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Abstract: In this work, near-wall thermal transport processes and entropy generation mechanisms in
a turbulent jet impinging on a 45◦-inclined heated surface are investigated using a direct numerical
simulation (DNS). The objectives are to analyze the subtle mechanisms of heat transport in the vicinity
of an inclined impinged wall, to determine the causes of irreversibilities that are responsible for the
reduction of performance of impingement cooling applications and to provide a comprehensive
dataset for model development and validation. Results for near-wall thermal characteristics including
heat fluxes are analyzed. An entropy production map is provided from the second law analysis.
The following main outcomes can be drawn from this study: (1) the location of peak heat transfer
occurs not directly at the stagnation point; instead, it is slightly shifted towards the compression
side of the jet, while at this region, the heat is transported counter to the temperature gradient;
(2) turbulent thermal and fluid flow transport processes around the stagnation point are considerably
different from those found in other near-wall-dominated flows and are strongly non-equilibrium in
nature; (3) heat fluxes appear highly anisotropic especially in the vicinity of the impinged wall; (4) in
particular, the heated wall acts as a strong source of irreversibility for both entropy production
related to viscous dissipation and to heat conduction. All these findings imply that a careful
design of the impinged plate is particularly important in order to use energy in such a thermal
arrangement effectively. Finally, this study confirms that the estimation of the turbulent part of the
entropy production based on turbulence dissipation rates in non-reacting, non-isothermal fluid flows
represents a reliable approximate approach within the second law analysis, likewise in the context of
computationally less expensive simulation techniques like RANS and/or LES.

Keywords: direct numerical simulation; inclined impinging jet; turbulent heat transport; entropy
generation; irreversibility

1. Introduction

In order to improve the thermal efficiency, fuel economy and thermodynamic performance
of advanced gas turbines, very high turbine inlet temperatures of about 1200–1500 ◦C [1] are
employed, which can exceed the material melting point of the components inside the gas turbine.
Therefore, effective cooling arrangements with high heat transfer coefficients (typically in the range
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of 1000–3000 W/m2K [2]) are required to allow turbine operations without failure. In this regard,
jet impinging cooling combined with internal fins, cooling passages and effusion holes for film cooling
has proven to be an efficient cooling strategy and is therefore commonly applied in modern gas
turbines. Thereby, relatively cold air extracted from the compressor of the turbine engine is bypassed
to perforated internal walls to form an array of impinging jets in order to cool the blade exterior
walls [2]. Upon exiting the blade through discretely located effusion holes or slots, the bypassed air
provides a coolant film to shield the outside surface of the blade from the hot combustion gas. Besides
the turbine blades and vanes, jet impinging cooling is also employed to cool combustor walls and the
turbine case/liner of gas turbine engines [2], making the impingement cooling an essential component
in the engineering design of modern gas turbine engines.

Apart from the gas turbine engines, impinging cooling has also found favor as a means of
heat transfer equipment in a variety of other engineering applications like cooling of electronic
components or quenching of metals and glass because it provides a very effective and flexible way to
transfer thermal energy between a target surface and coolant fluid. Compared to conventional flow
arrangements like free wall-parallel flows, impinging cooling enables up to threefold higher heat
transfer coefficients at a given maximum flow speed [2]. Moreover, it has been observed that the jet
dynamics and heat transfer depend on a large number of parameters, such as nozzle shapes, Reynolds
number, inflow conditions, jet-to-plate spacing, target plate inclination, Prandtl number, and many
more, which impede the optimization of engineering systems where thermal control is often carried
out by means of impinging cooling. Moreover, the underlying physics in turbulent impinging jets
is manifold and not unique since such flows feature very complex dynamics with interlinked effects
including stagnation points, shear flow boundary layers, strong streamline curvatures and anomalies
in the distribution of Nusselt numbers. It is therefore not surprising that in the last few decades,
impinging cooling has been the subject of extensive research to gain insights into the subtle physical
mechanisms and to identify preferred operating conditions along with practical guidelines for its
general usage. An overview of experiments, numerical studies and available empirical correlations of
impinging cooling can be found in a number of reviews, e.g., [3–9].

Focusing on heat transport in impinging jets, several researchers measured local Nusselt numbers
for fully-developed circular impinging jets with respect to the jet-to-plate spacing H/D and jet
Reynolds number Rej (see, e.g., [10–13]). In these experimental studies, emphasis was placed on a
Reynolds number range from 4000–80,000 and a H/D interval from 0.5–12, representing conventional
gas jet installations for heat transfer [2]. In this context, it was concluded that heat transfer can be
intensified by increasing Rej and/or decreasing H/D. Furthermore, it was observed that the variation
of the mean wall heat transfer appears non-monotonic in the radial direction with two distinctive
peaks occurring in the case of small jet-to-plate spacings (H/D < 3 [13]) and above a critical Reynolds
number of Rej,crit > 3000 [3]. The first peak, which is located in the vicinity of the stagnation
point, is believed to be caused by a strong acceleration of the fluid away from the center of the jet
and with a flapping of the impingement position [14]. The secondary peak appears approximately
two nozzle diameters away from the stagnation point, which is thought to be linked to large-scale
vortical structures issuing from the jet shear layer [15]. Further, the influence of nozzle shapes on the
heat transfer characteristic of impinging gas jets has been also investigated in various experimental
studies, e.g., [16–21]. In this regard, it was found that the shape of nozzle influences considerably the
distribution of the local Nusselt number with the highest heat transfer coefficients in the case of circular
orifices compared to elliptical, square, rectangular or triangle shapes. Varying the inclination of the
impinged plate, a few experimental studies have explored the effect of target plate inclination angle on
the heat transfer distribution of impinging jets, e.g., [22–26]. It was concluded that the location of peak
heat transfer is shifted towards the compression side as the inclination increases [22] and that averaged
Nusselt numbers increase with decreasing inclination [26]. Other influencing parameters on the heat
transfer characteristic of impinging jets like inflow temperature, interaction with cross-flow, acoustic
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and mechanical excitation, jet arrays, jet inflow oscillation, surface curvature, rotating target plates or
surface roughness have been also addressed in numerous experimental studies (see, e.g., [14,19,27–32]).

