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In the present work, heat transfer characteristics of a turbulent confined slot
jet impinging on a heated moving plate are studied by means of time-averaged
Navier-Stokes simulations. Three different plate conditions are considered: zero
plate velocity (stationary plate); plate moving with a constant velocity; and plate
moving with a constant acceleration. The jet nozzle-to-plate ratio and the jet inlet
Reynolds number are equal to 4 and 2 × 104, respectively. The objective of the
present research is to investigate the role of the plate velocity condition on the de-
velopment of the second peak in the Nusselt number profile along the impingement
plate. The k-kl-ω transition RANS model was validated against DNS and exper-
imental data and was able to correctly predict both the size and location of the
Nusselt number secondary peak. A third recirculation zone appears as the plate
velocity increases and the Nusselt number secondary peaks location shifts slightly
downstream. The development of the third recirculation zone induces an accentu-
ated decrease in the local and average Nusselt numbers. Furthermore, the plate
acceleration delays the movement of the transition in the wall jets and the appear-
ance of the third recirculation zone. Consequently, the average Nusselt number
increases with time, and the heat transfer from the plate is enhanced up to 8%.
Key words: Plane impinging jet, Confined jet, Moving flat plate, Heat transfer,
RANS, Numerical simulation

1 Introduction

Confined impinging jets are used in industry for heat transfer enhancement in many engineering applications,
such as electronic equipment [1, 2], in the drying process of materials [3, 4], and cooling turbine blades or
combustion chambers [5]. Numerical predictions of the local heat transfer coefficient are required to accel-
erate the design process and, to this extent, the flow and thermal fields must be accurately and economically
computed. A significant number of detailed reviews are available in literature – see e.g. [6–10].

The very large number of experimental and computational works dedicated to studying the flow and
heat transfer of the turbulent impinging jet allows the enumeration of some of the most relevant findings to
obtain accurate and economical simulations. Nowadays, it is well-known that impinging jet heat transfer is
strongly affected by the jet nozzle-to-plate distance (H/B), being B the plane jet width or the circular jet
diameter. For slot jets with high H/B (typically H/B > 5), the jet presents flapping oscillations [11]. The
unsteady characteristics hinder accurate steady Reynolds-averaged Navier–Stokes (RANS) calculations [12]
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and eddy-resolving simulations – large eddy simulation (LES) or hybrid RANS/LES – becomes required
to capture the Kelvin-Helmholtz vortices for slot jets and the ring vortices for circular jets. This work is
concerned with an H/B ratio equal to 4, and steady RANS models can still be satisfactorily applied avoiding
the need for several orders of magnitude more expensive LES calculations.

Earlier studies of the Nusselt number distribution along the impinging plate reported the expected max-
imum heat transfer at the stagnation point and an unexpected maximum at approximately r/B = 2 for
circular jets and x/B = 7 for slot jets – see the early works of Gardon and Akfirat [13] and Baughn and
Shimizu [14]. The maximum heat transfer at the stagnation point and the intensity of the second Nusselt
number peak depend on the Reynolds number and the H/B ratio. Ashforth-Frost et al. [15] experiments
for H/B = 4, showed that the region with the highest turbulence levels is also where the Nusselt number
increases, approaching the secondary peak. This indicates that transition to turbulence is complete beyond
this region. On the other hand, this secondary peak is absent for H/B = 9.2. This behavior of the Nusselt
number distribution is also observed for non-confined impinging jets – see e.g. Gardon and Akfirat [13]. As
H/B is reduced below 8, two small "humps" start to appear at x/B = ±7, and for H/B < 6, they become
well-defined second peaks in the heat transfer rate.

The Nusselt number secondary peak is fully detailed in eddy-resolving simulations. Jaramillo et al. [16]
used direct numerical simulation (DNS) to study a turbulent plane impinging jet with an H/B ratio equal to
4 and at a Reynolds number of 2 × 104. Hattori and Nagano [17] have also employed DNS for H/B ratios
from 0.5 to 2, and a Reynolds number of 104. Both DNS studies verified the existence of the mentioned
second peak in the Nusselt number profile. Shukla and Dewan [18, 19] investigated the efficiency of LES in
turbulent slot jet impingement heat transfer at H/B = 4 and for the Reynolds number of 2 × 104. Using
four distinct sub-grid stress (SGS) models, the second peak in the Nusselt number profile was observed in
good agreement with the experimental data. Additionally, Kubacki and Dick [12] demonstrated that the k-ω
based hybrid RANS/LES model performs well at predicting the rate of heat transfer along the impingement
plate and, in particular, it captures the dip in the Nusselt number profile.

