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Highlights

1- Clarify the state of the art on the 3D simulation of the boiling of liquid films and spray
droplets during their contact with hot substrates.

2- Propose updated set of heat transfer models and correlations for spray-wall interaction
regimes while considering liquid film boiling and conjugate heat transfer (CHT).

3- Propose a detailed analysis and experimental validation for the simulated cooling of the wall
surface and the evolution of the heat flux during the impact of a spray on a heated wall.

Abstract

Boiling of liquids upon impact of the spray on heated surfaces is common in many practical
applications. However, a comprehensive modelling approach for these phenomena is still not
available in commercial software, despite decades of experimental, theoretical, and numerical
research efforts. The motivation of this paper is to clarify the state of the art on the three-
dimensional (3D) simulation of the boiling of liquid films and spray droplets during their contact with
hot substrates. Based on recent experimental and theoretical research, this paper proposes a set of
heat transfer models for 3D simulation of spray cooling considering conjugate heat transfer (CHT).
These updated models and correlations were implemented in a computational fluid dynamics (CFD)
solver, which already included a classical two-phase Lagrangian-Eulerian approach and CHT
modelling functionality. A detailed validation of the improved modelling proposals is performed
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using a unique and novel database including wall surface temperature and heat flux measurements
for different flow rates and spray impact velocities. Excellent agreement with experiments was
obtained for all boiling regimes using a Leidenfrost-like temperature to manage the prompt heat flux
change between the film boiling regime and the transition boiling regime. Most notable are the great
results produced by the recent film boiling model summarized in this article.
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Introduction

Spray and drop impact on heated surfaces are common in several practical applications: these
include electric motors and inverters cooling, internal combustion engines, gas turbines, exhaust
urea-water solution technique, for instance. The classification of spray impact regimes is still
somewhat controversial, due to the complexity of phenomena observed during spray impact on
heated surfaces [1,2]. Because of limited computational resources, historically speaking, most
previous computational fluid dynamics (CFD) research has been focused on determining the effects
of various factors on the size and velocity distributions of secondary droplets after impact [3-5]. As a
result, few models have been designed to allow for a complete numerical solution of conjugate heat
transfer (CHT) during spray impact on the one hand and for already formed liquid wall films on the
other. This work therefore aims to propose such a new model based on the most recent
experimental and theoretical investigations discussed below.

1- Background

Transitions between heat transfer impact regimes were studied mostly from an empirical point of
view. Besides, apparent contradictions can be found in the literature, about which parameters
govern wall heat transfer at spray impact, as analysis shows that the accuracy of often used empirical
correlations strongly depends on the experimental conditions. Among the physical processes
experimentally established is that by increasing the wall temperature (Tw), a sessile drop have been
seen to transition from the totally wetted evaporation regime, to the nucleate boiling regime, then it
transitions to the film boiling regime where the droplet levitates upon a vapour layer (see [6] and the
references cited therein). The above description is supported by various experimental observations
(see [12, 13, 28, 29], for instance). Classically, in addition to the single-phase regime, at least three
thermal regimes are distinguished, which are classified according to the extent of superheating of the
wall (Tw — Tsat) and using as limits for these regimes, the saturation temperature (Tsat), the Nukiyama
temperature (Tn), and the Leidenfrost temperature (T.), as shown in Figure 1. However, these
temperature thresholds (Ty and T.) have not been clearly identified because of the high number of
possible driving parameters. Nevertheless, few values and correlations have been gathered in [6], for
instance. As with a sessile drop, spray cooling also involves a succession of heat transfer regimes: film
boiling, film transition boiling, nucleated film boiling, and single-phase liquid film evaporation, each
with unique heat transfer characteristics. Because of huge differences in heat transfer values
between regimes, cooling proceeds progressively at drastically different rates, as schematically
shown in Figure 1(b). First, film boiling is dominated by the formation of a vapour layer along the