Despite significant progress towards a better understanding of the various physical phenomena
taking place in impinging jet cooling, many issues remained open due to limitations of present
measurement techniques, especially in the vicinity of the impinged wall where steep gradients and
small turbulent flow scales make measurements very difficult. In order to circumvent these limitations,
several numerical simulations have been initiated. Especially, wall-resolved LES [33–40] and
direct numerical simulation (DNS) [41–47] have been carried out in order to complement experimental
results and then to gain further insights into the subtle mechanisms of heat transport and fluid flow
dynamics in impinging jet cooling. In this regard, Hattori and Nagano [43] provided a comprehensive
DNS dataset of fluid flow and heat transport properties for a plane non-inclined impinging jet at
Rej = 9120 and different jet-to-plate spacings. This includes heat fluxes, Nusselt numbers and budget
terms of turbulent kinetic energy and temperature variance among other turbulence quantities. In
the LES study of Hadžiabdić and Hanjalić [36], the authors analyzed the role of coherent vortical
structures on the heat transfer distribution at the wall. They concluded that the impingement of
roll-up vortices generated by instabilities in the initial shear layer along with pressure pulsations lead
to a flapping of the jet, which is believed to be an instrumental surface renewal process and thus
enhances the heat transfer in the stagnation point. Aillaud et al. [39] conducted a wall-resolved LES
of a subsonic round air jet impinging on a heated surface (Rej = 23,000, H/D = 2) to explain the
origin of the secondary peak in the radial variation of the temporal-mean Nusselt number. It was
found that especially the rebound of primary vortices enhances the heat transfer and causes the
secondary peak in the spatial distribution of the Nusselt number. Dairay et al. [46] and Wilke and
Sesterhenn [47] performed DNS of impinging jet flow at Rej = 10,000 and Rej = 8000, respectively,
with highly resolved domains and high order numerical schemes. In the first study, the authors
analyzed the role of unsteady processes on the wall heat transfer, while in the latter study, the influence
of Mach number, Reynolds number and ambient temperature on the velocity and temperature was
examined. Recently, Grenson and Deniau [38] performed a wall-resolved LES of a heated impinging
jet at Rej = 60,000 in order to analyze the fundamentals of flow and heat transfer in impinging jets
under higher Reynolds numbers. Based on the analysis of instantaneous flow topology, turbulent
quantities and probability functions, this investigation revealed that hot spots of high convective heat
transfer related to unsteady separation and streak-like structures are linked to the secondary peak in
the Nusselt number distribution. However, the mechanisms responsible for these streak-like structures
near the radial location of the secondary peak remained unclear. Other important aspects like the
influence of subgrid-scale modeling in LES of impinging jets [48,49], flow dynamics and heat transfer
characteristics in multiple impinging jets [50,51], the effect of wall curvature [52,53], impingement jet
in cross-flow [54,55] or jet impingement onto a rotating disc [56] have been also investigated by means
of LES and DNS. With regard to numerical studies of oblique impinging jets, it is worth mentioning
that only a few LES studies [57,58] and no DNS, except the previous DNS study of isothermal flow by
Ries et al. [59], have been reported in the literature, even though this specific configuration features
very interesting flow properties and is of practical relevance in cooling arrangements for gas turbine
blades, allowing one to reduce the size of such systems [9], as well as in numerous other applications.

In particular, although impinging cooling has been the subject of extensive research in the last few
decades, very little is known about irreversibilities evolving in such thermal arrangements. As pointed
out in [60], thermodynamic irreversibility in thermofluid processes, which can be expressed by means
of entropy production, manifests itself as a loss of degree of freedom in the description of the material
behavior, as well as the turbulence structure of the flow in the fluid. From an engineering standpoint,
the concept of entropy generation along with the second law of thermodynamics appears useful in order
to characterize the evolution of physical process in turbulent thermofluid flows [61] and as a design
tool that helps to avoid the imminent loss of available mechanical power in thermal devices [62,63],
likewise in the conceptual design of impinging cooling installations. Furthermore, as a tool for the
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formulation of thermodynamically consistent turbulence models and to evaluate existing models with
regard to their thermodynamic consistency, the second law of thermodynamics has been used by
Ahmadi [64] and Sadiki et al. [60,65]. The latter aspect might be of particular interest in the case of
turbulent impinging jets since this specific configuration is often employed to validate turbulence
models in the context of Reynolds-Averaged Navier–Stokes (RANS), e.g., [45,66–68]. However, reliable
reference data including entropy production maps for validation purpose are often not available in the
literature, also in the case of turbulent impinging cooling. Only a few numerical studies based on RANS
addressed entropy production generation mechanisms in turbulent impinging cooling, e.g., [68–70].
Reliable scale-resolved simulations like LES or DNS including a second law analysis are not reported
in the literature. A three-dimensional analysis of the local entropy production in impinging cooling
applications using DNS or LES appears therefore particularly important in order to fill this gap in the
literature while providing comprehensive reference data for model validation studies.

The present paper reports on a DNS study of a turbulent jet impinging on a 45◦-inclined heated
solid surface (Rej = 5000, H/D = 1), which extends the previous experimental and numerical study
of Ries et al. [59] by investigating near-wall thermal transport processes and entropy generation
mechanisms within this specific configuration. To the authors’ knowledge, this is the first DNS study
dealing with target plate inclination and second law analysis in impinging cooling. The main objectives
are: (1) to analyze the subtle mechanisms of heat transport in the vicinity of an inclined impinged wall;
(2) to determine causes of irreversibilities that are responsible for the reduction of performance in such
thermal devices; and (3) to provide a comprehensive dataset, which is essential for model development
and validation, especially in the case of near-wall thermal statistics and entropy production rates.

At first, in Section 2, the specification of the flow configuration and a short description of the
applied numerical procedure are provided. Then, relevant results from the previous study [59] are
briefly summarized (Section 3). Next, near-wall thermal statistics along with wall heat transfer
are examined with the main focus on the stagnation region (Section 4). Subsequently, causes of
irreversibilities evolving in inclined impinging cooling configurations are identified and quantified
(Section 5). Finally, the concluding remarks are given in Section 6. For the sake of completeness, a code
validation study by means of a DNS of turbulent heated channel flow is provided in Appendix A.

2. Configuration and Numerical Procedure

In this section, the selected test case, a turbulent jet impinging on a 45◦-inclined heated solid
surface, and the corresponding numerical setup are briefly introduced. Then, the adopted numerical
procedure to solve the evolving turbulent fluid flow with convective heat transport within this
configuration is outlined.

2.1. Inclined Jet Impinging on a Heated Solid Surface

A schematic illustration of the inclined impinging jet configuration is provided in Figure 1,
where: (a) depicts a trimetric view of half the configuration; (b) a cutting view at the mid-plane section
including functional dimensions; and (c) a representation of the computational domain along with the
boundary conditions.