Different explanations have been given to the occurrence of the wall Nusselt number secondary peak –
see e.g. Viskanta [8], Uddin et al. [20]. For impinging circular jets, the detailed experiments of Grenson et
al. [21] and the wall-resolved LES simulation by Gresson and Hugues [22] obtained with several hundred
million mesh points explained how the small-scale hot spots are associated with the reattachment of local
separations of the flow and streak structures, in line with Hadžiabdić and Hanjalic [23] LES simulations.
According to Behnia et al. [24], the stagnation region is quasi-laminar, in the sense that the turbulent kinetic
energy is relatively low and thus increases as the radial distance moves from the potential core to the wall
jet region. The secondary peak for a circular jet impingement is not associated with a laminar to turbulent
transition with increasing radius. For plane jets, according to Gardon and Akfirat [25], both the wall jet
formation after the impingement and the disappearance of the pressure gradient that stabilizes the laminar
boundary layer around the stagnation point are favorable conditions for the transition from a laminar to a
turbulent boundary layer at the outer edge of the jet deflection region. The laminar to turbulent transition for
the plane impinging jet was supported by eddy-resolving LES and DNS simulations – see e.g. [18, 26].

Many of the RANS turbulence models variants yield a physically unrealistic behavior of the Nusselt
number on the impingement plate and do not predict the secondary peak – see e.g. [27, 28]. Computations
of the impinging circular jet with the normal-velocity relaxation turbulence model (v2 − f ) [29, 30] are
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in excellent agreement with the experimental results concerning the Nusselt number distribution and, in
particular, the secondary peak. The excellent performance for the circular impinging jet may be associated
with the new velocity variance scale v2 (instead of turbulent kinetic energy) as a scale for turbulent transport.
In addition, the v2 − f model uses an elliptic operator to compute a term analogous to the pressure-strain
correlations. Concerning the plane jet, Jaramillo et al. [16, 31] compared several RANS models with the
obtained DNS results and only the ARG (kω-LEVM) was able to replicate the Nusselt number findings
downstream of the stagnation zone. The performance of several RANS turbulence models was also evaluated
by Dutta and Dewan [32] for an H/B ratio equal to 4. The k-ω based models (standard and SST) with
adjustments for transitional flow outperform the other models in terms of capturing the stagnation Nusselt
number, position, and value of the secondary peak for small H/B ratios.

In conclusion, the turbulent flow structure in the vicinity of the Nusselt number secondary peak is
well documented by DNS and wall-resolved LES for both circular and plane turbulent jets impinging on
stationary plates. Despite these simulation tools being accurate and not presenting the limitations of the
RANS modeling approach, they are not economical for industrial design purposes of enhanced heat transfer
devices. Thus, significant improvements to the capabilities of RANS modeling have been made in the recent
past – see e.g. Durbin [33] – and the selection and validation of RANS modeling will continue to evolve as
the applications of CFD increase.

Regarding the case of a jet impinging on a plate moving at a constant velocity – as in the hot-rolling
process –, the convective heat transfer is influenced by the splitted wall jet flow field that moves in the same or
opposite direction of the moving plate. Heat transfer from jet impingement on a moving wall with H/B = 3

