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Drop collision with a hot, dry solid substrate:
Heat transfer during nucleate boiling
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Outcomes from an isothermal drop impact onto a surface (rebound, deposition, or splash)
are determined by the impact parameters, liquid material properties, substrate morphology,
and wettability. Drop impact onto a hot surface can be accompanied by Marangoni effects,
nucleate or film boiling, and evaporation. The main focus of this experimental study is
the characterization of the hydrodynamic outcome of a single-drop impact onto a hot
surface. Drop impact phenomena have been observed and characterized using a high-speed
video system. The impact parameters of the drop and the surface temperature have been
varied. The observations lead to a classification of impact outcomes into several regimes:
evaporation, nucleate boiling, foaming, transitional boiling, and film boiling. The contact
time of the impinging droplet on the surface has been measured, and a model for this time
and for the heat flux from the substrate to the drop has been proposed for the nucleate
boiling regime. Comparison of model predictions to existing literature data is good.
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I. INTRODUCTION

The phenomena of drop impact onto hot surfaces have been extensively investigated in the past;
however, many questions and dependencies remain unclear. For a pure isothermal drop impact the
outcome depends mainly on the parameters: impact velocity, substrate morphology and wettability,
and liquid properties [1]. Comprehensive reviews of these phenomena can be found in Refs. [2] and
[3]. However, the phenomena of drop impact onto hot surfaces can be considerably more complicated,
involving Marangoni effects, liquid boiling, evaporation, and changes of temperature-dependent
material properties. Hence, the outcome of a drop impact onto a substrate can be significantly
influenced by the substrate temperature. At high surface temperatures, higher than the Leidenfrost
point [4], a vapor layer between the droplet and the surface prevents direct contact between the
liquid drop and the surface [5–9]. The Leidenfrost point is influenced by the surface roughness [10],
surface structure [11,12] and liquid rheological or interfacial properties [13–15]. For example, it
has been recently shown [16] that substrates coated by nanofiber mats can completely prevent film
boiling of a sessile drop. Besides the film boiling regime (above the Leidenfrost point), the bubble
(or nucleate) boiling, transitional boiling, and single-phase drop deposition are also identified as
possible outcomes of drop impact onto hot surfaces [17–20]. Moreover, the substrate temperature
also effects the splashing threshold and the characteristic size of secondary droplets [21,22].

Drop impact is often studied in relation to spray cooling [23], since this is a promising technology
for cooling of devices with very high heat flux densities. The main measure of the effectiveness of
spray cooling is the achieved heat flux density [24–26] as a function of the operating thermodynamic
regimes and the substrate structure [27,28] and the critical heat flux [29,30]. Correlations for these
important quantities are mainly empirical in nature, since the hydrodynamics and thermodynamics
of the cooling process with interacting drops and sprays are complicated and not yet completely
understood.
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FIG. 1. Experimental setup: heating system (HS) with controller, drop generation unit (DG), illumination
system (LS-1) with a diffuser plate (D), CMOS high-speed cameras (CMOS Side and Top), and a computer for
control and data acquisition (CU).

The main focus of the present study is the dynamics of drop impact onto a hot surface for
different hydrodynamic and thermodynamic conditions. Drop impact, spreading, rebound, breakup,
or evaporation on a hot substrate are observed using a high-speed video system. The heat transfer in
the solid substrate under the sessile drop is analyzed theoretically. This analysis allows prediction
of the amount of heat transferred to the drop and estimation of the typical time of drop evaporation,
two quantities of paramount importance for spray cooling applications. The model agrees very well
with the experimental data.

II. EXPERIMENTAL METHOD

A. Experimental setup

The experimental setup is shown schematically in Fig. 1 and comprises a heating system (HS),
the drop generation (DG), the illumination system (LS-1), CMOS high-speed cameras (CMOS Side
and Top), and a computer for control and data acquisition (CU).