In the test case (Figure 1a), homogeneous laminar flow of dry air (T = 290 K, p = 1 atm) is
accelerated by means of a contraction and, before exiting, encounters a perforated plate, which serves
as a turbulence generating grid. Next, the generated highly turbulent air stream (Re = 5000 based on
the nozzle exit diameter, turbulent intensity of∼10%) leaves the nozzle and impinges on a 45◦-inclined
heated wall, which has a constant wall temperature of TW = 330 K. Subsequently, the main flow is
divided into two opposed jet streams directed outward along the solid heated wall.
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(a) (b) (c)

Figure 1. Schematic of the inclined impinging jet configuration. (a) trimetric view; (b) cutting view at
the mid-plane section; (c) computational domain and boundaries.

The three-dimensional computational domain is illustrated in Figure 1c. It consists of the
contraction section, turbulence generating grid and the impinging region located downstream of the
nozzle exit. At the contraction inflow, where the flow is inherently laminar (Re = 1650), constant values
are imposed for the velocity (U = 0.214 m/s) and temperature (T = 290 K) fields. At the walls, the
no-slip condition is utilized for the velocity, and the Neumann condition is applied for the temperature,
except at the impinging wall, where the temperature is set to a constant value of T = TW = 330 K.
Regarding the outflows, a velocity inlet/outlet boundary condition is selected to allow entrainment of
air from the surroundings. Thereby, the incoming fluid velocity is obtained by the internal cell value,
while a Neumann boundary condition is applied in the case of outflow. For the temperature, Neumann
conditions are set at all outflows.

A block-structured numerical grid is employed in this study. It consists of approximately
109 million control volumes and is refined around the perforated plate and at the walls. As was
shown in the previous study (see [59]), the ratio of local mesh size ∆ = (∆x∆y∆z)1/3 and Kolmogorov
length scale ηK = (ν3/ε)1/4 is below 2.1, which ensures sufficient spatial resolution. Thereby,
ηK is computed for each location using the local dissipation rate of the turbulent kinetic energy
ε = ν

(
∂u′i/∂xj

) (
∂u′i/∂xj

)
predicted by the DNS. In addition, the validity of computed flow statistics

was established by means of a comparison with experimental data in [59].
The operating conditions of the non-isothermal inclined impinging jet configuration investigated

here are summarized in Table 1. Further information and a detailed description of the general flow
features and turbulence characteristics of the isothermal inclined impinging jet configuration can be
found in the previous study (see [59]).

Table 1. Thermal and fluid flow features of the inclined impinging jet configuration.

Property Description Value

γ inclination angle of the plate 45◦

D nozzle exit diameter 40 mm
H jet-to-plate distance 40 mm
Uinlet velocity at the contraction entrance 0.214 m/s
Tinlet temperature at the contraction entrance 290 K
Twall wall temperature of the heated surface 330 K
p ambient pressure 1.01325 bar
ReD Reynolds-number based on nozzle exit diameter 5000
Pr molecular Prandtl number 0.71
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2.2. Numerical Procedure

In the present study, direct numerical simulation of turbulent fluid flow with convective heat
transport and constant physical properties is carried out. Thereby, buoyancy effects are not taken into
account, and the temperature is treated as a passive scalar. With these assumptions, the employed
governing equations of continuity, momentum and energy read:

∂Ui
∂xi

= 0, (1)

∂Ui
∂t

+
∂

∂xj

(
Ui Uj

)
= − ∂p

∂xi
+

∂

∂xj

(
ν

(
∂Ui
∂xj

+
∂Uj

∂xi

))
, (2)

∂T
∂t

+
∂

∂xj

(
Uj T

)
=

∂

∂xi

(
ν

Pr
∂T
∂xi

)
, (3)

where Ui is the velocity, p the kinematic pressure, ν the kinematic viscosity, T the temperature and Pr
the molecular Prandtl number, which is set to Pr = 0.7 in this work corresponding to the value of dry
air at the specific operation conditions.

The governing equations are solved numerically using a low-dissipative projection method [71]
along with a three-stages explicit Runge–Kutta time integration scheme with second order accuracy [72],
which were added to the open source C++ library OpenFOAM v1612+. Thereby, a second order central
differencing scheme is applied for the convection term of the momentum equation, and a second
order, conservative scheme is utilized for the Laplacian and gradient terms. Concerning passive scalar
fluxes, a second order minmod differencing scheme [73] is applied to make the solution total variation
diminish. A detailed code verification of the present numerical approach is provided in the previous
study (see [59]). A solution verification study can be found in Appendix A.

3. Summary of the Previous Study

Before analyzing the thermal transport and entropy mechanisms in the 45◦-inclined jet impinging
on a heated surface, relevant results from the previous study of isothermal fluid flow in the same
configuration [59] are briefly summarized. Notice that impressive agreements have been reported
between the numerical results and available experimental data for the flow field. Focusing on
numerical results, Figure 2 shows: (a) a contour plot of the instantaneous magnitude velocity |U|
at the mid-plane section; (b) time-averaged magnitude velocity |U| at the mid-plane section with
superimposed streamlines of mean velocity; and (c) instantaneous values of absolute shear stresses
|τw| at the impinged wall.

It can be seen in Figure 2a that the generated turbulent air stream leaves the square nozzle,
impinges on the plate and is divided into two characteristic wall-jets directed outward along the
heated plate. Thereby, due to the turbulence generating grid inside the nozzle, the flow appears highly
turbulent (turbulence intensity of∼10%) and not fully developed when it leaves the nozzle exit section.
As is apparent in Figure 2b, five main regions with distinctive flow features can be distinguished in
the inclined impinging jet configuration, namely: (I) the stagnation point that is shifted away half
a diameter from the geometric center of the jet origin towards the compression side; (II) the wall-jet
in the main flow direction, where the flow is predominantly parallel to the wall; (III) the shear layer
region on the side away from the impinged wall, which is triggered by the interaction of the jet with
the ambient fluid; (IV) the opposed wall-jet region, where the fluid is subject to a strong acceleration
and stretching; and (V) the recirculation zone enclosed by the compression side of the impinged plate,
the nozzle wall and the lower confined surface. With regard to flow/wall interaction processes (see
Figure 2c), wall shear stresses are very low at the stagnation point, peak in its immediate vicinity
and tend to smear out in the main flow direction. Thereby, |τw| is primarily concentrated at the
secondary opposed wall-jet region, where the direction of the flow changes suddenly. Furthermore,
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it was found that: (1) production of turbulent kinetic energy appears negative at the stagnation
point; (2) quasi-coherent thin streaks with isolated stretched nests of concentrated vorticity and large
characteristic time scales appear around the stagnation point; and (3) the organization of the flow is
predominantly toroidal further downstream at the wall-jet region in the main flow direction.

