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Thermosuperrepellency of a hot substrate caused
by vapour percolation

J. Benedikt Schmidt® !, Julian Hofmann!, Fabian M. Tenzer!, Jan Breitenbach® !, Cameron Tropea T&

llia V. Roisman® 1

Drop rebound after collision with a very hot substrate is usually attributed to the Leidenfrost
effect, characterized by intensive film boiling in a thin vapour gap between the liquid and
substrate. Similarly, drop impact onto a cold superhydrophobic substrate leads to a complete
drop rebound, despite partial wetting of the substrate. Here we study the repellent properties
of hot smooth hydrophilic substrates in the nucleate boiling, non-Leidenfrost regime and
discover that the thermally induced repellency is associated with vapour percolation on the
substrate. The wetting structure in the presence of the percolating vapour rivulets is ana-
logous to the Cassie-Baxter wetting mode, which is a necessary condition for the repellency
in the isothermal case. The theoretical predictions for the threshold temperature for vapour
percolation agree well with the experimental data for drop rebound and correspond to the
minimum heat flux when spray cooling.
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have reverted (unknowingly) to endowing drops and surfaces

with the ability to empathize—drops spread with love on
friendly hydrophilic substrates (the word hydrophilic is formed
from the ancient Greek words U0wp and @uia for water and
love.). In contrast, drops impacting onto a fearful hydrophobic
(from the Greek 08pogoPog, terrified by water) or even super-
hydrophobic surfaces can often lead to rebound. What then does
a drop “feel” when impacting onto an extremely hot substrate?
Thermally induced drop rebound is one of the numerous
observed impact outcomes!—3, which also include deposition,
evaporation, breakup and atomization. These phenomena are
substantially more complex and have to be described combining
the hydrodynamic and thermodynamic aspects of the drop
boiling on a hot substrate.

Drop spreading after impact onto a solid dry substrate is
governed by the impact Reynolds number (Re = pd,U,/u) and
the Weber number (We = pd, U3 /o), where p, y, and o are the
density, viscosity, and surface tension of the liquid, d; is the initial
drop diameter and Uy is the impact velocity. Drop collision in the
absence of thermal effects leads to the generation of a thin radially
spreading lamella, bounded by a rim, formed by surface tension
and the forces associated with the substrate wetting properties®>.

Immediately after impact, an expanding viscous boundary
layer of thickness ~+/vt is formed in the vicinity of the wall,
where v is the kinematic viscosity of the liquid and f the time after
impact. At some instant the thickness of the viscous boundary
layer is equal to the lamella thickness. At subsequent times the
flow in the lamella is quickly damped by the viscosity. The the-
oretically predicted residual lamella thickness and the character-
istic time of spreading governed by viscosity are obtained in the
form®

I n describing drop interaction with solid surfaces, researchers

d R 1/5
h, ~ 0.79d,Re /5,1 =20 (1)
0

For lower Weber number the effect of surface tension becomes
dominant and the rim can start to recede before the cessation of
the flow in the lamella. In many cases, for example in the film
boiling regime’, in the case of drop impact onto a super-
hydrophobic substrate3-11, or binary drop collisions!2, the
spreading time is scaled very well with the typical time of drop

natural oscillations
3 1/2
[Pl oW @)
o U,

The viscous spreading regime corresponds to the case t, < ¢,
namely when We > Re?/>.

In the case of drop impact onto a hot substrate, two thermal
boundary layers, in the solid substrate and in the liquid flow, start
to expand in the vicinity of the liquid/solid interface!3. If the
substrate initial temperature Ty, is well above the saturation
point Tg,, the flow is accompanied by the heterogeneous
nucleation of the vapor bubbles!415. In this regime the wall
temperature near the evaporating contact line of each bubble
approaches Ty, The heat flux g in the nucleate boiling regime is
then estimated!® from the well-known solution of the conduction
problem in the wall

. e, AT, 3)

The total evaporation time of the deposited drop can now be
estimated using Eq. (3) from the balance of the total heat required
for the complete drop evaporation and the heat transferred from

the substratel®

pL*d,

2
tedrop = ﬂ<m) vATw = Twall - Tsat7 (4)

in which k,, is a dimensionless empirical constant of the order of
unity, associated with the surface wettability, e,, is the thermal
effusivity of the substrate and L* =L 4 AH, is the sum of the
latent heat of evaporation L and the enthalpy difference AH,
between the initial drop and saturated liquid.