A detailed sectional view of the impact target (HS) is shown in Fig. 2. The impact surface is
a polished aluminum cylinder (EN AW 7075) with a diameter of 50.8 mm, embedded in a heated
copper cylinder. To ensure a high-quality surface, the aluminum was polished in several stages with
increasing grades of sandpaper and polishing paste (Micro Mesh 1500–12 000 grit), reaching a final
surface roughness of Ra ≈ 0.1 µm. Subsequently, the heater was cleaned with isopropyl alcohol to
remove polish residues. To heat the impact surface a 250 W cartridge heater (hotset hotrod HHP)
mounted in the heating cylinder is used, and ceramic with a low thermal conductivity is used to
insulate the sidewalls of the cylinder. A Type-K thermocouple with a diameter of 1 mm is placed
0.5 mm below the impact point in the aluminum surface. Prior to drop impact, the temperature
difference between the thermocouple and the surface is neglected. Using a controller (hotset c448),
the initial surface temperature can be varied between T0 = 50 and 400 ◦C. The drop is generated with
a blunt hydrophobic needle (outer diameter DN ) supplied with water by a piezoelectric micropump
until the drop detaches due to its own weight. Double-distilled water (density ρw = 998 kg/m3,
viscosity νw = 10−6 m2/s, surface tension σw = 72.75 × 10−3 N/m, liquid temperature Tl = 20 ◦C)
is used as fluid. The size of the needle has been chosen as gauge 27 with an outer diameter
DN = 0.4 mm to generate a drop diameter of d0 = 2.15 mm. By changing the height H0 of the drop
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FIG. 2. Impact target comprising an aluminum cylinder on top of a copper heater, heated by a 250 W
cartridge heater and insulated by a ceramic enclosure. A thermocouple is placed 0.5 mm below the impact point
on the surface.

generator, different impact velocities v0 = 0.3–3.0 m/s can be produced. For each impact the drop
diameter and drop velocity are calculated by image postprocessing.

To record both side view and top view of the drop impact, two synchronous CMOS high-speed
cameras (2 × Phantom V12.1) with a maximum resolution of 1280 × 800 pixel at 6242 frames/s are
used. Both high-speed cameras have been equipped with a 60 mm microlens (Nikon AF NIKKOR
1:2.8 D) and spacer rings (Nikon). With this apparatus a spatial resolution of 84 pixels/mm for the
side view and 60 pixels/mm for the top view has been achieved. The illumination system (LS-1) is
a 120 W LED spotlight (Constellation 120 E) and is placed behind the drop to yield shadowgraphy
imaging. To achieve a more uniform illumination a 3 mm optical diffuser plate (D) is placed between
the LED spotlight and the drop impact. Postprocessing of the images and the measurement of the
contact time is performed with MATLAB and Vision Research PCC.

B. Observations of drop impact phenomena

Figure 3 pictures various microscopic thermodynamic phenomena observed in the experiments:
evaporation (a), nucleate boiling (b), foaming (c), transition boiling (d), and film boiling (e). The
same phenomena have been observed before [17]. During evaporation, few or no bubbles can be
observed inside the drop; therefore the drop vaporizes relatively slowly. This behavior is observed

Evaporation

(a)

Nucleate boiling

(b)

Foaming

(c)

Transition

(d)

Film boiling

(e)

FIG. 3. Microscopic thermodynamic boiling phenomena: evaporation (a), nucleate boiling (b), foaming (c),
transition (d), and film boiling (e).
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t = 0.9 ms t = 2.6 ms t = 6.0 ms t = 12.1 ms t = 34.1 ms t = 61.7 ms

FIG. 4. Exemplary bottom view through a transparent sapphire substrate on a water drop during nucleate
boiling (T0 = 160 ◦C). Note that sapphire is used as impact target, and the temperature threshold for nucleate
boiling can be different from the aluminium substrate.

at low surface temperatures �TS = T0 − Tsat � 15 ◦C above the saturation temperature Tsat. It
should be noted that the temperature thresholds for the various phenomena are determined for
an aluminum surface. For further surface materials, e.g. sapphire substrate, the thresholds could be
slightly different, since they additionally depend on the substrate material properties.