(a) (b) (c)

Figure 2. Instances of: (a) instantaneous magnitude velocity at the mid-plane section; (b) time-
averaged magnitude velocity at the mid-plane section with superimposed streamlines of mean
velocity; and (c) time-averaged absolute shear stress induced by the inclined jet on the impinged wall.

It is evident from the observations of the previous study [59], that the inclined impinging jet
features very complex fluid flow dynamics and is characterized by strong flow/wall interaction
processes. The influence of this subtle flow dynamics on the thermal transport and entropy production
mechanisms in non-isothermal impinging flows is explored in the present paper.

4. Near-Wall Thermal Characteristics

At first, the achieved results of mean and root-mean square (RMS) temperatures in the vicinity
of the wall are presented and discussed. Then, budget terms of the temperature variance transport
equation are examined to identify and quantify turbulent heat transport phenomena that are not directly
described by means of first or second order moments of temperature. Subsequently, heat fluxes within
the thermal boundary layer are presented, and deviations from isotropic behavior are pointed out.
Finally, Nusselt numbers are provided to complement the DNS database of near-wall thermal statistics.

Results in this study are presented at the mid-plane section (x/D = 0) for different wall-normal
traverses (ζ/D = −0.5,−0.15, 0, 0.5, 1). The corresponding sampling locations are depicted in Figure 3.
Notice that an additional coordinate system is introduced with η representing the wall-normal direction,
and ζ is the direction along the wall with the origin located at the stagnation point.

4.1. First and Second Order Thermal Moments

Figure 4a shows the normalized mean and RMS temperature (Θ and ΘRMS) profiles along the
wall normal direction η/D, where the non-dimensional temperature is defined as Θ = (T− Tinlet)/
(Twall − Tinlet). The corresponding thermal boundary layer thickness δΘ and the evolution of peak
values of turbulent kinetic energy k and ΘRMS along the wall parallel direction ζ/D are depicted in
Figure 4b, where δΘ is defined as the distance to the wall with Θ(η/D = δΘ) = 0.05.
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Figure 3. Coordinate system and sampling locations at ζ/D = −0.5,−0.15, 0, 0.5, 1.
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Figure 4. (a) The mean Θ ( ) and RMS temperature ΘRMS ( ) with respect to the non-dimensional
wall distance; (b) thermal boundary layer thickness δΘ ( ) and peak values of turbulent kinetic energy
k ( ) and RMS temperature ΘRMS ( ) along the wall parallel direction ζ/D.

As expected, mean temperatures are high at the wall and decrease rapidly with increasing distance
to the wall (see blue lines in Figure 4a). Surprisingly, steepest wall-normal temperature gradients
associated with intense heat transfer occur at ζ/D = −0.15 and not directly at the stagnation point, as
is usually the case in jets impinging normally on a heated surface (for a comparison, see, e.g., [36]).
Away from ζ/D = −0.15, temperature profiles enlarge, while at the same time, gradients tend to smear
out. Regarding temperature fluctuations (red lines in Figure 4a), high values of ΘRMS are concentrated
in the near-wall region with strong peaks situated close to the wall, closest at ζ/D = −0.15. In line
with the mean temperature, profiles of ΘRMS spread away from ζ/D = −0.15, while peak values
become shifted away from the wall. The peculiar behavior of this location for the thermal transport
within the 45◦-inclined impinging jet configuration becomes clearer by examining the variations of
thermal boundary layer thickness δΘ and the evolution of peak values of k and ΘRMS along the wall
parallel direction in Figure 4b. Here, it can be seen that the minimum of δΘ appears not directly at
the stagnation point as is usually the case in jets impinging normally on a heated surface. Instead,
the minimum of δΘ is slightly shifted towards the compression side at ζ/D ≈ −0.15 and increases
rapidly away from it. Thereby, it is interesting to observe that the minimum of δΘ coincides with the
peak value of k and with a local minimum of ΘRMS. Obviously, turbulence-induced mixing among
other thermofluid processes enhances the heat transfer at ζ/D ≈ −0.15, resulting in a thinning of the



Energies 2018, 11, 1354 9 of 23

thermal boundary layer, which is significantly thinner than at the stagnation point where k exhibits
a local minimum.

4.2. Turbulent Thermal Processes

After examining mean temperature and variances, turbulent thermal transport phenomena close
to the impinged wall are subsequently analyzed in this section. For this purpose, the evolution of
temperature variance is investigated in order to identify and quantify turbulent thermal transport
processes that are not directly described by means of first or second order moments of temperature.
In the case of constant density fluid flow with convective passive heat transfer, as is assumed in this
work, the equation for the evolution of the temperature variance T′2 can be written as [74]:

∂T′2

∂t
+ Ui

∂T′2

∂xi
= −2U′i T′

∂T
∂xi︸ ︷︷ ︸

P
T′2

−2
ν

Pr
∂T′

∂xi

∂T′

∂xi︸ ︷︷ ︸
ε

T′2

+
ν

Pr
∂2T′2

∂x2
i︸ ︷︷ ︸

D
T′2

− ∂

∂xi

(
U′i T′2

)
︸ ︷︷ ︸

Π
T′2

. (4)

The first and second terms on the left-hand side denote the local change and mean-flow convection
of T′2, respectively; PT′2 represents the production, εT′2 the dissipation, DT′2 the molecular diffusion and
ΠT′2 the turbulent diffusion of temperature variance. Figure 5a shows profiles of normalized budget

terms of T′2 at the stagnation point (ζ/D = 0) and at the location of the smallest thermal boundary
layer (ζ/D = −0.15). For comparison, the corresponding source and sink terms of turbulent kinetic
energy transport are depicted in Figure 5b, with budget terms of temperature variance normalized by
Uinlet ∗ (Twall − Tinlet)

2 /D and budget terms of turbulent kinetic energy by U3
inlet/D.
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Figure 5. Normalized budget terms of T′2 (a) and k (b) along the wall-normal direction at ζ/D = 0
and ζ/D = −0.15.

