature region is observed. Downstream the stagnation point, a wall jet evolves along the
wall. Turbulence energy is increased due to the mean shear strain which dominates in the near-wall region.

Potential core
zone

Free jet

region

Developing
zone

Fully developed
zone

Wall jet |
v L © region _
" stagnation \—

. : region

Impingement plate — Boundary layer —

Figure 1. Flow regions of an axi-symmetric impinging jet.

Heat transfer rates in case of impinging jets are affected by various parameters like Reynolds number, nozzle-to-
plate spacing (H/D), Prandtl number, target plate inclination, confinement of the jet, nozzle geometry, curvature of
target plate, roughness of the target plate and turbulence intensity at the nozzle exit.



The axi-symmetric impinging jet is a challenging case for turbulence models validation as well as measurements
techniques, due to the flow characteristics described. This is evidenced by the great number of publications concerning
experimental, theoretical and numerical analysis for this configuration.

Martin (1977) and Downs & James (1987) presented a discussion on the influence of various parameters that
control the heat transfer rate, such as the Reynolds number, nozzle-to-plate spacing and jet turbulent intensity.

Lytle and Webb (1994) have studied the effect of very small nozzle plate spacing (H/D < I) on the local heat
transfer distribution on a plate impinged by a circular air jet, by using an infrared thermal imaging system for
temperature measurement. The velocity was measured by a Laser-Doppler Velocimetry (LDV) system. It was found
that in the acceleration range of the nozzle plate spacing (H/D < 0.25), maximum Nusselt number shifts from the
stagnation point to the point of secondary peak with the effect being more pronounced at higher Reynolds number.

A detail experiment study of impinging jet hydrodynamics, with information on the main turbulent characteristics
was presented by Cooper et al. (1993), who made hot-wire measurements of a fully developed circular impinging jet for
nozzle-to-plate spacing within the range of 2 <H/D<10 and Reynolds numbers within the range of 23,000 <Re<70,000.
Their results have been used for turbulence model assessment by, among others, Dianat et al. (1996) and Craft et al.
(1993), who investigated the problem numerically, by employing a x—® eddy viscosity model. Very good predictions
were obtained near the stagnation region of an impinging jet.

In 2002, Shi et al. studied the heat transfer of a turbulent jet flow, with several jet velocities and different nozzle-to-
plate spacing (H/D). The k—¢ and RSM models were employed, and it was concluded that both models slightly over
predict the Nusselt number distribution, but the qualitative trends compared very well with the experimental data. Both
models showed a significant influence in the Nusslet number distribution, due to the nozzle exit turbulence length scale,
whereas the influence in the flow of turbulence intensity at the nozzle exit is more notable with the RSM model.

A Direct numerical simulation of turbulent heat transfer in plane due to an impinging jet was studied by Hattori &
Nagano (2004). It was found from the DNS results that the Nusselt number increases with a decrease in the distance H,
similar to the experimental data. In addition, it was concluded that for shorter distances, a second peak of the Nusselt
number is observed away from the stagnation point, due to the increase in wall-normal turbulence intensities.

Hallqvist & Fuchs (2005) presented a study of the heat transfer of a turbulent swirling and non-swirling impinging
jets, employing Large Eddy Simulation (LES). A nozzle-to-plate spacing H/D = 2 with Reynolds number of 23,800 and
three Swirl numbers were considered. It was concluded that the production of turbulence increases with swirl, and
promotes better wall heat transfer. Abrantes (2005) investigated experimentally the same phenomena, adopting two
nozzle-to-plate spacing H/D=2 and 6. The Reynolds number was 21,000 and three Swirl numbers 0, 0.3 and 0.5 were
considered. The results indicated that the circumferential components generate recirculation zones in the flow core,
which significantly reduces the Nusselt number in the stagnation region.