In this experimental and theoretical study, we demonstrate that
the relations of the main time scales (the capillary time, the vis-
cous time and the typical time for drop evaporation) determine
the observed outcome of drop impact onto a hot substrate.
Moreover, we demonstrate that the drop rebound is not neces-
sarily associated with the film boiling regime and the threshold
temperature of the drop rebound is therefore not always equal to
the Leidenfrost point.

Results and discussion

Observed phenomena. Typical phenomena of drop impact onto
a substrate at various initial temperatures, captured using a high-
speed video system, are shown in Fig. 1a-c. The contact residence
time ¢, of an impacting drop is determined either by the instant of
drop rebound or by the duration of complete evaporation of a
deposited drop and is shown in Fig. 1d as a function of the initial
substrate overheat T\, — T Three main outcomes of drop
impact accompanied by boiling include drop deposition with
complete evaporation (one example is shown in Fig. 1a), complete
or in some cases partial rebound after a certain delay due to a
short period of sticking to the substrate (illustrated by the
example in Fig. 1b), and non-sticking rebound (Fig. 1c). These
results are similar to the recently published observations of drop
impact!”. The observations of the drop impact outcome cannot
always unequivocally indicate a certain microscopic thermo-
dynamic phenomenon at the substrate: nucleate, transitional or
film boiling.

As shown in the graph in Fig. 1d, the contact residence time ¢,
of the deposited drop for ATy, <50°C marked by the yellow
color, agrees well with the theoretical predictions in Eq. (4)
developed for nucleate boiling. In the range of highest wall
temperatures (AT, > 100 °C, pink region in Fig. 1) the residence
time is very close to the drop capillary time ¢, defined in Eq. (2)
due to the non-sticking drop rebound. In this temperature range
the drop is still in contact with the substrate as shown in
literature!”. However, in the intermediate range of the tempera-
tures (50°C < AT, <100°C) the residence time t, deviates
significantly from both t.4.., and t, The delay of the drop
rebound in this regime is caused by the bonding of the drop at
residual wetted spots of the target, as in the 10 ms frame in
Fig. 1b.

In Fig. 2 the results of the measurements of ¢, on the steel target
are also shown in comparison with the theoretically predicted
times f.4.0p and t, While in Fig. 2a the residence time for a
certain set of impact parameters are shown, in Fig. 2b the value of
t, is shown averaged over a substrate temperature class. For the
steel target the regime of the good agreement of the residual time
with f.gr0p is observed in the range AT, <100°C, which is
significantly wider than the range observed for aluminum targets
(see Fig. 1). Therefore, the residence time is significantly
influenced by the thermal properties of the substrate, its initial
temperature as well as by the impact parameters.

Let us denote T" as the lowest wall temperature at which the
drop does not stick to the substrate. This point corresponds to the

local minimum in the total heat, Q = fot‘ A(t)q(t)dt transferred
from the substrate during drop impact, since the heat increases
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Fig. 1 Typical stages and main outcomes of drop impact onto a hot solid
substrate at various initial temperatures. The figure shows a water drop
with an initial drop diameter do = 2.35 mm impacting onto an aluminum
substrate with the impact velocity Uy = 0.7 ms~1. a, b, and ¢ are exemplary
images of drop impacts captured using a high-speed video system. All
images are top view observations at an angle of 60 to the surface. a Drop
impact at initial substrate temperature of T,,5; =140 °C shows drop
spreading, receding, and deposition in the nucleate boiling regime. The
contact residence time is determined by complete drop evaporation; b T4
=170 °C intensive nucleate boiling leads to the drop rebound delayed by a
short period of sticking (see the image at 10 ms); ¢ T,y = 200 °C, non-
sticking drop rebound; d Dependence of the average contact residence time
t. on the wall overheat temperature T,a1 — Tsat in comparison with the
theoretical estimations for the total evaporation time of a deposited drop
tedrop and the drop natural oscillation time t,. Each point is the average value
for experimental determined residence times in the corresponding
temperature class. The error bars show the minimum and maximum
observed residence times during experiments.

with the residence time and with the wall temperature. Here A(f)
is the wetted area of the substrate. We can thus expect that the
heat flux during spray cooling at the threshold point T" will also
be minimal.