to 11 was presented by Raju and Schlünder [34]. The average heat transfer coefficients were verified to rise
with the plate speed at first, reaching a maximum value, and then remaining almost constant at higher plate
speeds. The maximal heat transfer coefficients were reported to be 1.5 to 2 times greater than the stationary
plate case. Particle image velocimetry (PIV) was used by Senter and Solliec [35] to analyze the flow field
structure of an isothermal slot jet impinging on a moving plate for H/B = 8. The flow field patterns reveled
to be independent of the jet Reynolds number but dependent on the plate-to-jet velocity ratio (R). Several
RANS studies were conducted to investigate the convective heat transfer from a moving hot plate due to
confined slot jet impingement – see e.g. [36–41]. Overall, all studies concluded that the jet inlet Reynolds
number has little effect on the flow field structure for a certain R ratio. Moreover, for small R ratios, the flow
field is slightly modified, but for higher R ratios, the jet is significantly pushed. Additionally, it was observed
that, for a particular value of R, the average Nusselt number increases with the jet Reynolds number and,
with an increasing R ratio, the average Nusselt number initially decreases until a certain value (0.5 [36], 1
[40], 1.25 [39], and 1.5 [37, 38]) and then increases rather rapidly for the studied range. However, all these
studies are focused on high H/B ratios, for which the second peak in the Nusselt number distribution is not
present. Moreover, the simple case of a plane impinging jet on an isothermal hot flat plate under increasing
velocity from zero to the desired velocity has not been investigated, as far as the authors are aware.

To this extent, the main objective of the present work is to investigate, by means of RANS, the influence
of the plate velocity condition on the development of the Nusselt number secondary peak at the impingement
plate, in order to close this present gap in the literature. To conduct this study, the jet nozzle-to-plate ratio
and jet inlet Reynolds number were equal to 4 and 2× 104, respectively. Particularly, this works aims to:
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(i) assess the accuracy of different RANS turbulence models in predicting the Nusselt number secondary
peak for impinging jets with a low H/B ratio;

(ii) analyze the effect of the plate velocity on the Nusselt number secondary peak and on the average heat
transfer distribution along the impingement plate; and

(iii) analyze the effect of the plate acceleration on the flow field and Nusselt number secondary peak, in
comparison with the case of constant plate velocity and fixed plate condition.

The paper is organized as follows: Section 2 presents the governing equations and the turbulence models
used, as well as the numerical methods and boundary conditions. In Section 3, the performance of several
RANS turbulence models is assessed and a set of results is presented for the cases of a plane jet impingement
on a moving plate with constant or variable velocity, focusing on the heat transfer enhancement. The main
conclusions of the study are provided in Section 4.

2 Mathematical and numerical models

In this work, the flow field has been assumed to be two-dimensional, and the fluid (air) is incompressible
with constant thermophysical properties. The calculations were carried out using FLUENT 16.2 solver with
mass, momentum, and energy equations – for steady flow in a time average formulation (RANS) – given by
Eqs. (1), (2), and (3), respectively:

∂
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The Reynolds stresses (−ρu′iu
′
j) and vector heat flux (−ρu′iT

′) must be modeled in order to close the
RANS equations, according to the turbulence model. A common method to relate the Reynolds stresses to
the mean velocity gradients employs the Boussinesq hypothesis [42], used in the k-ε and k-ω models, which
calculates the turbulent viscosity (µt). For the turbulent heat flux, the isotropic eddy diffusivity formulation
was used −ρu′iT

′ = µt

Prt
∂T
∂xi

with Prt being the turbulent Prandtl number.
Accordingly, to choose the most suitable turbulence model, a number of RANS turbulence models

were taken into account and evaluated against existing impinging jet with heat transfer data. The following
turbulence models were herein considered for comparison: realizable k-ε [43] with enhanced wall treatment
(EWT); shear-stress transport (SST) k-ω [44]; reynolds stress model (RSM) [45] with EWT; transition SST
k-ω [46]; and k-kl-ω transition [47]. More details of these models and their implementation in FLUENT
can be found in Reference [48].

The convection and diffusion terms were discretized using a second-order scheme. For steady calcula-
tions, the solution was considered to attain convergence when the normalized residual of each variable was
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lower than 10−6. For transient simulations, an implicit temporal discretization scheme was used, and the
time step was defined such that the maximum CFL in the domain was lower than 1.