In 2007, Hadziabdic & Hanjalic used a Large Eddy Simulation (LES), in order to gain a better insight into flow,
vortical and turbulence structure and their correlation with the local heat transfer in impinging flows. A Reynolds
number of 20,000 and the orifice-to-plate distance H =2D were defined. The periodic impact of large-scale eddies on
the wall heat transfer is substantiated by the low level of stochastic turbulence and even negative production of the time-
averaged turbulence kinetic energy around the stagnation point. Also in 2007, experimental studies were carried by
Alekseenko ef al. and Kim & Giovannini. Alekseenko et al. (2007) investigated the influence of different swirl rates, by
employing a stereo PIV technique. The main emphasis of the work was the analysis of the influence of swirl rate on the
flow structure. In their measurements, the Reynolds number was 8,900, the nozzle-to-plate distance was equal to three
nozzle diameters and the swirl rate was varied from 0 to 1.0. It was found that the magnitude of pressure diffusion
decreased with the growth of the swirl rate, and it was concluded that swirling impinging jets had a spread rate and a more
rapid decay in absolute velocity when compared to the non-swirling jet. In the second paper Kim & Giovannini presented
an experimental study of turbulent round jet flow impinging on a square cylinder laid on a flat plate. The jet from a long
round pipe was 75 pipe diameters (D) in length, the Reynolds number was 23,000, and the square cylinder characteristics
were (3D x 3D x 43D). Their measurements were performed using particle image velocimetry, flow visualization using
fluorescent dye and infrared thermography. The turbulence statistics was investigated, the flow’s topology observed, and it
was shown a three-dimensional recirculation after separating from the square cylinder. A secondary peak in heat transfer
coefficient was also observed, and its origin was attributed to very pronounced shear production coupled with the external
turbulence coming from the free jet.

The present paper is part of on-going research regarding the flow characteristics of impinging jets. The objective of
the present work is to evaluate the performance of the Reynolds Stress Model (RSM) in the characteristics prediction of
the heat transfer process of an axisymmetric impinging jet on a plate, employing the commercial software Fluent, v.6.3.
The mean velocity, Reynolds stresses profiles and heat transfer characteristics obtained are compared with available
experimental and numerical data.

2. MATHEMATICAL MODELING

The Reynolds-averaged mass and momentum equations (RANS) were solved to determine the flow field. This
approach is based on decomposing the velocity and temperature as u; =u; +u'; and T =T +T';, where u; and T are
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the average velocity and temperature; u'; and 7" are the velocity and temperature fluctuation. The average continuity,
momentum and energy equation for a steady and incompressible flow is given by
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where p is the density, g is the molecular viscosity, Pr is the Prandtl number, p is the pressure and x; are the directions
in the coordinate system. The momentum and energy equations presented have additional terms corresponding to the

turbulent Reynolds stress term, — p u;" u j' , and the turbulent heat flux — p u T, representing the influence of the

fluctuation on the average flow.
The Reynolds Stress Model, RSM (Gibson and Launder, 1978 and Launder et al. 1975) calculates all the

J
than the eddy viscosity models; however, it is capable of predicting turbulent anisotropy, unlike the former models. The
RSM transport equation is obtained from the Navier Stokes equation and can be written as

components of the tensor u;'u ;' using their transport equation. The computing effort of this model is much higher
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In Eq. (4) the turbulent Prandtl number o, is set as 0.82. P; is the stress production term and Hij the pressure strain

term, based on low-Re Stress-Omega model (Wilcox, 1998) is given by:
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where P= (1/2) Py. b; is the Reynolds-stress anisotropy tensor, S; and (2; are the mean strain rate and mean rate-of-
rotation tensor defined as
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The turbulent kinetic energy x is obtained from the normal stress components, x =u;" u;'/2, and & the

dissipation rate of x; is determined by a similar £ equation of the standard k—& model
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where o0,=1.0. The turbulent viscosity g is also the same as the turbulent viscosity of the k—& model,
Hu=pC, x°/¢, where C,=0.09.
The turbulent heat flux — p u j' T" is modeled using the Reynolds' analogy to turbulent momentum transfer as

pusT = - M 0T ih o Pri=0.85 )



3. PROBLEM SETUP

The computational domain was defined based on the experimental apparatus of Abrantes (2005), with nozzle-to-
plate spacing H/D=2, where D =13 mm is the diameter of the inlet jet The length in the radial direction was set equal to
13D. The origin of the Cartesian coordinate system is located at the stagnation point. As already mentioned, it was
assumed symmetry in the angular direction; therefore, the problem was modeled as two-dimensional.

The Reynolds number based on the nozzle diameter, D, and average mean inlet jet velocity U;

Re=pU;Dlu (®)

was defined as 21,000. The inlet axial values of velocity and inlet kinetic energy x;, were obtained from the
experimental LDV data of Abrantes (2005). The boundary conditions for the individual Reynolds stresses componets
are derived from the turbulent kinetic energy, assuming isotropy of turbulence. The normal components are

u;"u;"=(2/13) x and u;" u j' = 0. Non slip condition was imposed at the plate boundary, where a constant heat flux

q. 1s imposed. At the symmetry axis, zero gradients were specified to the axial velocity component and temperature,
while the radial velocity is null. At all other boundaries, a pressure condition equal to 1 atm was considered,
representing ambient far field condition, with the ambient temperature 7., equal to the mean jet temperature 7}.