Regarding budget terms of T′2 as shown in Figure 5a, the production, dissipation, molecular
diffusion and mean-flow convection are the dominant terms, while turbulent diffusion is relatively
small. At the edge of the thermal boundary layer (η/D = δΘ/D ≈ 0.02), negative mean-flow
convection dominates and transports excess temperature variance towards the wall. Closer to the
wall, the production term exhibits a strong peak situated approximately at half the thermal boundary
layer thickness where ΘRMS is maximal, as well (see Figure 4b). Thereby, mean-flow convection
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becomes positive, and the production is predominantly balanced by negative molecular diffusion
and not by dissipation as is usually the case in turbulent heat transfer in channel flows or round jets
(see, e.g., [75,76]). Immediately adjacent to the wall, production, turbulent diffusion and mean-flow
convection vanish, and only molecular diffusion contributes to balance the high dissipation term.
A comparison of budget terms of temperature variance at ζ/D = 0.0 and ζ/D = −0.15 shows that the
contributions of mean-flow convection and molecular diffusion are slightly higher at ζ/D = −0.15,
which allows one to explain the smaller temperature variance in this region. However, by and large,
both balances of the contributions are quite similar, and consequently, the overall physics of turbulent
thermal transport behave similar in both regions.

In contrast to the budget of temperature variance, the balances of the turbulent kinetic energy in
Figure 5b differ significantly from each other. At both ζ/D = 0 and ζ/D = −0.15, the production is
negative in the vicinity of the wall, which is balanced by pressure-related diffusion of k rather than
viscous dissipation. Thereby, it can be seen that pressure-related diffusion and mean-flow convection
are considerably higher at ζ/D = −0.015. It is therefore most likely that the vigorous turbulent activity
at ζ/D = −0.15 is predominantly caused by pressure-related diffusion and mean-flow convection
processes. Another noticeable difference is the high amount of production outside the boundary layer
(η/D > 0.03) only apparent at ζ/D = −0.015, which suggests that turbulence is to some extent also
induced by the free-stream.

To summarize, based on the analysis of the budget terms of T′2 and k, it appears that turbulent
thermal and fluid flow transport processes around the stagnation point of the inclined impinging
jet configuration are considerably different from those found in turbulent heated channel flows or
round jets. In contrast to other wall-bounded flows, dissipation is relatively small, while in the case
of T′2-transport and in the case of k-transport, molecular diffusion and pressure-related diffusion
dominate, respectively. Both terms are noticeably higher at ζ/D = −0.15 than at the stagnation point,
which might help to explain the higher value of k and the smaller amount of T′2 at ζ/D = −0.15.

4.3. Heat Transport

Next, turbulent heat fluxes U′i Θ
′ and mean temperature gradients ∇iΘ in the vicinity of the

impinged wall are examined. Profiles of wall-parallel and wall-normal components of U′i Θ
′ and ∇iΘ

are plotted in Figure 6a,b, respectively.
Concerning turbulent heat fluxes, values of U′ζ Θ′ and U′ηΘ′ are large at the opposed wall-jet

region (ζ/D = −0.5) and considerably smaller away from it. Thereby, values of wall-normal gradients
∇ηΘ are significantly larger than wall-parallel ones ∇ζ Θ, even though the corresponding heat flux
components are of the same order of magnitude. This is most notable at ζ/D = −0.15 and at the
stagnation point (ζ/D = 0). Therefore, heat transport in the inclined impinging jet configuration is
primarily directed normal to the wall and only qualitatively aligned with mean temperature gradients.
This is in good agreement with observations in fully-developed jets impinging normally on a heated
surface (see, e.g., [36]), which also holds for impinging flows that impinge at a particular angle of 45◦.
In addition, it is interesting to observe that close to the wall at ζ/D = −0.15 and in the free-stream
at ζ/D = −0.5, heat is transported counter the gradient from low to high temperature regions.
As pointed out by Schumann [77], the reason for such a paradoxical behavior arises in flows if the
dissipation of temperature fluctuations is too small to balance diffusional sources, while turbulence
intensity is large and T′2 is small. Both, low dissipation of temperature fluctuations, as well as vigorous
turbulent intensity and small values of T′2 are observed in the present study in regions where counter
gradient heat flux takes place (see Sections 4.1 and 4.2).
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Figure 6. Wall-parallel (a) and wall-normal (b) components of the turbulent heat flux vector and mean
temperature gradient at different wall-normal traverses. ( ): mean temperature gradient ∇iΘ; ( ):
turbulent heat flux vector U′i Θ′.

The observation that wall-normal temperature gradients are several times larger than wall-parallel
ones and the occurrence of counter gradient heat flux within the inclined impinging jet configuration
warrants a closer examination of turbulent heat fluxes. With regard to turbulent heat flux modeling in
RANS and LES of jet impingement heat transfer, most often, linear eddy diffusivity models are applied
in the literature (see, e.g., [36,45,66,67]). The linear eddy diffusivity hypothesis reads:

U′i Θ
′ = −αt∇iΘ. (5)

Thereby, it is assumed that the turbulent heat fluxes are aligned with the corresponding
mean/filtered temperature gradient, with turbulent/subgrid heat diffusivity αt as a proportional
positive scalar factor. This assumption is examined in Figure 7a in the context of RANS modeling
within the thermal boundary layer of the impinging jet (0 < η/δΘ < 1). Exemplarily, results are
depicted at both the wall-jet region (ζ/D = −0.5), the location of minimal boundary layer thickness
(ζ/D = −0.15), the stagnation point (ζ/D = 0) and at the boundary layer region (ζ/D = 1). Thereby,
the deviation from isotropic heat flux is represented by plotting U′ζ Θ′ ∗ ∇ηΘ against U′ηΘ′ ∗ ∇ζΘ.
Both quantities are equal in the case of isotropic heat flux, which is illustrated by a black dotted line
in the graph. Regions where heat is transported counter the gradient from low to high temperature
regions are highlighted in gray.

It can be clearly seen in Figure 7a that heat fluxes are predominantly isotropic very close to the
wall, become considerably anisotropic with increasing wall distance and finally return back to the
isotropic state for η/δΘ > 0.8. This holds more or less for all regions under consideration. Additionally,
it can be observed that heat fluxes behave most anisotropic at the wall-jet region, while they turn
back to the isotropic state with increasing ζ/D, but do not reach fully-isotropic behavior. Further,
it appears that counter gradient heat flux takes place close to the wall at ζ/D = −0.15, as well as in the
free-stream at ζ/D = −0.5, which is in line with the observations in Figure 6a. Both counter gradient
heat flux and the inherently anisotropic nature of heat fluxes within the thermal boundary layer of the
inclined impinging jet suggest that tensorial heat diffusivity models as proposed in [78–82] might be
suitable for such kinds of flows.
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Figure 7. (a) Anisotropy map of heat fluxes. : ζ/D = −0.5, : ζ/D = −0.15, : ζ/D = 0, :
ζ/D = 1. The dashed line represents the isotropic state where U′ζ Θ′ ∗ ∇ηΘ = U′ηΘ′ ∗ ∇ζ Θ. (b) The

ratio of mechanical (τ = k/ε) and thermal (τθ = T′2/εT′2 ) time scales along the wall-parallel direction
at a wall distance of η = 0.5 ∗ δΘ.