In Fig. 3a, the evolution of the heat flux g and the interface
temperature T; of a thick stainless steel target continuously cooled
by spray impact are shown. The target is initially heated
uniformly up to T, =450°C. The high-speed observations of
spray impact, shown in the inserts in Fig. 3a, demonstrate that the

threshold temperature T" associated with the minimum of the
heat flux curve indeed determines the deposition/rebound limit
for the impacting drops.

The value of the threshold temperature T* depends neither on
the drop diameter in the spray nor on the impact velocity, but on
the target material, as is demonstrated in Fig. 3b, c. Moreover, no
dependence of the temperature T* on the mass flux of the
impacting spray or other impact properties has been identified.

Drop boiling on a hot substrate. In Fig. 4 details are shown of
the development of the vapor phase in the advanced nucleate
boiling regime, which allow us to better understand the
mechanisms of a single drop rebound. Figure 4a clearly shows the
vapor bubbles on the aluminum substrate at T\y,; = 170 °C and in
b the formation of elongated vapor rivulets at higher tempera-
tures, Ty = 200 °C, at which drops rebound without delay. The
impact parameters in Fig. 4a, b are the same as in Fig. 1. Figure 4c
is the map of the heat flux distribution at the surface of a
transparent sapphire target at T,,;=378°C during drop
spreading (see Table 1). The wall temperature is well above the
threshold temperature T". The red spots, corresponding to high
local heat flux, indicate wetting of the substrate. The green or blue
regions of low heat flux indicate the percolated vapor rivulets,
similar to those observed in Fig. 4b. The same phenomena of
vapor rivulets and cluster have been observed during drop
impacts of ethanol drops onto sapphire substrate with TIR
measurements in the same drop impact regime!”.

The randomly distributed disks on a plane in Fig. 4d is an
exemplary illustration of the irregular nucleation of bubbles on a
solid surface. The spatial distribution of disks is characterized by
the cumulative relative area A of the disks, scaled by the total area
of the domain. Some of the discs intersect and thus form clusters
of discs. The distribution of the cluster sizes is studied in the
framework of the percolation theory. The percolation threshold in
this two-dimensional problem!® is A, = 1.128. At this point an
infinite cluster of the intersecting disks first appears, as shown in
Fig. 4d. The formation of the wrapping cluster of the disks at the
percolation threshold can explain the percolation of the vapor
bubbles and formation of the vapor rivulets. At the percolation
threshold the liquid area of drop/substrate contacts are isolated
spots. This situation is analogous to the Cassie-Baxter wetting of
heterogeneous substrates, associated with the superhydrophobi-
city and superrepellency!® in conventional, isothermal cases.

The computed value A.=1.128 is only a very rough
approximation for the percolation threshold for the vapor
bubbles, since the model does not consider bubble coalescence
or shear driven motion of the bubbles in the liquid flow.

The relative wetted surface area (not belonging to the surface
covered by the bubbles) is, €, derived using the Poisson
distribution for the expected number of bubbles covering a given
point of the surface?Y, assuming a random spatial distribution of
bubble centers. At the percolation threshold it yields

€. = exp(—A.) ~ 0.32. (5)

Heat transfer in the wall during nucleate boiling of a drop. The
flow in the drop for values of relative volume of the liquid phase
€<e. is completely different since the liquid contacts the sub-
strate only at isolated wetted spots, which cannot prevent drop
rebound, as in Fig. lc. Let us roughly estimate the wall tem-
perature corresponding to the emergence of the percolating vapor
channels during the spreading time ¢,.