The air properties were defined as: density and viscosity as 1.225 kg/m® and 1.7894 x10™ Ns/m?, respectively. The
thermal conductivity k£ and specific heat at constant pressure ¢, were equal to 0.025 W/(mK) and 1006.43 J/(kg K),
resulting in a Prandtl number Pr=0.72.

4. NUMERICAL METHOD

The flow field was numerically obtained with the commercial software FLUENT, v6.3, which is based on the Finite
Volume method (Patankar, 1980). The "QUICK" scheme (Leonard, 1979) was used for the convective fluxes as this
reduces the numerical diffusion, and the SIMPLE algorithm was employed to resolve the pressure-velocity coupling.
The solution was considered converged when the sum of the normalized residuals of all equations was smaller than 107,

A non uniform mesh, refined in the region closer to the centerline of the jet, and in the region near the impinging
wall, with 24,000 control volumes was generated with the FLUENT auxiliary tool GAMBIT. A grid independent
solution was assured by comparing results obtained with non uniform finer grids of 120,000 (300 x 400) and 187,500
(375 x 500) control volumes. It was observed differences between the solutions for the radial velocities inferior to 0.3%.
The axial velocity profiles under the jet for these simulations were also in close agreement with each other.

The influence of the far field boundary condition was also investigated, and it was concluded that a larger
computational domain was not necessary.

5. RESULTS

To evaluate the Reynolds Stress Model (RSM), initially the mean velocity and Reynolds stresses profiles are
compared with available experimental data of Abrantes (2005), and with the predictions obtained with the k—w® SST
turbulence model by Maldonado e Nieckele (2008). Then, the temperature profile and Nusselt number prediction along
the wall are examined.

Figure 2 presents a comparison of the normalized mean radial velocity v/U; along the axial direction y/D, for several
radial positions (/D). To better visualize the results, the profiles are shown only near the flat plate. Away from it, the
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Figure 2. Mean radial velocity profiles.
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agreement between the prediction and experimental data was very good. In can be seen that the prediction of the x—@
SST model and RSM model show the same tendency as the experimental data. Near the stagnation point (#=0) the k—®
SST e RSM models are quite similar and both overpredict the velocity. In this region (small 7/D), an increase in the
peak of the radial velocity near the plate can be observed, but as one moves away from the axis, the velocity peak
rapidly decays. The velocity deceleration is stronger with the RSM model. Both models capture the strong velocity
gradient in the region close to the plate wall. The uncertainty of experimental data in Abrantes (2005) for mean velocity
was 1%.

Figure 3 presents the dimensionless mean radial velocity v' along the dimensionless axial direction y*, for several
radial positions (7/D), obtained with the RSM model. The experimental data of Abrantes (2005) is also shown. It can be
seen the linear velocity (u'=y") behavior near the wall (y'< 5) and logarithmic relation between 5 < y'< 10 indicating
the fully turbulent region. After that, there is a decay of the velocity to zero. It can also be seen that as the flows
develops along the flat plate (larger /D position) the flow becomes similar, since the curves tend to collapse.
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Figure 3. Mean velocity profile in wall units.

The Reynolds stress can be calculated from the solution of Eq. (3). The norms, rms of the turbulent fluctuations are:

s (') = v o ms() = ©

The norm rms of the radial and axial turbulent velocity fluctuation divided by the average inlet velocity U, are
presented in Figs. 4 and 5, at several radial positions. The uncertainty of experimental data provided in Abrantes (2005),
for a turbulent radial and axial velocity was 2%. It can be seen in both figures, maximum values of the velocity
fluctuations in the region close to the wall, because high levels of turbulence are presented in this region. It can also be
seen, a sharp drop outside the wall jet region. Once again, both models are capable of capturing the main flow
characteristics, however large discrepancies can be seen. The turbulent quantities are underpredicted by the k—® model,
indicating that the model is too dissipative, while the RSM model prediction overestimated the peak values of turbulent
axial and radial profiles. Larger spreading is also observed, indicating that the models are too dissipative.
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Figure 4. Turbulent radial velocity profiles. rms(v')/U j



Note that the experimental data showed smaller axial velocity fluctuations in relation to the radial fluctuations;
however, the k—m SST and RSM models predicted approximately the same order of magnitude of both fluctuations. The
turbulent intensity is diffused towards the jet axis, and therefore the position of peak values of the turbulent axial
velocity shifts to the centerline as the axial distance from the jet axis grows. The discrepancies observed with the k-w
STT model can be explained by the inability of the model to predict anisotropic turbulence. Although the RSM model
claims to be able to predict turbulence anisotropy, the discrepancies observed can be explained by the lack of the third
dimension in the simulations.