To complete the discussion of turbulent heat transport modeling within the inclined impinging
jet configuration, Figure 7b shows the ratio of mechanical (τ = k/ε) and thermal time scales
(τθ = T′2/εT′2) along the wall-parallel direction at a wall distance of η = 0.5 ∗ δΘ. This characteristic
time-scale ratio is of particular importance for the heat transport description and is usually close
to 0.5 in equilibrium thermal boundary layers (see, e.g., [83]). Clearly, from Figure 7b, τ/τθ varies
strongly along ζ/D and deviates considerably from the equilibrium value of τ/τθ = 0.5. In particular,
at ζ/D = −0.15, the time-scale ratio exceeded 1.5, indicating strong non-equilibrium effects in
heat and fluid flow transport. This is in good agreement with the earlier observation in Section 4.2
that dissipation is relatively small and diffusion processes dominate the turbulent heat transport at
ζ/D = −0.15.

4.4. Wall Heat Transfer

Finally, heat transfer from the target plate to the fluid is examined by means of the local Nusselt
number, defined as:

Nu =
htD

λ
=

∂T
∂η

∣∣
η=0D

Tw − Tinlet
, (6)

where ht is the heat transfer coefficient and λ the thermal conductivity. Figure 8 shows the instantaneous
(a) and time-averaged (b) local Nusselt Number at the impinged wall.

Just as in the case of fully-developed jets impinging normally on a heated surface (see, e.g., [36]),
high values of instantaneous Nusselt numbers associated with large-scale eddy structures are
concentrated around the stagnation point. However, as might be seen in Figure 8a, peak values
are not directly situated at the stagnation point; instead, they are slightly shifted towards the opposed
wall-jet region (ζ/D ≈ −0.15). A similar pattern is found for mean Nu numbers in Figure 8b. Thereby,
the highest values of Nu appear at ζ/D ≈ −0.15 in the range of −0.2 < x/D < 0.2. Away from
this region, Nu numbers decrease rapidly. This is in good agreement with the finding in Section 4.3,
pointing out that the wall-normal temperature gradients are very steep at ζ/D ≈ −0.15 associated
with high heat transfer.
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(a) (b)

Figure 8. (a) Instantaneous and (b) time-averaged instances of the Nusselt number at the impinging wall.

To complete the DNS database of near-wall thermal statistics, profiles of time-averaged Nu
numbers are provided in Figure 9a,b in the span-wise and wall-parallel direction, respectively.
Supplementary profiles of the wall shear stress are included to highlight the correlation of heat
and fluid flow in the vicinity of the wall. Both datasets might be of particular interest for validation
purpose for near-wall modeling strategies of heat and fluid flow in the context of both LES and RANS.
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Figure 9. Profiles of the time-averaged Nusselt number ( ) and magnitude wall-shear stress ( ) in:
(a) the span-wise direction x; and (b) the wall-parallel direction ζ.

5. Entropy Generation Mechanisms

In this section, entropy generation processes are analyzed to identify and quantify the causes of
irreversibilities evolving in such impinging cooling arrangements. In order to display irreversibilities
within the 45◦-inclined impinging jet configuration, the second law of thermodynamics is applied in
this work in the form of local entropy imbalance at the continuum mechanical level (see, e.g., [63,65,84]).
Notice that the term “irreversibility” in the present paper is understood as the “one-sidedness” of
time of a physical process in contrast to processes for which the dynamics remain unchanged when
the sequence of time is reversed (time-reversible process) in accordance with [85]. For such processes,
the entropy production rate is usually accepted to serve as the measure of the irreversibility. Of course,
other measures are now being introduced, like entransy and its dissipation rate, which also can be
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used as a measure of irreversibility, especially related to the heat conduction problem without the
conversion between heat and work (see [86]).

In this work, we rely on the entropy production for its wide applicability once complex
processes including friction, heat transfer across a finite temperature gradient, inelastic deformation
of solids, unrestrained expansion, mixing of fluids, chemical reactions, etc., are involved. Assuming
a Navier–Stokes–Fourier fluid flow with convective heat transport, no external body force and constant
physical properties, the entropy inequality reads:

∂ρs
∂t

+
∂ρUis

∂xj
+

∂

∂xi

( qi
T

)
=

ρν

T

(
∂Ui
∂xj

+
∂Uj

∂xi

)
∂Ui
∂xj︸ ︷︷ ︸

Πv

+
λ

T2
∂T
∂xj

∂T
∂xj︸ ︷︷ ︸

Πq

≥ 0. (7)

The terms on the left-hand side denote the local change, the convection and the flux of entropy
density s (from left to right). Πv and Πq represent the entropy production terms by viscous dissipation
and by heat conduction, respectively, and both are responsible for irreversibilities evolving in such a
thermo-viscous fluid flow. Thereby, it is assumed that Πv and Πq in the inequality (7) are locally never
negative, and the entropy imbalance holds for any thermodynamical process.

In the case of turbulent Navier–Stokes–Fourier fluid flow, it is useful to split Πv and Πq into
time-mean and fluctuation parts in order to display entropy production by mean and turbulent
quantities, respectively. This leads to:

Πv =
ρ ν

T

(
∂Ui
∂xj

+
∂U j

∂xi

)
∂Ui
∂xj︸ ︷︷ ︸

Πm
v

+

ρν

T

(
∂Ui
∂xj

+
∂Uj

∂xi

)
∂Ui
∂xj
− ρ ν

T

(
∂Ui
∂xj

+
∂U j

∂xi

)
∂Ui
∂xj


︸ ︷︷ ︸

Πt
v

(8)

for the entropy production due to viscous dissipation. A similar expression can be derived for the
entropy production due to heat conduction as:

Πq =
λ

T2
∂T
∂xj

∂T
∂xj︸ ︷︷ ︸

Πm
q

+

(
λ

T2
∂T
∂xj

∂T
∂xj
− λ

T2
∂T
∂xj

∂T
∂xj

)
︸ ︷︷ ︸

Πt
q

. (9)

Here, the terms Πm
v and Πm

q represent entropy production due to mean gradients, while Πt
v and

Πt
q are due to fluctuating gradients.

Starting with the instantaneous entropy generation, Figure 10 depicts snapshots of entropy
production rates related to (a) viscous dissipation and (b) heat conduction. In order to visualize the
wide range of entropy generating scales evolving in the 45◦-inclined impinging jet configuration,
a logarithmic color range is used.