At higher surface temperatures, �TS � 15 ◦C, drop evaporation is caused mainly by nucleate
boiling. With nucleate boiling small vapor bubbles frequently form at the drop-wall surface, detach
from the surface, ascend through the drop, and possibly coalesce with other bubbles. When the
bubbles break through the liquid-gas interface they collapse, and fine secondary droplets are
produced.

In the foaming phenomena the vapor bubbles grow much larger; no coalescence and no separation
from the liquid-gas interface are observed. In this subcategory of nucleate boiling, the entire drop
starts to foam. This phenomenon is yet not fully understood [31]. An explanation is that small
amounts of dissolved ionic salt in the double-distilled water prevent bubble coalescence due to
electrostatic effects and changes of surface tension. The influence of the dissolved ionic salt on
boiling water drops was shown in Ref. [32]. The presence of electrical charge on the bubble surface
due to ionic salts produces a repulsive force, preventing the bubbles from approaching each other
[33]. Some theories also claim that during boiling the dissolved salt cannot diffuse quickly enough
and the local salt concentration in the thinning liquid layer increases; therefore the surface tension
increases, the coalescence of the bubbles is delayed, and the water drop foams [34].

Transition boiling is a transient phenomena between nucleate boiling and film boiling. It is
observed for surface temperatures higher than �TS � 50 ◦C. The vapor bubble generation rate rises
quickly, caused by the high wall temperature. Consequently, bubbles coalesce and form a vapor
layer over some portions of the area between the drop and the surface, while the rest of the drop
wets the surface. The transition regime is very unstable, and liquid layers frequently collapse. The
drop appears to be dancing on the surface. Moreover, secondary droplets are generated.

By increasing the surface temperature beyond the Leidenfrost point the heat flux transferred to the
water drop reduces [4], since the water vapor is ineffective for heat conduction. After reaching the
Leidenfrost temperature TLeid, film boiling occurs. At this condition the substrate surface is covered
with a vapor layer and the drop does not wet the surface anywhere; heat flux and friction between
the drop and the surface decrease. As a consequence, the drop lifetime increases significantly.

A bottom view through a transparent target on a drop in the nucleate boiling regime is shown in
Fig. 4 and as a video in the Supplemental Material [35]. In this typical example, after 9 ms (which is
much shorter than the overall time of drop contact with the wall, which is of the order of seconds), the
wetted area of the drop is already completely covered by vapor bubbles. This phenomenon is caused
by the well-known fact that drop impact initiates creation of numerous microbubbles [36–39], which
lead to further bubble nucleation.

After impact onto a solid substrate the drop first spreads and then starts to recede. The duration
of drop spreading and receding is approximately of the order d0/v0, which in the present case is
approximately 5 ms. At longer times the wetted area doesn’t change significantly despite the mass
reduction of the drop, caused by an intensive evaporation and creation of secondary drops (see the
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FIG. 5. Contact times in the nucleate boiling regime for various initial wall temperatures and impact
parameters.

images of the wetted spot in Fig. 4 for times larger than 6 ms). In the nucleate boiling regime the
contact line remains pinned almost until complete drop evaporation for all the observed cases. This
is an interesting observation. The contact line pinning is explained by the continuous generation of
the bubbles, which prevents the receding of the contact line.

During nucleate boiling some drop mass is lost due to the generation of small secondary drops.
The mass of the secondary drops is significant in the transition boiling regime, when the drop
rebound is significant. In the nucleation boiling regime considered in this study, the total mass of the
secondary drops usually does not exceed 10% of the initial drop mass. Therefore, the assumption
can be made that in the nucleate boiling regime most of the heat from the substrate goes into drop
vaporization through intensive bubble creation.