entire hot surface. Because of very low thermal conductivity of vapour, cooling rate in film boiling is
quite slow. Within the transition boiling regime, liquid contact ensues with portions of the surface
(while other portions continue to endure film boiling), which causes appreciable improvement in
heat transfer up to the critical heat flux (CHF). Then, the nucleate boiling regime is marked by
abundance of vapour bubbles nucleating, growing, and departing from the surface at high frequency,
thereby providing the best heat transfer up to CHF, and therefore fastest wall cooling rate, of all four
regimes. These regimes are qualitatively identifiable with the aid of the boiling curve, as explained
previously by the author in [6]. However, much research efforts are still needed due to the lack of
universal accurate models for the various heat transfer regimes and their temperature thresholds. By
investigating the boiling curve of sessile droplets deposed on various heated wall materials, Liu et al.
[9] highlighted that the minimum evaporation time (i.e. at Ty) corresponds usually to a range of
temperature, which may extent up to 20K. In addition, the experimental results have shown the high
variation of the Nukiyama temperature with the wall materials [9,10]. Besides, among the many
mechanisms important to spray cooling, Leidenfrost point (LFP) represents a crucial transition point
having appreciable impact on wall cooling by the fuel spray impingement, particularly in internal
combustion engines, as discussed in [6], for instance. A brief review of the mechanisms that
significantly affect the LFP is collected here: the Leidenfrost temperature increases when the
ambient pressure [6, 12], the drop impact velocity [13] and the initial wall temperature increase [14].
However, it decreases when the impact mass flow rate is increased [14]. In addition, Cai et al. [11]
have shown clearly that LFP temperature increases with increasing surface roughness. Besides, Park
& Kim [15] have observed that when single droplets dynamically collide with a heated surface during
film boiling above the LFP, small spots of higher heat flux due to localized wetting during the collision
appear as increasing the impact Weber number. A systematic comparison of their experiments
revealed that existing theoretical models do not consider these observed physical phenomena which
may lead to inaccurate simulations. Vapour cooling of poorly conducting hot substrates have been
shown to be another physical phenomenon that increases the dynamic Leidenfrost temperature [16].
Although considerable experimental databases on LFP have been reported in the previous literature
for different fluids, wall materials and surface roughness, etc., only a small subset of these studies
have convincingly captured the underlying physical mechanism responsible for LFP initiation, which is
an essential starting point for building any predictive model. Recently, a theoretical model was
proposed to estimate the minimum temperature required for a droplet to rebound at different
impact conditions [17]. This new model for the dynamic Leidenfrost temperature (T.q4) is very
promising because it is the first to involve the wall effusivity, (defined as, e.=(pAc,)¥? where p is
density, A is the thermal conductivity, and c, the specific heat) and implicitly accounts for the
ambient pressure effect. However, this model is still not accurate enough as it does not include
various important well-known effects such as the wall surface structure. Therefore, no reliable
estimates of (T.) and (T.4) are available so far. For this reason, most CFD solver use the T, 4 value as a
user input, often hidden in the spray-wall interaction map critical parameter (T*uit = Tid/Tsat).
Therefore, to determine the actual thermal regime for an impinging drop, the model operates by
comparing the dimensionless wall temperature (T* = T,/Tsat) value to the given critical temperature
threshold, T*i. In this work, this (T*)-criterion is used.

Therefore, no liquid film is formed on the wall, as discussed above in the case (T* > T*.). However, a
specific heat flux is exchanged between the impinging droplets and the wall. To estimate this heat
flux, most of the CFD solvers, such as StarCD [18] and CONVERGE [19] rely on the Wruck model [20].



This model uses an overestimated contact time and area for the heat flux calculation. Indeed, based
on recent experiments from Castanet et al. [21], it has been clearly observed that the characteristic
contact time, during which there is a significant heat flux, is much smaller (about %) than the total
contact time considered in the Wruck model [20]. Consequently, overestimated wall heat flux is
obtained, which may induce numerical instabilities. Therefore, an effort should be made to update
such modelling based on recently published experimental and theoretical models. In this work, the
film boiling model developed by Breitenbach et al. [22] will be implemented and validated.