Focusing on the instantaneous entropy generation rates by viscous dissipation (see Figure 10a),
it appears that the entropy is predominantly produced downstream the perforated plate located inside
the nozzle, at the jets’ shear layer and especially in the vicinity of the impinged wall due to a large
contribution of shear-induced turbulence mixing in these regions. Thereby, large coherent streaks with
high values of Πv are generated at the mixing layers that are carried along by the flow and dissolve
while they cascade into smaller ones. At the jets’ core, the entropy production is small and decreases
in the main flow direction. In contrast, entropy production rates by heat conduction are primarily
concentrated at the impinged wall; see Figure 10b. This seems reasonable because of the extreme
non-uniformity of the temperature field resulting in steep gradients in this region. Apart from the wall,
entropy is also produced at the recirculation zone on the compression side of the impinging jet due
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to heat transport, where hot fluid is separated from the heated wall and transported back to the jets’
shear layer, inducing temperature gradients. By comparing Figure 10a,b, it is apparent that scales of
Πq are considerably larger than those of Πv. This makes clear that irreversibilities evolving in such
impinging cooling arrangements occur at different scales, predominantly on large-scale structures in
the case of heat transport and over a wide range of scales in the case of viscous dissipation.

(a) (b)

Figure 10. Snapshots of entropy generation rate by (a) viscous dissipation and (b) heat transport at the
mid-plane section of the inclined impinging jet.

From a qualitative point of view, it appears especially that the heated wall acts as a strong source
of irreversibility within impinging cooling arrangements for both entropy production due to viscous
dissipation and heat conduction. This observation is quantified next by means of time-averaged rates
of entropy production in the vicinity of the impinged wall. Figure 11a shows the time-averaged
rates of entropy production by viscous dissipation Πv and by heat transport Πq as a function of
non-dimensional wall distance η/D. Variations of the entropy production boundary layer thicknesses
δΠv

and δΠq
are depicted in Figure 11b, where δΠv

is defined as the distance to the wall with

Πv(η/D = δΠv
) = 0.05∗Πv(η/D = 0) and in the case of δΠq

as Πq(η/D = δΠq
) = 0.05∗Πq(η/D = 0).

Notice that values δΠv
at the immediate vicinity of the stagnation point are omitted because Πv is

inherently very small in this region.
Both Πv and Πq are high in the vicinity of the wall and decrease rapidly away from it. In line with

the observation made in Section 4 that thermal and fluid flow transport processes are predominantly
limited to the near-wall region, it turns out clearly that these transport processes are essentially
irreversible, especially at ζ/D = −0.15. This holds more or less for the entire range from ζ/d = −0.5
up to ζ/d = 1, excluding the stagnation point. Here, values of Πv are relatively small because of the
absence of shearing, while at the same time, the heat transfer along with Πq are intense. Obviously,
irreversible fluid flow transport processes hardly have any influence on the heat transport at the
stagnation point, in contrast to the near-wall region elsewhere. In addition, it is interesting to notice
in Figure 11b that irreversible fluid flow transport processes occur much closer to the wall than
irreversible heat transport processes (δΠv

/δΠq
ranging from 0.5–0.9). This might be due to the small

molecular Prandtl number in the present study (Pr = 0.7), which implies that the thermal diffusivity
process dominates the momentum diffusivity, yielding a smaller momentum boundary layer thickness
and consequently a smaller boundary layer thickness of Πv compared with δΠq

.
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Figure 11. (a) Profiles of time-averaged entropy production rates due to viscous dissipation Πv and to
heat conduction Πq as a function of non-dimensional wall distance η/D; (b) boundary layer thickness
of Πv and Πq.

To complete the analysis of irreversible processes for the 45◦-inclined impinging jet configuration,
time-mean and turbulent parts of entropy production rates due to viscous dissipation (Πm

v and Πt
v)

and to heat conduction (Πm
q and Πt

q) are depicted in Figure 12a,b, respectively. Results are exclusively
shown for the stagnation point (ζ/D = 0) and at ζ/D = −0.15, in which a semi-logarithmic scale is
used in order to distinguish between high entropy production rates at the near-wall region and low
values in the free-stream. In addition, estimations for the turbulent parts of entropy production rates
based on the turbulence dissipation rates are plotted in Figure 12 (dashed red lines). Such estimations
are commonly applied in second law analyses within the RANS context (see, e.g., [87]). They read:

Πt,∗
v =

ρ

T
εk and Πt,∗

q =
1
2

ρ cp

T2 εT′2 , (10)

where εk is the dissipation rate of the turbulence kinetic energy, εT′2 the dissipation rate of the
temperature variance and cp the isobaric heat capacity. In these formulations, it is assumed that
temperature fluctuations in the denominator, 1/T and 1/T2, respectively, are negligible [87].

As is apparent from Figure 12, the entropy generation in the vicinity of the wall is predominantly
caused by mean gradients rather than by turbulence processes. Further away from the wall, Πm

v and
Πm

q decrease, and the entropy production related to fluctuating gradients (Πt
v and Πt

q) dominates.
By comparing entropy production rates at ζ/D = 0 and ζ/D = −0.15, the contributions of entropy
generated by heat conduction are very similar at both locations. This holds also true for Πv, excluding
Πm

v , which is considerably larger at ζ/D = −0.15 compared to the value at the stagnation point.
Regarding the turbulent part of entropy production rates estimated by means of turbulence dissipation
rates, Πt,∗

v and Πt,∗
q in Figure 12, it can be clearly seen that the predictions obtained by the estimations

(see Equation (10)) are very close to the profiles calculated directly from Equations (8)–(9), respectively.
This confirms that the formulations in Equation (10) are appropriate to describe the entropy generation
due to fluctuating gradients, at least for the 45◦-inclined impinging jet configuration. However,
it should be noted here that the prediction accuracy of the estimation (10) strongly depends on
an accurate description of εk and εT′2 in both the RANS and LES context, particularly in the vicinity of
the wall.

To sum up the main findings of the second law analysis, this study reveals that irreversibilities
evolving in impinging cooling arrangements occur at different scales, predominantly on large-scale
structures regarding heat transport and over a wide range of scales in the case of entropy production
related to viscous dissipation. Especially the heated wall acts as a strong source of irreversibility
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for both, entropy production related to viscous dissipation and heat conduction. Thereby, the
entropy production from the mean gradients is much higher than that of fluctuating gradients.
In addition, irreversible laminar fluid flow transport processes hardly have any influence on the
heat transport at the stagnation point, while their influence is high in other near-wall regions.
From an engineering standpoint, these findings particularly imply that the design of the impinged
plate (surface roughness, corrugation, chevron angle, etc.) is very important for efficient use of energy
in such thermal arrangements.
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Figure 12. Profiles of mean, turbulent and total entropy production rates due to (a) viscous dissipation
and (b) heat conduction at ζ/D = −0.15. Dashed lines represent turbulent parts of entropy production
rates estimated by means of turbulent dissipation rates.