Fig. 1 presents the computational domain of the present study. At the inflow, a uniform velocity profile
(Vj) was specified based on the value of the Reynolds number (Re = VjB/ν, where B is the slot width).
Moreover, the turbulence intensity and the Reynolds number at the inlet were set at 1% and 2× 104, respec-
tively, in accordance with the data presented in Reference [15]. The jet inlet was set at ambient temperature
(300 K). Additionally, a non-slip boundary condition was applied at the walls of the computational domain.
The confinement plate was considered adiabatic. The impingement plate moves at a velocity Up, correspond-
ing to the plate-to-jet velocity ratio defined as R = Up/Vj . A higher temperature than the ambient one was
imposed at the impingement plate (320 K), in line with experimental and DNS studies [15] [16]. Outflow
conditions were applied at both outlet sections, assuming atmospheric pressure. The outlet sections were lo-
cated at a distance equal to 100B from each other which is sufficient to avoid backflow issues in accordance
with literature [16].

Figure 1: Schematic of the spatial discretization (mesh) of the computational domain.

A non-uniform mesh is required for the present study with grid points concentrated near the wall and
around the jet centerline (see Fig. 1) to capture the strong gradients around the impingement region and high
shear zones in the wall jet development. Four meshes were selected to conduct a grid convergence study:
Mesh 1 (61.5k cells); Mesh 2 (123k cells); Mesh 3 (246k cells); and Mesh 4 (492k cells). Fig. 2 shows
the distribution of the local Nusselt number – Nu = −(∂T/∂y)w × B/(Tw − Tj) – along the (stationary)
impingement plate between 0 < x/B < 12 using the k-kl-ω transition model for the four meshes. It is
observed that beyond Mesh 3 (820× 300) no further significant change in the Nusselt number is noticed.

Figure 2: Nusselt number distributions for the four meshes.
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Moreover, the spatial average Nusselt number over −20 < x/B < 20 calculated with the k-kl-ω
transition model predicted 39.8, 39.4, and 39.2 for the Meshes 2, 3, and 4, respectively. The order of
convergence p was estimated and the grid convergence index (GCI) [49] was computed for Mesh 3 and
Mesh 4, considering a factor of safety of 1.25 since three grids were used to estimate p. The GCI for Mesh
3 and Mesh 4 is 0.0166 and 0.0094, respectively. Therefore, Λ = 0.9947 which is approximately 1 and the
solutions are in the asymptotic range of convergence. Thus, Mesh 3 is able to describe the flow field virtually
identically to a mesh with a higher cell density and Richardson extrapolation can be used for extrapolating
the numerical solution. Consequently, this mesh is considered in all subsequent calculations.

3 Results

3.1 Stationary plate

The performance of several RANS turbulence models to predict the heat transfer from a impinging jet on
a stationary plate is addressed in this subsection. Figs. 3 (a) and (b) show the distributions, in the range
0 < x/B < 12, of the Nusselt number and the Nusselt number normalized by the stagnation Nusselt
number, respectively. The results of the stated RANS turbulence models are compared with the DNS results
from Jaramillo et al. [16] and the experimental results from Ashforth-Frost et al. [15]. The later set of
benchmark results features a maximum Nusselt number of about 70 in the stagnation point and then a rapid
drop to an off-stagnation minimum of about 35 (0.5Nust) at approximately x/B = 3 is observed. Beyond
the off-stagnation minimum, the Nusselt number increases to a secondary maximum of about 50 (0.69Nust)
at approximately x/B = 7.4, before decreasing monotonically with a further increase in x. On the other
hand, the DNS results from Jaramillo et al. [16] show a peak of 63.4 at the stagnation point, an off-stagnation
minimum of 25.9 (0.41Nust) at x/B = 3.8, and a secondary maximum of 45.7 (0.72Nust) at x/B = 7.9.

Figure 3: Distributions along 0 < x/B < 12 of (a) Nusselt number and (b) Nusselt number normalized by the
stagnation Nusselt number.

Regarding the performance analysis of the RANS turbulence models for a plane impinging jet, Fig. 3 (a)
shows that all the studied models overpredict the Nusselt number at the stagnation point predicted by DNS.
This evidence can be attributed to the role played by the jet inlet turbulence intensity (I) [32] since for the
DNS study a value of 0.1% was considered while for the experimental and current results I was set equal to
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1%. Moreover, the comparison with experimental results shows that both the RSM and the SST k-ω model
overpredict the experimental value of the Nusselt number at the stagnation point, while the realizable k-ε
and the k-kl-ω transition models match this parameter. Finally, the SST k-ω model with transitional flow
modification underpredicts the Nusselt number at the stagnation point.