On the other hand, a liquid film is formed on the wall in the case (T* < T*.), for which a specific heat
flux is computed depending on whether the wall thermal conditions are found in film boiling,
transition boiling, nucleated boiling regime, or it is in single-phase liquid film evaporation regime. The
actual wetted regime is determined using T and Ty thresholds, as explained in [6,14] for instance.
Currently, most of commercial software rely on very old correlations developed for the prediction of
pool-boiling heat fluxes. In particular, the (Rohsenow, 1952) [23] correlation is applied for the
computation of the heat flux in the nucleate boiling regime, the (Lienhard & Dhir, 1973) [24,25]
correlation is applied to the computation of the critical heat flux (CHF) and the (Zuber, 1959) [24]
correlation, also obtained in pool boiling conditions, is applied for the computation of the minimum
heat flux at (T.). Therefore, these correlations summarized in Section 3 need to be applied with
caution. In the absence of appropriate models in the literature for the nucleate and transition boiling
regimes, this paper will use the above-mentioned correlations, but updated by recent experimental
data from [14].

2- Objective and organization

The objective of this paper is therefore to design a complete numerical solution of the conjugate
heat transfer (CHT) between the spray and the wall during the spray impact, but also for the already
formed liquid wall films. More specifically, this work aims to evaluate the film boiling model
proposed recently in [22] and to propose a set of updated correlations, experimentally validated for
the rest of the boiling regimes. The validation will be mainly based on a unique and recently
published experimental database in terms of wall surface temperature and heat flux evolution during
spray impact on heated walls [14].

The rest of this article is organized as follows: first, an updated set of heat transfer models and
correlations covering the different liquid film regimes will be summarized in Section 3. The
implementation of the above set of models in the CONVERGE CFD solver is then explained in Section
4. Section 5 describes the experimental database of Tenzer et al. [14] and the numerical
configuration of the cases used in Section 6 for models’ validation and numerical results analysis.
Finally, the numerical and experimental results are compared and discussed before conclusions and
recommendations for future work.

3- Heat transfer models and correlations

This paper focuses on the study and evaluation of an updated set of correlations for the calculation
of wall heat flux between the wall surface and the liquid film in the nucleate boiling, transition
boiling, and Leidenfrost boiling regimes. Next, a new model recently developed by Breitenbach et al.



[22] for the calculation of the wall-surface heat flux upon impact of the spray droplets on a heated
wall in the film boiling regime is summarized.

3.1 Liquid film boiling

Figure 2 shows the updated wall heat flux models compared to the one previously used in the
CONVERGE CFD solver, for a liquid film already formed on the wall. In this figure, gsm is the
conduction heat flux when the liquid film is completely wetting the wall around (Tsq¢). Gmin and Gmax
are the wall heat flux at (T.) (i.e. at the static Leidenfrost temperature) and the critical heat flux (CHF)
calculated respectively by Zuber [24], Eq. (1), and Lienhard & Dhir [24,25], Eq. (2).
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In the above equations, the subscript (1) ang (g) stand for liquid and gas, g is the gravity, (pg) is the
local gas density in the wall-cell. The liquid latent heat of vaporisation (L), the surface tension (o) and
the liquid density (p;) and viscosity (y;) are computed at (Ts,;). The original coefficient values are
(C; =0.09) and (C, = 0.149). However, these coefficients depend on several parameters, as
discussed in [24,25], and they are considered in this work as user parameters. Indeed, the values
(C; = 0.09 *10) and (C, = 0.149/2) have been selected to compare better with the experiments of
Tenzer et al. [14], as discussed below in Section 6.

The Rohsenow correlation [23,24] given by Eq. (3) is usually applied to compute the heat flux (g,,3) in
the nucleate boiling regime. The original values of its parameters are (Css = 0.006) and (s = 1) have
not been modified in this work. However, it is recommended to make then as user parameters for
better accuracy with different liquids and walls.