6. Concluding Remarks

Direct numerical simulation of turbulent fluid flow with convective heat transport of
a non-fully-developed jet impinging on a 45◦-inclined heated plate at a moderate Reynolds number,
but high turbulent intensity has been conducted. Thereby, thermal transport and entropy generation
mechanisms have been investigated, and a comprehensive dataset of near-wall thermal statistics and
local entropy production rates was provided. This comprehensive dataset includes first and second
order thermal moments, budget terms in the temperature variance equation, turbulent heat fluxes,
mechanical and thermal time scales, local Nusselt numbers and local entropy production rates related
to both viscous dissipation and heat transport. Such a dataset is difficult to obtain experimentally,
especially in the vicinity of the wall, and will be particularly useful for validation purposes of near-wall
modeling approaches in the context of LES and RANS.

Some important observations from this study concerning impingement cooling, thermal processes,
causes of irreversibilities and suggested modeling strategies regarding LES and RANS can be outlined
as following:

I Examining near-wall thermal statistics within the 45◦-inclined impinging jet configuration,
it turned out that the peak heat transfer does not appear directly at the stagnation point as
is usually the case in jets impinging normally on a heated surface. Instead, the highest Nusselt
numbers, the minimum of thermal boundary layer thickness and largest wall-normal heat
transport are slightly shifted towards the compression side of the inclined jet (ζ/D = −0.15).
Thereby, turbulent intensity is high, while temperature variance exhibits a local minimum at
this location.
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II Based on the analysis of the budget contributions of different terms in the temperature variance
and turbulence kinetic energy equations, it appears that turbulent thermal and fluid flow transport
processes around the stagnation point of the inclined impinging jet are considerably different
from those found in other wall-bounded flows. Dissipation is relatively small, while molecular
and pressure-related diffusion dominate. In the case of turbulent kinetic energy, the production
term is prevailing negative.

III It is observed that heat is transported counter to the gradient from low to high temperature
regions at the location of maximal heat transfer (ζ/D = −0.15). The reason for such a paradoxical
behavior is that the dissipation of temperature fluctuations is too small to balance the diffusional
sources (see also [77]).

IV Regarding turbulent heat transport, it turned out that fluxes are predominantly isotropic very
close to the wall, become highly anisotropic with increasing wall distance and finally return
to the isotropic state at the edge of the thermal boundary layer. Furthermore, the heat fluxes
behave most anisotropically on the compression side. Both, the counter gradient heat flux and
the inherently anisotropic nature of heat fluxes in the thermal boundary layer of the inclined
impinging jet suggest that tensorial heat diffusivity models might be appropriate for such kinds
of thermo-viscous flows, especially in the context of RANS.

V The ratio of mechanical τ and thermal time scales τθ deviates considerably from the equilibrium
value of τ/τθ = 0.5 in the thermal boundary layer of the inclined impinging jet. In particular
around the stagnation point, the time-scale ratio exceeded 1.5, indicating strong non-equilibrium
effects in heat and fluid flow transport.

VI Especially the heated wall acts as a strong source of reversibility in the case of impinging cooling
arrangements. This holds for both entropy production due to viscous dissipation and heat
conduction. Thereby, the entropy production contribution of mean gradients dominates that of
the fluctuating gradients. This suggests that the design of the impinged plate (surface roughness,
corrugation, chevron angle, etc.) is particularly important for efficient use of energy in such
thermal arrangements that may exhibit intensification of turbulence in the vicinity of the wall.

VII Regarding the conceptional engineering design of such thermal devices, this study confirms that
the estimation of the turbulent part of the entropy production based on turbulence dissipation
rates in non-reacting, non-isothermal fluid flows represents a reliable approximation for second
law analysis, likewise in the context of computationally less expensive simulation techniques like
RANS and/or LES.
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Appendix A. Solution Verification

To establish the solution of the present numerical approach, simulation results of a turbulent
heated channel flow are compared with reference DNS data from the literature [75].

Appendix A.1. Test Case

DNS of fully-developed heated channel flow has been conducted at Reτ = 180 (based on the
friction velocity) and at a molecular Prandtl number of Pr = 0.71. In line with the reference DNS
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from [75], the computational domain has a length of 6.4δ and an extent in the span-wise direction
of 3.2δ, where δ is half the height of the channel. Thereby, 128× 66× 128 grid points are used in
the stream-wise, wall-normal and span-wise directions, respectively. Notice that the numerical grid
equals the spatial discretization applied in the reference DNS. Representations of the flow domain and
numerical grid are shown in Figure A1.

(a) (b)

Figure A1. Flow domain (a) and numerical grid (b) of the fully-developed heated channel flow
simulation. CV: control volumes. The coordinate system is given as x, y, z.

Periodic boundary conditions are applied in the stream-wise and span-wise directions for the
velocity and temperature. At the channel walls, no-slip condition is set for the velocity and Neumann
conditions for the kinematic pressure. In the case of temperature, a Dirichlet condition is imposed at
the walls. The pressure and temperature gradient, which drive the heat and fluid flow, are adjusted
dynamically to maintain a constant mass flux and mean mixed temperature, respectively. Therefore,
a source term is added to the momentum and energy equations, respectively [88]. Regarding the
initial conditions, an isotropic turbulent velocity field is utilized in the present DNS study. A detailed
description of the procedure can be found in [59].

Appendix A.2. Solution Verification Results

Figure A2 shows a comparison of the predicted mean and RMS velocities with the reference data
of [75]. Results are presented as a function of the non-dimensional wall distance y+.

As is apparent in Figure A2, predicted mean and RMS velocities show excellent agreement with
the reference DNS dataset. A similar conclusion can be drawn for the mean and RMS temperature
profiles depicted in Figure A3. This confirms that the numerical methods applied are appropriate to
describe the thermofluid processes inside the heated channel flow and can then be used for further
investigation studies.
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Figure A2. Mean (a) and RMS (b) velocities as a function of the non-dimensional wall distance y+.
Comparison of results from the present DNS with the reference data of [75].
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Figure A3. Mean (a) and RMS (b) temperature as a function of the non-dimensional wall distance y+.
Comparison of results from the present DNS with the reference data of [75].
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