From Fig. 3 (b), it can be concluded that the RSM was not able to predict the second peak in the Nusselt
number profile. Moreover, both the realizable k-ε and SST k-ω predict a slight dip (at x/B ≈ 1.4 and
x/B ≈ 2.3, respectively) followed by a monotonic profile, instead of a prominent secondary peak. On the
other side, when transitional flow modifications were considered, the SST k-ω model was able to predict the
secondary peak, however, its location is shifted from about 7–8B to 15B from the jet axis – not shown in
Fig. 3 (b). Finally, the k-kl-ω transition model was able to correctly predict the Nusselt number secondary
peak. Particularly, it shows an off-stagnation minimum of about 0.5Nust at x/B ≈ 3, and a secondary
maximum of about 0.71Nust at x/B ≈ 8.

In conclusion, the RANS models adapted for transitional flow are able to predict the second peak in
the Nusselt number profile. More concretely, the k-kl-ω transition model is able to correctly predict both
the size and location of the secondary peak and, therefore, is considered in all subsequent calculations. In
fact, the transition from laminar to turbulent conditions is responsible for the second peak in the Nusselt
number distribution, being well predicted by transitional flow modifications. Hofmann et al. [50] and Dutta
and Dewan [32] also found that using the transitional flow model results in improved predictions of the
secondary peak, while Achari and Das [27] have reported the failure of RANS models without adjustments
for transitional flow.

3.2 Moving plate with constant velocity

Regarding the case of a jet impinging on a moving plate, since the jet flow is split into two wall jets at the
impingement and one of them flows in the plate movement direction and the other in the opposite direction,
the impingement plate movement causes high shear zones that have severe impacts on fluid flow and thus the
convective heat transfer will be influenced by the highly changed flow field. To study this effect, different
plate-to-jet velocity ratios (R = Up/Vj) have been considered. Figs. 4 (a)-(f) show the streamlines and the
velocity magnitude plots for R = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively.

Fig. 4 (a) shows the typical flow field of a confined slot jet impinging on a stationary plate. Partic-
ularly, the flow field is symmetric about the jet axis, and two recirculation zones can be observed in the
off-stagnation regions with centers at |x/B| ≈ 4.33, due to both jet entrainment and the presence of the
confinement wall. The left recirculation region (labeled as A1) is clockwise, and the right recirculation re-
gion (labeled as A2) is counterclockwise. The flow reattaches to the confinement wall at |x/B| ≈ 20.10,
reversing its direction. This reattachment length is in close agreement with the time-averaged DNS results
reported by Jaramillo et al. [16] (|x/B| ≈ 22).

When considering plate motion – positive in the x-direction –, the plate goes in the same direction as the
right wall jet and in the opposite direction of the left one (in relation to the jet axis). This creates a rightward
shear force on the fluid resulting in a distorted flow field with the jet deviating to the right. For R = 0.2

and 0.4 (Figs. 4 (b) and (c)), the impingement plate motion has a slight effect on the flow field, with the jet
slightly deviating, moving the impingement point to x/B ≈ 0.10 and x/B ≈ 0.25, respectively.
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Figure 4: Velocity magnitude and streamline plots for (a) R = 0, (b) R = 0.2, (c) R = 0.4, (d) R = 0.6, (e)
R = 0.8, and (f) R = 1.

For R = 0.6 (Fig. 4 (d)), the flow field is highly affected due to the appearance of a detachment point
at x/B ≈ −5.08, inducing the development of a secondary recirculation zone (labeled as A3) with center at
x/B ≈ −10.76 and with a rotation opposite to that of the recirculation zone A1. The detachment point is the
result of the moving plate retarding the left wall jet. The recirculation zone A3 shifts the recirculation zone
A1 towards the jet axis with its center at x/B ≈ −3.36 and the jet is even more deviated (the stagnation point
moves to x/B ≈ 0.3). From this plate-to-jet velocity ratio onward, the flow field is highly asymmetric and an
increase in R continues to deviate the impingement point, the recirculation zones, and the detachment point
to the right. In particular, for R = 0.8 (Fig. 4 (e)), the left wall jet detachment is observed at x/B ≈ −2.86