One can see in Figure 2 (red curve) that the Rohsenow correlation, Eq. (3) has been found to give
much higher heat flux at CHF when compared to (gma) given by Eq. (2). Because of this non
consistent discontinuity, Eq. (3) has been only used for the estimation of gsm while assuming an
initial superheat of 5K. This value is arbitrary, but it is a practical choice that allows to compute gjim
with (Tw = Tsa + 5K) in Eq. (3).

Next, a linear interpolation between gsim and gmax is proposed (green line) in the nucleate boiling
regime. Moreover, the CHF (i.e. at Ty) corresponds experimentally to a range of temperature, which
has been found experimentally to extent up to 20K, as discussed by Liu et al. [9]. Therefore, the
updated CHF, Eq. (2) is applied in the present work in a range of wall temperature of 20K between Ty
and T mayx, as depicted in Figure 2 (in green) with (Th=0.25*[Tsa:+3T.]) and (Tn,max=Tn+20K).

A linear interpolation between gmax and gmin is also used in the transition boiling regime, as shown in
Figure 2.



Finally, when the liquid film moves to a wall surface greater than (T.), the liquid film should
completely levitate above the wall. In this condition, the liquid film should be released into spray
parcels with smaller droplets, as observed experimentally in [9] for instance. However, this thermal
breakup has not been implemented in the current work and the heat flux for liquid film in the
Leidenfrost regime is simply computed using again a linear interpolation, Eq. (4), similar to previous
modelling, such as in StarCD [18,26] and CONVERGE CFD [19] solvers.

(Tw— Tsat)
Qieiden = 9min ((TL_Tsa;)) “

It worth to mention that this new implementation has been inspired from the existing experimental
and theoretical works reviewed above in the Background Section.

3.2 Wall Heat flux of spray droplets impacting a heated wall in the film boiling regime

The current work is based on the film boiling model recently published by the group of Prof. Tropea
in Darmstadt [22]. More precisely, the model accounts for the main physical phenomena:
development of thermal boundary layers in the liquid and solid regions, liquid evaporation, and
creation of an expanding vapour layer. Further, thermal effusivity of the droplet and the wall are

Y2 where p is the

taken into account including relevant material properties, defined as ew=(pAcy)x
density, A is the thermal conductivity, and ¢, the specific heat of the wall (index k=wall) and the liquid

droplet (index k=liquid).

The model allows estimation of the total heat Qsinge, EQ. (5) collected by a single drop during its
spreading and receding on a hot substrate. The heat removed by a single impacting drop during the
initial stage time of drop spreading and up to (ti = Do/Uo) is first derived, where Do and Uy are the
impact droplet diameter and wall normal velocity, respectively. This first part of the theoretical
derivation is consistent with various experiments and particularly with those of Castanet et al. [21], in
which it has been clearly observed that the contact time, during which there is a significant heat flux,
is much smaller (about %) than the total contact time 4*Do/Uo estimated also experimentally. The
reader may refer to Figure 3 in [17] for more details. In the current article, a correction factor S is
introduced to account the rest of the drop spreading and for possible droplets interaction during
their spreading on Qsingle given by Eq. (5):
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(o) is the liquid density, (A,) is the vapour thermal conductivity and (L) the liquid latent heat of
vaporisation, both calculated at the mean vapour layer temperature, (T,=0.5*[Tuw+Ts:/) Where the
lower surface side of the drop is assumed at T.:. Based on the different simulations performed below
(Section 6), the value of £ has finally be selected equal to 0.65 for all the simulations in the present
article.