C. Contact time of an impacting drop in the nucleate boiling regime

The duration of contact between the drop and the hot substrate, the contact time, is an important
quantity which strongly influences the heat removed by the impacting drop from the substrate. As
such, this quantity is a necessary element of any spray cooling model. In Fig. 5 an example contact
time in the nucleate boiling regime is shown as a function of the initial surface temperature T0. This
time is measured until complete drop evaporation on the substrate. Figure 6 shows an impinging drop
onto a aluminum substrate in the nucleate boiling regime at initial surface temperatures T0 = 140 ◦C.
The cases of drop rebound are not shown in this graph and are not considered in this study. In the
nucleate boiling regime the contact time reduces with increasing initial surface temperature. The

FIG. 6. Impinging water droplet in the nucleate boiling regime at initial surface temperatures T0 = 140 ◦C
for the impact parameters d0 = 2.15 mm, v0 = 0.7 m/s, Reynolds number Re = 1500.
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contact time in the nucleate boiling regime is not influenced by the impact parameters (Fig. 5). The
dependence of the contact time tc on the initial substrate temperature is expressed well by the relation

tc ∼ (T0 − Tsat)
−1.92, (1)

obtained by fitting of the experimental data.
Existing models for the heat transfer during boiling [40–44] are not applicable for the description

of the phenomena considered in our study. An approximate model for nucleate boiling which
accounts for only main physical influencing factors and is able to predict the evaporation time of a
drop in the nucleate boiling regime will be described in the next section.

III. EVALUATION OF HEAT TRANSFER IN THE NUCLEATE BOILING REGIME

A. Heat transfer during the waiting time

During a very short time interval after drop collision the bubbles created by the drop impact are
very small. Their size is comparable with the roughness of the substrate, which is of the order of
1 μm. The relative area of the wetted substrate occupied by bubbles is initially very small. In our
experiments, shown in Fig. 4, the waiting time for bubble nucleation is approximately 1 ms and the
typical time for complete saturation of the wetted area by bubbles is 3 ms.

At the initial phase of drop spreading the temperature at the solid-liquid interface, called
the contact temperature, can be estimated considering the heat conduction in the substrate, heat
convection in the spreading drop, and the boundary conditions at the interfaces. In the absence of
evaporation these boundary conditions are described by the continuity of the temperature and of the
heat flux in the solid and liquid regions at the interface. The heat conduction in the solid substrate
occurs in a thermal boundary layer of thickness hw ∼ √

αwt , where αw is the thermal diffusivity of
the substrate material. In the liquid region the problem is determined by the viscous boundary layer
of thickness hνl ∼ √

νlt and the thermal boundary layer of thickness hl ∼ √
αlt , which is influenced

by the flow in the spreading drop. Here νl and αl are the kinematic viscosity and thermal diffusivity
of the liquid drop material, respectively. An exact solution of this problem can be found in Ref. [45].
The expressions for the contact temperature and for the heat flux density at the interface are obtained
in the form

Tc = I (Prl)ewT0 + elTl

I (Prl)ew + el

, (2)

q̇ = elew(T0 − Tl)

[el + I (Prl)ew]
√

π
√

t
, (3)

where Tl and T0 are the initial temperatures of the drop and of the substrate, Prl is the Prandtl number
for the drop liquid, el ≡ λl/α

1/2
l and ew ≡ λw/α

1/2
w are the corresponding thermal effusivities of the

liquid and the solid substrate, and λl and λw are their thermal conductivities, respectively.
Function I (Prl) of the Prandtl number can be approximated by fitting the solution in [45] by a

power function

I (Prl) ≈ 0.17 + 0.47Pr0.1
l , Prl < 100. (4)

It can be shown that in the limit Prl → ∞ the value of I (Prl) approaches unity, and the expression
for the contact temperature is reduced to the well-known form for the contact temperature of the two
solid semi-infinite bodies [46]:

Tc = ewT0 + elTl

ew + el

, (5)

q̇ = elew(T0 − Tl)

(el + ew)
√

π
√

t
. (6)
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FIG. 7. Sketch of a heated wall with vapor bubble and surrounding liquid.

Solution (2)–(3) has recently been validated by comparison with the numerical simulations [47].
The agreement is rather good. However, during nucleate boiling the waiting time for the inception of
the bubble growth is three orders of magnitude smaller than the drop evaporation time. The solution
(2)–(3) therefore has no significant influence on the final expression for the evaporation time.