resulting in movement of recirculation zone A3 (centered at x/B ≈ −7.85) towards the jet axis, squeezing
the recirculation zone A1 (centered at x/B ≈ −2.31). For R = 1 (Fig. 4 (f)) the detachment is located at
x/B ≈ −1.85 and the recirculation zones A3 and A1 are centered at x/B ≈ −6.78 and x/B ≈ −1.79,
respectively.

The modifications on the flow field captured in Figs. 4 (a)-(f) highly affect the temperature distri-
bution inside the channel and consequently the heat transfer at the impingement plate. (Temperature be-
comes less uniform close to the jet axis as R increases – not shown.) The variation of the local Nusselt
number along −20 < x/B < 20 is shown in Fig. 5 (a) for R = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 and for
R = 0, 0.6, 0.7, 0.8, 0.9, and 1 in Fig. 5 (b). Moreover, the effect of the R ratio in the spatial average Nusselt
number – ⟨Nu⟩ = 1/(2 · x/B)

∫ x/B
−x/B Nu(x) dx – over −20 < x/B < 20 is presented in Fig. 5 (c).
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Figure 5: Nusselt number distribution along −20 < x/B < 20 for (a) R = 0,0.1,0.2,0.3,0.4,0.5 and (b)
R = 0,0.6,0.7,0.8,0.9,1, and (c) spatial average Nusselt number over −20 < x/B < 20.

Firstly, for R = 0.1 and 0.2, the overshoot of the Nusselt number near the jet impingement point remains
almost constant since the flow field is nearly unchanged for these plate-to-jet velocity ratios. However, it is
notable that both secondary peaks move in the same direction of the plate velocity. This is observed because
the transition from laminar to turbulent boundary layers is delayed or anticipated, depending on the wall jet
flow going in the same or opposite direction as the moving plate, respectively. Furthermore, if the transition
is anticipated (delayed), the value of the Nusselt number secondary peak increases (decreases).

With an increased R ratio, it is notable that the stagnation Nusselt number increases. This can be
explained by the fact that, for the considered H/B ratio, the impingement plate is located within the potential
core of the jet while in the previous studies, the impingement plate was placed in the developing region of
the jet. Zhou and Lee [51] and Souris et al. [52] concluded that, for a jet impinging on a stationary plate, the
stagnation Nusselt number increases up to H/B = 6 – by the rise in turbulence on the jet axis towards the
plate direction – and then it decreases. With the increased plate velocity, the jet gets more deviated, and the
“length” of the jet is extended, resulting in an increase of the stagnation Nusselt number for H/B < 6 and a
decrease for H/B > 6. Moreover, from R = 0.5 onward, a remarkable decrease of the Nusselt number at
the left side of the jet axis is observed and a further increase in the R ratio increases the size of the region
where such decrease is registered. This decrease is related to the formation of the recirculation zone A3, as
previously mentioned. From R = 0.7 onward, as the left wall jet transition gets increasingly anticipated, the
left second peak in the Nusselt number profile increases up to a point that it gets higher than the stagnation
Nusselt number. Furthermore, as notable for R = 1, the left secondary peak merges with the stagnation
Nusselt number, and, from this point onward, the jet is effectively turbulent at the stagnation point due to the
development of the jet before the impingement.

Additionally, Fig. 5 (c) shows that the average Nusselt number on the plate increases up to R = 0.4.
This increase is attributed to both the increase of the value of the left secondary peak and to the increase of
the stagnation Nusselt number. However, as previously mentioned, at R = 0.5 the recirculation zone A3

appears, which induces a decrease of the Nusselt number at the left side of the jet axis resulting also in a
decrease in the average Nusselt number. Finally, despite the increase in the size of the region where this local
decrease in the Nusselt number occurs (due to the recirculation zone A3), from R = 0.7 onward, the average
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Nusselt number starts to increase. This is observed because the increase of both the left secondary peak and
the stagnation Nusselt number is able to compensate for the aforementioned decrease in the left side of the
jet axis. In general, the previous literature reported that the average Nusselt number initially decreases until a
certain value, attaining a minimum, and then increases. However, all these studies are focused on high H/B

ratios, where the second peak in the Nusselt number distribution is not present. Consequently, the presence
of the Nusselt number secondary peak induces a quite different average Nusselt number evolution with R.