/D= . 0.5 1 2
0 I : Pl B
s H :
i -
YD o5 / S L W
02 }" : K‘*-——T_ - —— RSM (present)
01 § ™y v "y - = x—oSST
0 ORI - i - : ,__If’/l ! W — . (Maldonado & Nieckele, 2008)
n 0.05 0.1 013 02 o 0.05 0.1 013 02 o 005 0.1 015 nz ""(/fkfriii‘;‘;f%?}s)
VD= 3 4 @)U 5
PR - L
os I VN s
0.4 \\ S AN \, :
S — SEm Y
wD i P ;7 J
o 0.05 01 0.15 02 0 0.05 01 015 02 0 0.05 0.1 015 02
ms(u')/ U,

Figure 5. Turbulent axial velocity profiles. rms(u')/U j

The temperature distribution along the axial direction, obtained with the RSM model, is illustrated at Fig. 6, at
various r/D positions. The jet temperature remains approximately constant until it reaches the plate and due to the
imposed heat flux it rapidly increases. A thermal boundary layer can be observed along the plate, with the maximum
heat transfer at the stagnation point (#/D=0). At the jet region /D < 0.5, the temperature is approximately constant and
equal to the jet temperature. As one moves away from the symmetry axis, due to the boundary layer formation along the
plate, the air temperature increases, with higher values near the plate surface.
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Figure 6. Temperature distribution along the axial direction at different »/D positions

The dimensionless temperature can be defined based on wall temperature T, wall heat flux ¢,, and friction velocity v" as
_ (T w T ) *

— where o =—Tw
0 pcp v’

o+ (10)

Figure 7a shows a distribution of mean temperature in wall unit, while in Figure 7b, the results of the direct
numerical simulations (DNS) of Hirofumi and Nagano (2004) is presented. The mean temperature obtained at the
present work with RSM for the coordinate »/D=2 presented excellent agreement with the numerical simulation (DNS)
of Hirofumi and Nagano (2004). It can also be observed that for y" less than eight, the dimensionless temperature &
varies linearly with the distance y " and it is proportional to Pr.
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Figure 7. Distribution of mean temperature in wall unit

The Nusselt number is defined as

_hD qw D

Nu =
k (Tj—TW)k

(1n)

Figure 8 shows a comparison of the Nusselt number at the wall obtained in the present work with the RSM model
with the experimental data of Abrantes (2005), k- SST model of Maldonado and Nieckele (2008) and the LES results
of Hadziabdic, 2007). It can be observed that the LES results agreement with the experimental data are quite superior
than both RANS models, which over-estimate the heat transfer at the stagnation region. It can also be seen that the RSM
prediction is superior to the k- SST, which is unable to capture the secondary peak at »/D=2. This local maximum has
been observed by a number of previous works of jet impinging on a wall, when jet-to-plate spacing is relatively small
(H/D < 6), and its origin has been extensively discussed (Baughn and Shimizu, 1989; Kim & Giovannini, 2007). The
secondary peak can be associated with the region where the turbulent kinetic energy reaches a maximum. Figure 9
presents the turbulent kinetic energy distribution near the plate surface, obtained with the RSM model, where it can be
seen a peak of x at /D= 2 corresponding to the Nusselt number second peak.
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Figure 8. Nusselt number distribution Figure 9. Turbulent kinetic energy at y/D=0.005.

6. CONCLUSIONS

In this work, the RSM was tested to evaluate its performance in the prediction of the heat transfer of an impinging
jet. A comparison with experimental data showed some discrepancies, although the qualitative results were reasonable.
The RSM overestimated the peak values of mean velocity radial, turbulent radial and axial velocity. The discrepancies
can be attributed to the dissipation, leading to high levels of diffusion, especially in the axial momentum. The absence
of the third component in the RSM modeling is also responsible for the discrepancies obtained.

It was observed that RSM overestimated a Nusselt number in the stagnation region. The occurrence of the second
peak of the Nusselt number is associated with high levels turbulence kinetic energy, and it was reasonable predicted
with RSM model, but no with k-@ SST model.

Although the RSM overestimated several variables, the qualitative behavior was reasonable. The results obtained
with the RSM model were also similar k- SST predictions. Considering the reduced computational effort in relation to



others simulations like LES or DNS, the quality of results can be considered acceptable, since the correct tendencies
were predicted. Thus, in general terms, the RSM model presented reasonable results in terms of low computational
effort and quality of results, compared with experimental data.
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