B. Single bubble formation

Heterogeneous nucleation and bubble growth, associated with the pool boiling regime, has been
studied rather extensively. Two main regimes of the bubble growth are considered: inertia-dominated
growth and heat-transfer-controlled growth [44]. The bubble radius, after some waiting period,
expands as the square root of time

RB = βt1/2, (7)

where factor β is determined by the thermodynamic material properties and the initial temperatures
of the substrate and the liquid.

In many existing theoretical solutions for the bubble growth [48–50], the temperature of the wall
interface exposed to the bubble is assumed to be close to the saturation temperature Tsat. The reason
for this is in the existence of a thin evaporating liquid film on the wall. The existence of this wall film
is the only possible explanation of the fact that the bubble reaches sizes much larger than the thermal
boundary layer (the majority of the bubble surface is therefore located in the relatively cold region
of the drop). This liquid film beneath the bubble is formed by a process similar to dip coating [51,52]
and is usually referred to as evaporation microlayer. The wall temperature under the bubble only
slightly exceeds the saturation temperature, since the liquid film thickness is rather small. Outside
the bubble, near the interface, a relaxation microlayer is usually considered. A sketch of the vapor
bubble with surrounding liquid on the heated wall is schematically shown in Fig. 7.

The thickness of the evaporating layer [52] is determined by the thickness of the laminar boundary
layer

δl0 = 3.012

(
νl

β2

)
Pr−1/3

l RB. (8)

As soon as the wall film evaporates, temperature fluctuations are possible, which also immediately
influence the evolution of the bubble radius. At this stage a thin adsorbed film beneath the bubble is
assumed in Ref. [53], and the evaporation occurs mainly in the micro-region of an advancing contact

074301-7



JAN BREITENBACH, ILIA V. ROISMAN, AND CAMERON TROPEA

line. In this case the boundary condition at the interface beneath the bubble is the vanishing of the
heat flux in the area beneath the bubble.

In the model [43] the existence of the evaporating microlayer is completely neglected, and the
contact temperature is determined from the one-dimensional solution (5)–(6), associated with the
contact of two solid semi-infinite bodies.

In the present experiments the characteristic size of the bubbles in the drop are of order of 1 mm
already after 10 ms. At this time the thickness of the thermal boundary layer in the liquid

√
αlt is

approximately 40 μm. The bubble size is much larger than the thickness of the thermal boundary
layer. Therefore, bubble evaporation occurs only in the region in the close vicinity of the wall,
near the contact line and in a thin wall film. This means that the bubble growth is caused solely
by the evaporation in the evaporating microlayer. This conclusion is supported by the fact that the
predictions of the drop evaporation time based on the models [43,53] do not agree well with the
experimental data.

The value of the factor in the expression for the radius of the bubble (7) is β ∼ 10−3 m/s0.5,
which is estimated by fitting the radius evolution of the observed bubbles. Therefore, the estimated
thickness of the evaporating layer is δl0 ∼ 10−2RB . For the heat flux density q̇ ∼ 106 W m−1 K−1,
estimated in this study (see Fig. 12), and the average bubble radius 0.5 mm, for which δl0 ≈ 4 μm,
the temperature at the interface is approximately 7 K. A static microlayer of the thickness δl0 at
this heat flux evaporates in approximately 10 ms. This time is comparable with the observed bubble
growth time before its departure or collapse. Therefore, the evaporating layer exists during the entire
process of bubble growth.

C. Nucleate boiling in an impacting drop

Drop collision with the hot substrate initiates the start of heat transfer in the solid and liquid
regions. In the solid wall, heat is transferred by conduction. In the liquid region, heat conduction
is determined by the rather complicated flow in the drop during its spreading, influenced by the
expansion and motion of the vapor bubbles.