Consider the liquid lamella of the thickness h,., defined in Eq.
(1). It can be estimated from the one-dimensional energy balance
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Fig. 2 Parametric study of the residence time of an impacting water drop on a hot steel target. a Experimental results on the residence time t, of
impacting drops with a Reynolds number Re = pdyU, /s = 1054, with p and u being the liquid density and viscosity, do the initial drop diameter and U, the
impact velocity. Each symbol corresponds to a single drop impact onto a steel target with various initial temperatures. The impact parameters are do = 2.3
mm and Uy = 0.46 ms~1. The experimental data are compared to theoretical estimations of the total evaporation time of a deposited drop tedrop and
natural oscillation time t,. b Residence time t, averaged over a target temperature class for different impact velocities. Each experimental point is the
average value of ten experiments for the corresponding temperature class. The error bars represent one standard deviation +s. The experimental residence

time is shown in comparison to the theoretical models t.4p and t,.
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Fig. 3 The threshold temperature T" for spray impact. a Exemplary results
for the evolution of the heat flux g and surface temperature T; as a function
of time t for spray cooling with distilled water. The threshold temperature
T at the instant t* corresponds to the minimum heat flux. Inserts show
liquid patterns on the surface shortly above and below the threshold
temperature T". b and ¢ The dependence of the threshold temperature 7" on
the average drop diameter Dy in the spray and on the average impact
velocity U, respectively. Each point represents the threshold temperature T
of a spray cooling experiment, as shown in a.

accounting for the creation of the vapor phase, expressed as
PhresL*el(t) = _q’ (6)

where ¢ is the relative volume of the liquid phase in the lamella.

The heat flux g at the wall surface, determined in Eq. (3), is
governed by the heat conduction in the thermal boundary layer in
the wall. This expression allows to predict very well the heat flux
during spray cooling in the nucleate boiling regime in a wide
range of spray parameters and wall temperatures?!. Therefore, the
presence of bubbles does not influence the value of g significantly.
In a steady heat conduction in the wall, the presence of bubbles
leads to local disturbances of the temperature field, but the total
heat flux at the interface remains the same due to the energy
balance. The heat flux can only be changed if transient effects,
associated with bubble growth are significant?2. The size of the
wall region, disturbed by the presence of a bubble is comparable
with the bubble radius. Therefore, the contribution of the bubbles
presence at the substrate surface is small if the bubble size is
much smaller than the thickness of the thermal boundary layer in
the wall. This condition is satisfied in our experiments.

The solution of the ordinary differential equation in Eq. (6) is

1.43¢, AT, Re?/t!/?
pd,L*

e)=1— @)

With the help of Egs. (2), (3), and (5) the condition € = ¢, at
the instant t=t, yields the following expression for the
threshold overheat AT in the surface tension driven spreading
regime

dé/4L*p3/401/4

AT = b AT,,AT, = - R

; ®)

where b=0.48 and AT, is a typical scale for the threshold
overheat in the surface tension dominated drop impact regime.

It should be noted that the coefficient b can be influenced by
the reduction of the wetted area of the drop due to the appearance
of dry spots, due to the liquid flow in the lamella, drop
atomization and other factors. Therefore, the solution Eq. (8) is
not exact. However, in this study it is important that the factor b
in Eq. (8) has to be comparable with unity if the major physical
factors are taken into account correctly.

For very high Weber numbers the duration of drop spreading
is scaled by the viscous time scale t,, defined in Eq. (1). The
percolation condition € =€, at the instant t=t, yields another
expression for the threshold wall overheat AT, in the viscous
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Fig. 4 Boiling of the liquid lamella on a hot substrate. a Spreading of a drop
on a polished aluminum substrate at a initial substrate temperature