4- Models implementation

The proposed updated set of heat transfer models and correlations have been implemented in the
CONVERGE CFD solver [19]. This software already includes a comprehensive set of Eulerian-
Lagrangian spray and liquid film models with a CHT functionality. Therefore, interested readers could
refer to [19] for a detailed description of the previously existing models in CONVERGE. First, the heat
flux correlations summarized by equations (1)-(4) have been implemented as an update of the liquid
film model described in the CONVERGE manual [19]. Next, the model given by Eq. (5) for the
calculation of the heat flux in the film boiling regime has been implemented in a way similar to the
Wruck model [19,27] in the dynamic wall-spray interaction model of Kuhnke [19,20]. More
specifically, this model is applied only when (Tw > Ti4), where T, is the most updated wall
temperature obtained using the conjugate heat transfer (CHT) method. Because the dynamic
Leidenfrost temperature (T 4) is unknown, its value at atmospheric pressure is considered as an input
value for the simulations, following the (T*.i)-ratio approach, as explained in the Background
Section. Then, (T.q4) value at the current pressure may be estimated using the author correlation
given in [6].

5- Models validation
5.1 Validation experimental database

Figure 3 shows the main characteristics of the Darmstadt experiments [14]. The experimental set-up
was designed for spray cooling characterization using various techniques. Interested readers should
refer to the latter reference for the detailed description of the experimental techniques. The
impacting spray is described mainly by the injected water initial temperature, (Ty) and three local
properties measured at the wall surface location: impact mass flux density (1), impact mean drop
diameter, (D10) and impact mean drop velocity, (U). It is interesting to note that these properties
have been found nearly uniform close to the centre of the substrate (see figure 3 in [14]). The
operating and boundary conditions gathered from [14] are summarized in Figure 3(a) and listed in
Table 1 along with the main experimental results range values.

5.2 Computational framework

In this work, the CONVERGE CFD solver [19] is used as the computational framework for simulating
the Darmstadt experiments [14]. CONVERGE is a general purpose CFD code for the calculation of
three-dimensional, incompressible, or compressible, chemically reacting fluid flows in complex
geometries with stationary or moving boundaries. This code can handle an arbitrary number of
species and chemical reactions, as well as transient liquid sprays, and laminar or turbulent flows.
CONVERGE generates the Cartesian grid internally at runtime. This process involves refining any
embedding in specified locations and times, and Adaptive Mesh Refinement (AMR) to automatically
change the grid based on different specified criteria for adding grid resolution where it is most useful.

Figure 4 highlights the different grid refinement at t=20s for Case 7 (m = 2.9 kg/m?/s and U = 10.3
m/s, as depicted in Table 2) on a 2D-cut of the 3D mesh used in this study. The base grid is equal to 4
mm in the solid region and 1 mm in the gas region. Three fixed embedding were specified. The first
one with 0.5 mm grid size is located downstream of the injector nozzle (at the top, as shown in Figure
4). The other two, with a 0.25 mm grid, aim to resolve the thermal boundary layer on either side of



the substrate surface. In addition, AMR is classically used in the spray region based on a minimum
velocity gradient criterion to optimize the two-way coupling of the spray droplets with the gas. This
refinement strategy used together with a RANS (Reynolds-averaged-Navier-Stokes) solver with a
standard (K-g) turbulence model and a Lagrangian approach for two-phase spray modelling, proved
to be sufficiently accurate when the numerical results are compared below to the experimental data.
Finally, it is worth to mention that with the current refinement strategy, the total number of cells is
between 5 and 9 million during runtime. The CPU time is 765 seconds per second computed on 360
cores of the latest generation Intel Skylake G-6140 processors running at 2.3 GHz (ENER440 IFPEN
Supercomputer).

5.3 Numerical stability of the boiling model

For numerical stability and physical consistency, the CFD time step (dt) should be greater than the
initial impact contact time (t=Do/Uo) assumed for the derivation of Eq. (5) in [22]. Otherwise, the
total heat (Quwt) collected by the droplets impacting the face of a wall cell is going to be
overestimated and may lead to some numerical instabilities. One way to avoid this issue is to
estimate the number of CFD time-steps N = int(t;/dt) to be used to resolve temporally the current
heat flux Qut. Therefore, care should be made for the case N>1. For the present simulations, t; is
found equal to 5 ps (because Do~ 50 um and Ue= 10 m/s, as could be seen in Table 2) and dt is fixed
equal to 500 ps. Therefore, N<<1 for all simulations performed in this paper, which guaranteed the
stability of the simulations.