The overall energy balance of heat transfer from the evaporating sessile drop and the heat flux
from the substrate is given by

∫ tc

0
Ac(t)q̇(t) dt ≈ ρlL

∗ πd3
0

6
, (9)

where Ac is the contact area, q̇ is the heat flux density at the solid-liquid interface, d0 is the initial
drop diameter, ρl is the density of the liquid, and L∗ = L + �H0 is the sum of the latent heat
of evaporation L and the enthalpy difference �H0 between the initial drop and saturated liquid.
Equation (9) is based on the assumption that the energy goes entirely into drop evaporation. This
assumption is valid only for the cases of nucleate boiling, for which the relative mass of fine
secondary droplets, generated during drop boiling, is small. In the absence of drop rebound the
ejected mass ratio in the nucleate boiling regime, estimated in our experiments, is less than 10%.

At the first instant of drop contact a thermal boundary layer develops in the substrate. The
thickness of the thermal boundary layer is hw ∼ √

αwt , where αw is the thermal diffusivity of the
wall material. Since the thickness of the boundary layer is much smaller than the drop diameter, the
heat conduction in the substrate can be approximated by a one-dimensional model. The temperature at
the solid-liquid interface is not uniform. It is influenced by the appearance and growth of the bubbles
initiated by heterogeneous nucleation at the substrate surface. As mentioned in the Sec. III A, the
temperature of the wall beneath the bubble and at the substrate in the relaxation layer outside the
bubble is close to the saturation temperature Tsat, since it is determined by the liquid evaporation in
the thin evaporation microlayer.

Moreover, as seen in the exemplary bottom view of the boiling drop in Fig. 4, the relative area
of the bubbles on the substrate during the long phase of drop evaporation (at times larger than the
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FIG. 8. Sketch of the assumed temperature distribution within the solid material due to contact of the liquid
with the substrate. The solid-liquid interface is located at z = 0.

time of drop spreading, 9 ms) is rather high, above 90%. Therefore, as a rough approximation we
can assume a nearly uniform interface temperature Tsat of the substrate.

The geometry and the definition of the coordinate system are shown schematically in Fig. 8. At
t = 0 the liquid is placed in contact with a semi-infinite wall z > 0 at the initial temperature T0. The
heat conduction equation in the wall

∂Tw

∂t
− αw

∂2Tw

∂z2
= 0, (10)

has to be solved subject to the boundary conditions

Tw = Tsat at z = 0; Tw → T0 at z → ∞, (11)

where Tw(z,t) is the temperature in the wall region. The similarity solution of Eqs. (10)–(11) is well
known [45]:

Tw(z,t) = Tsat + (T0 − Tsat) erf

(
z

2
√

αwt

)
. (12)

The heat flux density at the solid-liquid interface can be expressed with the help of Eq. (12) as

q̇(t) ≡ λw

∂Tw

∂z

∣∣∣∣
z=0

= ew�Tw√
π

√
t
, (13)

where λw is the thermal conductivity of the wall material, ew is the thermal effusivity ew = √
λwρwcp,

and �Tw = T0 − Tsat is the overall temperature difference in the wall (see Fig. 8).
The contact area Ac(t) changes during drop spreading and receding. However, since the contact

time tc in the nucleate boiling regime is much longer than the observed impact time (timp ∼ d0/v0,
where v0 is the impact velocity), the contact area can be estimated in the form

Ac ≈ kwπd2
0 , (14)

where the coefficient kw is determined primarily by the surface structure and wettability. The
coefficient kw accounts also for the effective drop growth due to bubble expansion, for the mass loss
during atomization, and for some small deviation of the interface temperature from the saturation
temperature. This coefficient is of order unity and can be determined from the experiments in
Fig. 5(a). Substituting expressions (12), (13), and (14) in the energy balance equation (9) yields

tc = π

(
ρlL

∗d0

12kw ew�Tw

)2

. (15)
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FIG. 9. Dimensionless contact time of a water drop from this study and existing literature data [54–57] as a
function of the scaled wall temperature �, in comparison with the theoretical prediction [Eq. (17)]. The initial
drop diameter in the experiments ranges from 2.1 to 4.6 mm, and the wall materials are polished aluminum,
carbon steel, and stainless steel.