Twai =170 °C in the delayed rebound regime, captured by the high-speed
video system from the top. Bubbles are the result of the heterogeneous
nucleation at the substrate. b Appearance of the percolating vapor rivulets
during spreading of a drop on a polished aluminum substrate at T,,,; = 200 °C.
This impact leads to a non-sticking rebound. ¢ Heat flux map, computed using
the images captured using the high-speed infrared camera during drop impact
onto a sapphire target at T, = 378 °C, corresponding to the non-sticking
rebound accompanied by the intensive generation of fine secondary drops. The
red regions of peak heat flux correspond to the substrate wetting. d
Visualization of a continuum percolation with randomly distributed disks at
a cumulative disk area 1 =1.2, slightly above the percolation threshold
Ac=1.128. Each disk represents a simplified nucleation bubble. Above the
percolation threshold, the bubbles wrap to large clusters as marked by the
orange color in d and shown in b and c.

spreading regime

AT, = PYVL ©)
e

w

In our estimation of heat transfer Eq. (6) the relative wetted
surface area € is approximated by the liquid volume fraction and
the residual thickness h,, is assumed to be constant. This
assumption cannot be very precise if the height of the vapor
bubbles/channels changes in time, for example due to the
evaporation of the drop lamella. Our analysis is therefore valid
for the cases when the t, < fc40p. This condition is satisfied for
drop impacts at the threshold temperature, as shown in Fig. 1.
The recent direct observations of the relative liquid contact areal”
can potentially help to determine the relation to the volume
fraction. These data could be a topic of interesting future
investigations.

The expression for AT, does not depend on the drop diameter
or impact velocity. This is not surprising, since the time ¢, and the
lamella thickness h,,, correspond to the one-dimensional growth
of the viscous boundary layer in the lamella.

In Fig. 5, the theoretically predicted scales for the threshold
temperature AT, and AT, are compared with the experimental
data. The data for low-speed impacts with We<2.5 Re?/,
governed by surface tension, are shown in Fig. 5a as a function

of AT,. The factor 2.5 is empirical, determined from numerous
experiments. The agreement is good, considering that the target
materials and the impact velocities have been widely varied in the
experiments.

The slope for spray impact is, however, larger than for a single
drop, since the thermodynamic processes in the spreading drop
are influenced significantly by the flow, although the expressions
for the viscous length scale and for the time scale of capillary
oscillations remain the same. In the case of spray cooling, shown
in Fig. 5b, the values for AT" are determined from the condition
of the minimum of the heat flux. Note also that in the spray case
the surface temperature is not uniform and is not continuous
since it is influenced by single drop impacts. Each drop impact
leads to a significant local cooling of a substrate. The subsequent
drop with some probability, depending on the spray flux, could
impact onto this relatively cold spot and thus initiate a wetted
boiling region. This phenomenon has been recently identified
using the high-speed video observations of spray impact onto
very hot substrates?!. The nucleate boiling in these wetted regions
contribute significantly to the heat flux. The only average in time
and space surface temperature has been determined in the spray
cooling experiments, shown in Fig. 5b.

Moreover, the threshold temperature during spray cooling can
also be influenced by the thermal atomization phenomenon
associated with the drop levitation when the thermal boundary
layer reaches the free surface of the drop spreading lamella?3. It
can be shown with the help of Eq. (1) that the residence time #, of
the thermal atomization regime is

tg=1t,Pr, (10)
where Pr is the Prandtl number characterizing the drop liquid.
Some influence of the Prandtl number on the slope of the linear
the dependence of AT" on AT, can thus be expected in the cases
when the effect of thermal atomization is significant. Such an
effect can only be identified in experiments of spray cooling with
different liquids.

Several hypotheses have been put forward in the literature to
explain the mechanism of film boiling. Some theoretical models
have been developed based on the hydrodynamic stability analysis
of the vapor/liquid interface?#2> or thermocapillary stability2°.
Other authors assume that the Leidenfrost temperature is
determined by the foam limit?”28 or by the limiting minimum
vapor thickness?® comparable with the surface roughness. In this
study, we have demonstrated that the transition to the film
boiling regime is initiated at the threshold point for vapor
percolation. Further drop evaporation is governed by the
presence of the vapor rivulets and is characterized by the
disappearance of the isolated wetted spots. The film boiling
regime corresponds to a complete vanishing of the wetted spots.

Methods

Two main experimental setups are used to observe single drop impact and to
characterize spray cooling of hot substrates. They are shown schematically in Fig. 6.