5.4 Numerical setups

Among the available experimental results, seven test cases are simulated. The corresponding
parameters and boundary conditions are listed in Table 2, including the dynamic Leidenfrost
temperature (T.q) at atmospheric pressure. In the experiments, the magnitude of the impact flow
rate, (m) was varied by changing the injection pressure, and the distance between the nozzle and the
wall target. Therefore, before each simulation case, several short simulations were performed to
adjust the impact velocity, (U) and mass flow rate (m) to the considered nominal experimental
values. This preliminary setup adjustment is done by trial and error using the nozzle diameter and the
injection mass flow rate as parameters. As a matter of fact, (1) and (U) of impacting droplets are
averaged during the runtime on the central disc, depicted in red in Figure 3(b). Figure 5 presents the
results of these preliminary simulations, showing a relatively good match with the experimental
impact conditions for cases (m = 1.6 kg/m?/s, U = 8 m/s) and (m = 0.9 kg/m?/s, U = 9.9 m/s).
Besides, the spray cone angle is 45 degrees and a uniform injection drop size distribution is specified
with the Sauter mean diameter, SMD which is found to be close to the measured Dy listed in Table 2.
Note that since the injection is performed in cold air (Table 1), the droplet size does not decrease too
much before the impact of the spray on the heated substrate, even if the droplets evaporation model
is activated. Finally, the evaporation of the liquid film is also obviously activated using the updated
correlations, Egs. (1)-(4).

6- Results discussion



For the seven test cases simulated, the numerical mean heat flux and wall surface temperature are
compared to the experimental results [14]. The numerical mean heat flux is obtained by averaging all
the heat fluxes of the wall cells impacted at each time-step on the central disk (in red in Figure 3(b)).
The heat flux in the film boiling regime (when T, > Ti4) is computed using Eq. (5). Then, when the
substrate is cooled so that (Tw) becomes less than (T.4), the updated set of correlations, Egs. (1)-(4)
are used to calculate the heat flux due to the wall liquid film in the different regimes, namely
nucleate boiling, transition boiling and liquid film Leidenfrost boiling regimes.

6.1 Effects of liquid injection temperature

The influence of the initial spray water temperature (Tp) on the heat flux and surface temperature
dependence on time are depicted in Figure 6 for cases 4, 5 and 6 (Table 2). Excellent agreement with
experiments was obtained in these cases. The first point to note in Figure 6 is the ability of the film
boiling model, (Eq. (5)) to predict sub-cooling effects of the injected liquid. The second interesting
point is that the transition to the wetting regime is promoted by increasing the sub-cooling
temperature (i.e. [Tsat - Tro]). In addition, the prompt break of the curve is also well reproduced by the
numerical results highlighting the good behaviour of the updated set of correlations, Egs. (1)-(4)
proposed in this work. However, the numerical results close to (T.,s) experience a more abrupt
transition than in the experiments. Finally, it should be noted that the transition to the wetting
regime occurs at the same (7,,4) for all three initial water temperatures (T), as reported in Table 2.

6.2 Effects of impacting mass flux

The influence of the impacting mass flux (1) on the heat flux and surface temperature dependence
on time are depicted in Figure 7 for cases 3, 4 and 7 (Table 2). Compared to the experiments,
excellent numerical results are obtained in these cases as well. The impact mass flux seems to be the
most influential on the wall cooling. Indeed, during the film boiling regime, increasing the impact
mass flux results in an increased heat flux. In addition, the transition to the wetting regime at (T.4)
was proved to depend also on the impact mass flux (1), as listed in Table 2. All these dependencies
revealed for (T,4) are part of the future modelling challenge.

6.3 Effects of initial wall temperature

The influence of the initial wall temperature (Two) on the wall heat flux and the surface temperature
dependence on time are depicted in Figure 8 for cases 1, 2 and 3 (Table 2). Excellent agreement with
experiments was also obtained. Indeed, increasing (Two), the numerical results have shown similar
CHF and surface temperature cooling in the various boiling regimes. The transition to the wetting
regime (see the break in the temperature curve, for instance) obviously depends on the input
entered by the user for (T.q4), which, surprisingly, was proved to depend on the initial wall
temperature (Two), as listed in Table 2. However, such results need to be confirmed in future work.