It is important to note that the obtained dependence tc ∼ �T −2
w is in good agreement with the

empirical correlation (1). Introducing the scaled wall temperature and dimensionless time in the
form

� = T0 − Tsat

Tsat − Tl

, τ = t

π

[
12 ew (Tsat − Tl)

ρlL∗d0

]2

(16)

allows the contact time to be given in dimensionless form:

τc = 1

k2
w �2

. (17)

The contact times from this study and those found in literature from Abu-Zaid [54], Buchmüller
[55], Itaru and Kunihide [56], and Tartarini et al. [57] are compared with the theoretical prediction
[Eq. (17)] in Figs. 9 and 10. The agreement is good for all the cases. For the data shown in Fig. 9 (for
the normal pressure conditions) the coefficient kw = 1.6 is determined by fitting to the experimental
data. This parameter is the same for all the substrates used in the experiments, since their wettability
properties are similar [58]. The observed contact angle is approximately 90 ◦. At this angle the
estimated value of the coefficient kw = 22/3 ≈ 1.58 is very close to the value obtained from the
experiments.

At the elevated pressure conditions shown in Fig. 10 the best fit to the experimental data from
Ref. [55] yields kw = 1.0. Some difference between the values of kw can be caused by the conditions
at the target surface (some sediments have been observed in the experiments [55]) and by the increase
of the contact angle with the ambient pressure [59], leading to the decrease of the contact area of
the drop. The corresponding dimensional contact times for the elevated pressure conditions are
additionally shown in Fig. 11 as a function of the overheated wall temperature �Tw = T0 − Tsat for
the same initial drop diameter.

With Eqs. (13) and (15) the time-averaged heat flux of the drop evaporation can be expressed as

〈q̇〉c = 24kw e2
w�T 2

w

ρlπL∗d0
. (18)
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FIG. 10. Dimensionless contact time of a water drop on aluminum surface at various ambient pressures
[55] as a function of the scaled wall temperature �, in comparison with the theoretical predictions [Eq. (17)].
The ambient pressure ranges from 5 to 25 bar.

Figure 12 shows the estimated time averaged heat flux for different surface temperatures and
impact parameters. This value is important for the development of a spray cooling model in the
nucleate boiling regime. In Fig. 12 the averaged heat flux is estimated as 〈q̇〉c = 1/tc

∫ tc
0 q̇ dt , where

q̇ is defined in (13), and the contact time tc is measured in the experiments for different impact
Reynolds numbers and surface temperatures. Additionally the theoretical predictions (18) are shown
to extend the range of the surface temperatures from 110 to 160 ◦C.

FIG. 11. Contact time of a water drop on a aluminum surface at various ambient pressures [55] as a function
of the overheated wall temperature �Tw for the same initial drop diameter. The ambient pressure ranges from
5 to 25 bar.
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FIG. 12. Time-averaged heat flux for different impact parameters, calculated using the measured contact
times. The theoretical prediction (18) is also shown for the substrate temperature range from 110 to 160 ◦C.

For the drop diameter used in the experiments, the average heat flux is in the range from 105

to 2 × 106 W/m2. In many cases these values are much larger than heat flux densities achieved by
steady sprays [29,60], because intensive sprays create a continuous water film, which reduces the
heat flux density significantly. The optimal spray for cooling purposes can be envisioned for the
condition that all the impacting drops have just enough time to evaporate on the wall before the next
drop arrives, i.e., all drops impact onto a dry substrate. This means that the wetted surface ratio,
πd2

0 tcṄ < 1, has to be of order unity. Here Ṅ is the spray number density. The optimum mass flux
density of the spray can thus be estimated from

ṁ ≈ ρld0

tc
. (19)

The optimum mass flux density ṁ of spray can be determined using the expression (17) for the
contact temperature in the nucleate boiling regime. However, practically, such optimal sprays can
be applied only over a finite temperature range, since the contact time tc depends on the substrate
temperature.
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