3.3 Moving plate with constant acceleration

In this subsection, the effect of the plate acceleration (∂Up/∂t) in the flow field and heat transfer is analyzed.
As an example, three different plate acceleration values are considered: 2.5, 5, and 10 m/s2. At t = 0

the solution for the stationary impinging plate is prescribed. The temporal study evolves from t = 0 (plate
velocity Up = 0) to tmax (plate velocity Up = Vj , R = 1). Figs. 6 (a)-(c) show the velocity magnitude and
streamlines plots at R = 1 for ∂Up/∂t = 2.5, 5, and 10 m/s2, respectively.

Figure 6: Velocity magnitude and streamline plots at R = 1 for (a) ∂Up/∂t = 2.5m/s2, (b) ∂Up/∂t = 5m/s2,
and (c) ∂Up/∂t = 10 m/s2.

In general, the comparison of Figs. 6 with Fig. 4 (f) shows the presence of the same flow characteristics.
Particularly, the jet deviation to the right (in comparison with the case of a stationary plate), the movement
of both recirculation zones, and the detachment point at the left wall jet. However, all these phenomena are
delayed upon increasing plate acceleration. For example, when Up = Vj (R = 1) the impingement point is
located at x/B = 0.55, 0.48, 0.46 and 0.41 for ∂Up/∂t = 0, 2.5, 5 and 10 m/s2, respectively. This delay
has roots in the first-Stokes problem of the sudden acceleration of a laminar boundary layer and has also
been reported in previous studies [53].

Additionally, with increasing acceleration, the detachment point of the left wall jet and the appearance
of the recirculation zone A3 are only observed for higher R ratios. More concretely, for the accelerating
plate with ∂Up/∂t = 10 m/s2 it is notable that the recirculation A3 does not appear – see Fig. 6 (c). Instead,
it is only detectable the appearance of the detachment point of the left wall jet.
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This temporal delay severely affects the amount of heat transfer and its distribution during the acceler-
ation time. Fig. 7 (a) shows the Nusselt number distribution along −20 < x/B < 20 for R = 0, 0.2, and
0.4 while Fig. 7 (b) shows the Nusselt number distribution for R = 0.6, 0.8, and 1, considering the plate
acceleration equal to 10 m/s2. Figs. 7 (a) and (b) also include the comparison with the case of the plate
movement with the corresponding constant velocity. More concretely, the left column of the legend presents
the profiles for the condition of constant plate velocity (also presented in Figs. 5 (a) and (b)) while the right
column of the legend presents the profiles for the condition of constant plate acceleration.

Figure 7: Nusselt number distribution for ∂Up/∂t = 10 m/s2 at (a) R = 0,0.2,0.4 and (b) R = 0.6,0.8,1.
Solid lines: constant acceleration; dashed-lines: constant velocity conditions; and dotted line: stationary plate.

From Fig. 7 (a), it is notable that the plate acceleration also delays the location of the transition in both
wall jets. Moreover, the overshoot of the Nusselt number near the jet impingement point does not increase
when R = 0.4 (t = 0.4 s) since the jet is still nearly deviated. The delay in the appearance of the detachment
point/recirculation zone A3 is also detectable in Fig. 7 (b), since the accentuated decrease of the Nusselt
number at the left side of the jet axis only appears for higher R ratios.