6.4 Numerical analysis of film formation near the Leidenfrost temperature

Although the Darmstadt database does not include measurements of liquid film characteristics such
as thickness, velocity, and temperature, Figures 9, 10, and 11 provide some numerical results when
the wall temperature is close to the LFP that could serve as a reference for readers' future work.



Figure 9 shows the liquid film total mass evolution during the transition boiling and nucleate boiling
regimes. As expected, the amount of liquid film is sensitive to the impact mass (m). First, it is shown
that it increases with the increasing the impact mass (m) from 0.9 to 1.6 kg/m?*/s. However, it
decreases somewhat by further increasing (m) to 2.9 kg/m?/s. This could be due to enhanced
splashing and thermal breakup in the latter Case 7. Second, it is found that the amount of liquid film
decreases when the subcooling of the injected liquid is reduced in Cases 4,5 and 6.

Figure 10 shows the initial formation of the liquid film at about t=12 s, for Case 7 (m = 2.9 kg/m?/s
and U = 10.3 m/s). The coloured liquid film by its thickness shows its rapid spreading due to the
cooling of the substrate by the droplets of the impacting spray represented as points coloured by
theirs sizes.

Finally, Figure 11 shows the impact of the droplets and the evolution of the liquid film thickness on
the central area represented in red on Figure 3(b), also for Case 7 (. = 2.9 kg/m?/s and U = 10.3
m/s). The spray is represented as spheres proportional to theirs sizes and coloured by their
temperatures. Therefore, impinging droplets are bigger and colder. Most of the Lagrangian film
parcels are at Ts.t. These film parcels are clustered together and lead to a wavy liquid film.

Conclusions and future work

This paper includes a brief review and analysis of multidimensional numerical simulations of boiling
during droplet jet impact on a heated wall. The state of the art in this field is highlighted and, on this
basis, several improvements for the simulation of the boiling of liquid films and spray droplets during
their contact with hot walls are proposed. This work has demonstrated that although the simplicity
of the current models and correlations, excellent numerical results can be obtained when the user
parameters are well calibrated, especially the (T*)-criterion. In this study, various dependencies for
(T.q) were revealed, such as to the initial wall temperature and the impact flow rate density, which
should be addressed in future work. The key takeaways from this study are:

1. The validation of the proposed models against a unique, complete, and recent experimental
database. In particular, the validation of the film boiling model (Eq. (5)) using 3D simulations
is the most interesting novelty for CFD software developers. This result motivated the writing
of this article because the author believes that the implementation of such a model in
current commercial software would be beneficial for various industrial applications.

2. Conjugate heat transfer (CHT) was also found to be an important feature for the simulation
of spray-wall interaction and liquid film boiling in the various regimes.

3. Finally, thermal splashing of liquid films transitioning to the Leidenfrost regime should also
be implemented and discussed in future work.

4. Additional comparisons with other data are also required.
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Table 1: Initial and boundary conditions

Gas Solid Spray injection
Air Stainless steel Water
Yn2=0.75 pw = 7900 kg/m3 Continuous injection
Y02=0.21 | Cpw =477 J/(kg*K) Full cone angle = 45°
Yc02=0.04 | A, = 14.9 W/(m*K)
Measured mean droplets size: Di1p= 43 — 64 um
To=300K | Tyo=622-723 K Measured impact velocity: U =8 —10.3 m/s
Po=1atm | Surface roughness =0.03 um | Measured flow rate at the wall location: h = 0.9 - 2.9
Adiabatic except the top face | kg/m?*/s