Observations of single-drop impact onto a hot substrate. Two configurations of
the experimental setup for a single drop impact are used in this study. One is to
study the outcome of drop impact onto metal targets (Fig. 6a) and the other is for
the high-speed thermographic visualization of the substrate interface exposed to
the collision of a drop (Fig. 6b).

In both setups single drops of double-distilled water with a diameter of dy = 2.3
mm are generated by a drop generator (as shown in Fig. 6a). A Bartels micro pump
mp6 feeds an hydrophobic G27 blunt needle. The drop is released when the
gravitational force exceeds the force due to the surface tension of the liquid. This
principle leads to very constant drop diameters. The needle of the drop generator is
cooled to maintain the liquid temperature constant at 20 °C. By changing the
height of the needle above the substrate, the impact velocity can be changed in the
range of Uy =0.4 to 2m s~ L. Various target materials are used to identify the
influence of the material properties on the drop impact outcome: aluminum (EN
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Table 1 List of the liquid and substrate materials and the values of the threshold temperature T".
Source Type of experiment Fluid Substrate material Thermal effusivity e,, W s¥/2m—2K-1 T*°C
This study Spray Water Stainless steel 1.4841 8.8501x 103 342
This study Spray Water Nickel 2.4068 1.7892 x 104 286
32 Spray Water Stainless steel 1.4301 9.0193 x 103 371
33 Spray Water Nickel 1.8569 x 104 321
34 Spray Water Copper 3.6476 x 104 134
35 Spray Water Copper with chrome plating 1.7831x104 222
36 Spray Water Copper with chrome plating 1.7831x 104 253
37 Spray Water Copper with chrome plating 1.7831x104 266
38 Drop chain Water Copper with gold plating 2.7701x104 225
This study Drop Water Stainless steel 1.4841 8.8501x 103 410
This study Drop Water Stainless steel 1.4841 8.8501x 103 370
This study Drop Water Stainless steel 1.4841 8.8501x 103 325
This study Drop Water Stainless steel 1.4841 8.8501x 103 320
This study Drop Water Aluminum 2.5040 x 104 248
This study Drop Water Aluminum 2.5040 x 104 221
This study Drop Water Aluminum 2.5040 x 104 pall
This study Drop Water Copper 3.6853 x 104 172
This study Drop Water Copper 3.6853 x 104 158
39 Drop Water Silicon wafer 9.7544 x 103 480
28 Drop Water FeCrAl 6.5664 x 103 445
28 Drop Water Sintered SiC 1.5733 x 104 350
28 Drop Water Zr-4 5.1511x 103 531
400 500
a) single drop impact b) spray cooling °
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Fig. 5 Comparison of the threshold overheat temperatures AT", with the theoretically predicted scales of the threshold overheat AT, and AT,. The
experimental threshold overheat AT =T — T, is defined as threshold temperature T" from which on the residence time t, is constant and single drops
rebound. In spray cooling experiments the threshold temperature 7" is determined by the temperature of minimum heat flux. T., is the liquid boiling
temperature. In a the experimental data of AT are compared for different substrate materials and impact parameters with AT, defined in Eq. (8). Single
drop impacts are in the surface tension driven regime with We < 2.5 Re?/®. The Reynolds number is Re = pd, Uy /u and the Weber number We = pdyU2 /o,
where p is the density, u viscosity and o surface tension of the liquid, dg the initial drop diameter and Ug the impact velocity. Each Threshold temperature is
determined by a series of single drop experiments with constant impact parameters. In b, experimental data and data from literature for spray cooling of
targets of different materials and for the high-speed single drop impacts with We > 2.5Re?/, governed by viscosity are compared with AT,. The data for
different substrate materials from this study and from the literature are listed in Table 1. The data from the present study are averaged for each substrate
material, since AT, is independent on spray parameters.