The spatial average Nusselt number over −20 < x/B < 20 is presented in Figs. 8 (a), (b), and (c)
for ∂Up/∂t = 2.5, 5 and 10 m/s2, respectively. The spatial average is obtained at each time step during
the acceleration period – ⟨Nu⟩|t = 1/(2 · x/B)

∫ x/B
−x/B Nu(x, t) dx –, and is compared to the case of

constant plate velocity. Up to R = 0.4 the plate acceleration presents nearly no effect on the average Nusselt
number since the profiles match the points from the case of constant plate velocity. The verified slight
difference (more notable for higher accelerations) is attributed to the difference in the stagnation Nusselt
number and the location of the secondary peak. From R = 0.4 onward, the profiles exhibit an enormous
difference. Since the appearance of the recirculation region A3 is delayed, the average Nusselt number –
⟨Nu⟩|t – continues to grow with an increasing R ratio. This growth also increases upon increasing the plate
acceleration due to the increased delay. More concretely, the maximum spatial average Nusselt number is
44.09 (at R = 0.55), 45.06 (at R = 0.68), and 47.11 (at R = 0.88) for ∂Up/∂t = 2.5, 5 and 10 m/s2,
respectively, correlating with ⟨Nu⟩|max = 2.90×107(K∂Up/∂t)+42.82, in which K = ν/U3

j = 1.5×10−8

s2/m. Thus, the spatial-temporal average Nusselt number over −20 < x/B < 20 from R = 0 to R = 1 –
⟨Nu⟩ = 1/(2·x/B ·∆t)

∫ x/B
−x/B

∫ tmax

0 Nu(x, t) dt dx – is 40.4 for ∂Up/∂t = 0m/s2, and 41.85, 42.74 and
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43.55 for ∂Up/∂t = 2.5, 5 and 10 m/s2, respectively, clearly revealing the heat transfer enhancement with
the plate acceleration, correlating with ⟨Nu⟩ = −1.44×1014(K∂Up/∂t)

2+4.26×107(K∂Up/∂t)+40.4.

Figure 8: Spatial average Nusselt number over −20 < x/B < 20 for (a) ∂Up/∂t = 2.5 m/s2, (b) ∂Up/∂t = 5
m/s2, and (c) ∂Up/∂t = 10 m/s2.

Finally, it is important to highlight that if, after the acceleration time, the plate continued to move with
constant R = 1 velocity, the average Nusselt number would recover (asymptotically) the value obtained
for the constant plate velocity condition (R = 1), after a certain amount of time (depending on the plate
acceleration). On the other side, if the plate started to decelerate with the same rate (negative) reaching
the stationary plate state, the heat transfer would be prejudiced due to the non-disappearance of the third
recirculation zone (not shown).

4 Conclusion

In this work, a turbulent slot jet impinging on a plate was considered with the objective to investigate numer-
ically the influence of the plate velocity on the Nusselt number secondary peak. The classic case correspond-
ing to the jet impingement on a fixed plate was used for validation of different RANS turbulence models.
It was found that the k-kl-ω transition model is able to correctly predict both the size and location of the
Nusselt number secondary peak.

Furthermore, with an increase in the plate-to-jet velocity ratio (R), it was verified that the secondary
peaks moved in the direction of the plate velocity and the stagnation Nusselt number increased upon in-
creasing the plate velocity, resulting in an increase of the average Nusselt number up to R = 0.4 (9% in
comparison with R = 0). From R = 0.5 onward, a striking decrease of the local (at the left side of the jet
axis) and average Nusselt number was observed due to the formation of a third recirculation zone.

Finally, the plate acceleration leads to a temporal delay of the jet evolution with the plate velocity,
which increased upon increasing plate acceleration. Thus, the appearance of the third recirculation zone was
delayed which implied that the average Nusselt number continued to grow with the R ratio. Consequently,
the plate acceleration enhanced the overall heat transfer from the plate up to 8%.
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Nomenclature

λ Thermal conductivity, [W/m ·K]

µ Dynamic viscosity, [kg/m · s]

ν Kinematic viscosity, [m2/s]

ρ Density, [kg/m3]

B Nozzle width, [m]

cp Specific heat, [J/kg ·K]

H/B Nozzle-to-plate ratio, [−]

H Channel height, [m]

L Length, [m]

Nu Local Nusselt number, [−]

p Static pressure, [Pa]; order of convergence,
[−]

R Plate-to-jet velocity ratio, [−]

Re Reynolds number, [−]

T Temperature, [K]

t Time, [s]

ui Velocity, [m/s]

Up Plate velocity, [m/s]

Vj Jet velocity, [m/s]
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