Table 2: Simulations parameters and boundary conditions

Case # m U Dlo Two Tfo TL,d
[ kg/m?/s ] [m/s] [um ] [K] [K] [K]
1 623 545
2 1.6 8 64 673 313 548
3 723 576
4 313
5 0.9 9.9 43 723 332 610
6 352
7 2.9 10.3 55 723 313 580
Nucleate Transition Transiion Nucleate
Single-Phase Boiling  Boiling Film Boiling Film Boiling Boiling Boiling Single-Phase
Regime Regime| Regime Regime Regime Regime Regime Regime
2| (a b
== ( ) Critical Heat ( )
Flux, q"cue TL,d
Departure from
Film Boiling
5 g
e =
% z |
[} (7] Minimum Heat Flux
E ; g' or Leidenfrost Point
ﬁ | Q
S | \ L N =
'Incipienit
| Boiling Minimum Heat CHF
! ! 1 Flux, @'y Critical Heat Flux
Onset of Single-
Phase Cooling
Tsat TN TL Time

Wall temperature

Figure 1: (a) Boiling and evaporation curves, and (b) quench curve associated with a drop or a spray

impinging a hot wall. Modified and adapted from Liang and Mudawar [28].
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Figure 2: Updated and previous wall heat fluxes modelling in the nucleate boiling, transition boiling,
and Leidenfrost boiling regimes for a liquid film already formed on the wall.
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(a) Schematic of the experiments along with the
operating and boundary conditions. The
numerical setup considers conjugate heat
transfer (CHT) at the wall surface (in green).

(b) A numerical result showing the spray
impacting the heated wall. Central
boundary (in red with D = 10 mm) for
results post-processing.

Figure 3: Main characteristics of the Darmstadt experiments [6].
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Figure 4: Mesh (2D cut) showing the various embedding near the impacted wall in the gas and solid
sides at t=20s for Case 7 (m = 2.9 kg/m?/s and U = 10.3 m/s). The AMR is also shown for the spray.
The base grid is equal to 4 mm in the solid region and 1 mm in the gas region. Three fixed
embedding were specified. The first one with 0.5 mm grid size is located downstream of the injector
nozzle (at the top, as shown in Figure 3). The other two, with a 0.25 mm grid, are located on either
side of the substrate surface. With this refinement strategy, the total number of cells is between 5
and 9 million during runtime. The CPU time is 765 seconds per second computed on 360 cores of the
latest generation Intel Skylake G-6140 processors running at 2.3 GHz (ENER440 IFPEN
Supercomputer).
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Figure 5: Validation of the numerical impact conditions of the spray on the central part of the
substrate corresponding to the nominal experimental impact conditions. Two set of data are
included in these figures: mean impact velocity ((U) in red) and mean impact mass flux ((m) in black).
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Figure 6: Effects of liquid injection temperature, Ty (Cases 4, 5 and 6, see Table 2). Flow rate density,
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17




0.4 T T T T T T T

o—e(Case 1|
B— Case 2
& »—& Case 3
M""’ A—ACase 4
L Ay~ |[¢—<Case 5
o o2 \‘/ ' v—v(Case 6
g »—=» Case 7
& 4
g 02
=
T
E L
=
g
= 0.1-

See Table 2

bl *; —
50 60 70
Time [s]

80

90

100

Figure 9: Liquid film total mass evolution during the transition boiling and nucleate boiling regimes.
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Figure 10: Formation of a liquid film and subsequent spreading due to cooling of the substrate by the
impinging spray droplets for Case 7 (. = 2.9 kg/m?/s and U = 10.3 m/s). Le liquid film is coloured by
the its thickness. The impinging spray droplets are represented as points coloured by theirs sizes.
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Flgure 11: L|qU|d f|Im thlckness evolutlon on the substate due to the spray |mp|ngement Zoom on
the impact zone show in red in Figure 3. Case 7 (1 = 2.9 kg/m?/s and U = 10.3 m/s). The spray is
represented as spheres proportional to theirs sizes and coloured by their temperatures. Therefore,
impinging droplets are bigger and colder. Most of the Lagrangian film parcels are at Tst. These film
parcels are clustered together and lead to a wavy liquid film.
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