AW 7075), copper (CW004A) or stainless steel (1.4841). The surface of all impact
targets are mirror polished (surface roughness S, = 0.0108 um). The replaceable
impact substrates are heated by a custom heating device with a total heating power
of 400 W. The surface temperature is measured with a type J thermocouple (class 1)
1 mm below the surface. The drop impact is observed using a high-speed video
system, consisting of a CMOS camera (Phantom V12.1) with a telecentric lens
(Opto engineering TC16M036) and background illumination (Opto engineering
LTCLHP036-G).

The setup for the visualization of the micro-scale thermodynamic effects at the
drop-substrate interface and for the measurements of the temperature distribution
is shown in Fig. 6b. A 3 mm thick, infrared (IR) transparent sapphire target which
is coated on top with a 600 nm thick highly infrared emissive CrN PVD layer is
used as an impact target. The IR radiation of the coating is captured through the
transparent substrate with a mid-wave infrared camera (FLIR x6901sc) during the
drop impact experiments.

An in-situ calibration is performed to convert the captured IR radiation into the
surface temperature. During the calibration a copper block is placed at the coated

surface and both, the copper block as well as the heating structure are heated to the
same temperature to provide a homogeneous temperature at the impact surface. A
type J thermocouple (class 1) is placed 0.5 mm above the copper/sapphire interface
inside the copper block. For the calibration it is assumed that the surface
temperature of the sapphire window is the same as measured in the copper block.
The calibration is repeated for the surface temperatures from 80 °C up to 380 °C in
steps of 10 °C for each camera setting. The recorded radiance show a perfect
agreement with the Stefan-Boltzmann law.

The heat flux at the substrate interface is then obtained by a numerical solution
of the heat conduction problem in the sapphire substrate, satisfying the boundary
conditions for the evolution of the temperature distribution obtained from the
thermographic measurements.

Spray cooling setup. The experimental setup, as shown in Fig. 6c, consists of a
heated target, a spraying system, a high-speed visual observation system and a
spray characterization system. The target is heated in the beginning of the
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Fig. 6 Sketches of the experimental setups for the single drop and spray cooling experiments. a The setup consists of an adjustable drop generation unit,
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experiments with a custom cartridge heater to a surface temperature of 450 °C.
After the temperature field inside the target was in steady state, the heater was
switched off and a spray was applied to the target surface, until the surface tem-
perature was cooled down to 100 °C. The temperature distribution in the target is
measured by a set of 15 thermocouples type K, (class 1), thickness 0.5 mm, placed
in two rows at 0.5 mm and 20 mm below the surface. These temperatures are used
for computation of the local heat flux and instantaneous surface temperature by
solution of the inverse heat conduction problem3°. A Phantom v2012 high-speed
camera equipped with a long distance microscope (Questar QM-100) allows
observation of the hydrodynamic phenomena at the target surface during spray
impact. The results of an exemplary experiment is shown in Fig. 3.

Different standard pressure driven full-cone nozzles have been used to vary and
identify the effect of the main spray parameters on the cooling rate. The average
drop diameter, average velocity and the mass flux density of the spray have been
varied in the experiments and accurately characterized using a Dantec phase
Doppler system and a custom built patternator, as schematically shown in Fig. 6d.
The phase Doppler measurements were performed without the target, but at
positions corresponding to specific locations immediately above the target; hence
the spray parameters were local values.

To determine the effect of the wall thermal properties on the threshold
temperature T", two targets of different materials, stainless steel (1.4841) and nickel
(2.4068) have been used. The surface roughness is in the same order of magnitude
as in the single drop experiments with a polished surface (surface roughness S, =
0.0092 pm).

The substrate materials and their thermal properties. The experimental data
from the literature, the substrate materials and their thermal properties are sum-
marized in Table 1. The thermal properties of the designated substrate materials
are taken from general literature and handbooks. Since these properties are tem-
perature dependent, they have been calculated at the corresponding threshold
temperature. In all cited studies the surfaces are polished.

For the threshold temperature T" during spray cooling the point corresponding
to the minimum heat flux is taken.

Data availability

The data sets for the residence time of the single drop, threshold temperature for low-
speed drop impact and spray cooling, presented in this manuscript, are available online
in TUdatalib (https://doi.org/10.48328/tudatalib-530)31.
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