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Abstract

A model was previously presented to simulate the behaviour of an axisymmetric droplet impacting on a hot solid
surface in the film boiling region (D.J.E. Harvie, D.F. Fletcher, International Journal of Heat and Mass Transfer 44
(2001) 2633-2642). In this paper comparisons against experimental water and n-heptane droplet impacts are made
which validate the hydrodynamic and thermodynamic predictive capabilities of the model. Specifically, it is shown that
the hydrodynamic behaviour of impacting droplets is predicted accurately below a Weber number of approximately 30,
while above this level, at least the initial hydrodynamical aspects of an impact can be predicted. The model is found to
reproduce the thermodynamic behaviour of actual droplet impacts when no contact between the solid and liquid phases

occurs. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

This paper forms the second part of a two-part study
on film boiling droplet impacts. Part I of the series
presented a model capable of simulating such impacts
[1]. The model is composed of a volume of fluid (VOF)
algorithm used to simulate gross droplet deformation,
coupled to a one-dimensional algorithm used to simulate
fluid flow within the vapour layer existing between the
liquid and solid phases. The code which implements this
model is called ‘BOUNCE’.

The primary purpose of the present paper is to vali-
date the BOUNCE code in simulating both saturated
and subcooled film boiling droplet impacts. Subcooled
impacts are defined as impacts where the initial tem-
perature of the droplet is below the saturation tem-
perature of the liquid, whereas saturated impacts are
defined as those where the initial temperature of the
liquid is the saturation temperature of the liquid. A
secondary purpose of the paper is to examine the general
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behaviour of saturated and subcooled film boiling im-
pacts, especially with reference to the conditions existing
within the viscous vapour layer during these complex
multi-phase interactions. Note that the nature of sub-
cooled and saturated film boiling impacts is quite dif-
ferent — subcooled film boiling impacts are characterised
by significantly higher heat transfer rates than their
saturated counterparts.

The study by Wachters and Westerling [2] was one of
the first experimental investigations into the dynamics
and heat transfer during saturated film boiling droplet
impacts. In these experiments water droplets, having an
initial diameter of 2.3 mm, impacted on a polished gold
surface whose initial temperature was varied between
200°C and 400°C. Wachters and Westerling used a series
of high-speed photographs to record droplet impact
dynamics, and a heat loss analysis from the solid impact
material to measure the heat transfer characteristics of
the impacts.

Wachters and Westerling identified three different
dynamical regimes of droplet impact, defined in terms of
the non-dimensional Weber number,
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Nomenclature

droplet diameter (m)
e energy (J)
F volume of fluid (VOF) function
Kn Knudsen number

Tav radius for averaging (m)

R, surface roughness (m)

T temperature (K)

v normal droplet impact velocity (m/s)
We  Weber number

Va air volume fraction

Greek symbols

P droplet density (kg/m?)

o surface tension (N/m)

Subscripts

i initial

1 liquid

1l liquid side of liquid—vapour interface
I\% vapour side of liquid-vapour interface
] solid

ss solid side of solid—vapour interface
sV vapour side of solid—vapour interface
v vapour

At Weber numbers of less than 30, droplets impact
and expand over the surface, before recollecting and
rebounding as one discrete mass of fluid. For Weber
numbers between 30 and 80, droplets impact and expand
over the surface as the lower velocity droplets do, but
during the recollection and rebound stage, separate into
a number of smaller, or satellite, droplets. When drop-
lets impact the solid with a Weber number greater than
80, droplet disintegration is observed during the initial
expansion phase, and often only a small percentage of
the initial droplet volume recollects after the impact into
one major fluid body.

Wachters and Westerling also showed in their ex-
periments that film boiling impacts only occurred above
an initial solid temperature of 370°C, which is consid-
erably higher than the minimum steady-state film boiling
temperature for water, reported to be around 250°C
[3.4]. Also, the proportion of droplet liquid vaporised
during the impacts was always less than 1% of the total
droplet volume.

Another study to consider saturated film boiling
impacts was that by Groendes and Mesler [5]. In this
study, droplets having a large initial diameter of 4.7 mm
were impacted on a quartz surface whose initial tem-
perature was 462°C. The dynamics of droplet impinge-
ment were recorded using a series of high-speed
photographs, and the surface temperature of the solid
during the impact was measured using a platinum film
resistance thermometer.

The Groendes and Mesler experiments showed that
even with a low thermal diffusivity material such as
quartz, the temperature drop of the solid surface during
a droplet impact was only small, of the order of 20°C. It
was also shown that the temperature of the surface
during each impact was highly oscillatory, suggesting
that the height of vapour layer during an impact is also
oscillatory.

There are a far greater number of subcooled exper-
imental impact studies available than saturated impact
studies, however, few authors have appreciated the de-
pendence droplet subcooling has on impact behaviour.

Indeed, in most studies the initial temperature of the
liquid is not varied, and in some cases not even specified.

The experimental study by Inada et al. [6] was one of
the first to perform subcooled droplet impacts where the
degree of droplet subcooling was varied. In their study,
water droplets, having an initial diameter of 4 mm, im-
pacted on a polished copper surface, whose surface
temperature was measured using a series of thermo-
couples. It was found by Inada et al., that in the nu-
cleate, transition and film boiling regimes, a change in
initial droplet subcooling from 2°C to 88°C could in-
crease the heat transfer during an impact by over an
order of magnitude, and could also significantly change
the droplet impact dynamical behaviour.

The study performed by Qiao and Chandra [7] is
notable because while the initial liquid temperature was
held constant in these experiments, the tests were per-
formed using both water and n-heptane, and the initial
temperature of the stainless steel impact surface was
varied between 150°C and 320°C. An excellent series of
photographs was produced to record the droplet impact
dynamics, and the surface temperature of the impact
material was measured using a fine gauge thermocouple.
Some of these tests were performed in a low gravity
environment.

Qiao and Chandra have found that while transition,
or perhaps film boiling impacts occurred with n-heptane
above an initial solid temperature of approximately
200°C, similar impacts could not be replicated with
water, even when the initial temperature of the solid was
raised to the limit of the experimental equipment,
namely 320°C. This phenomenon was explained to be a
result of the different surface tension values between the
two liquids, which affects the ability of liquids to nu-
cleate at the solid interface. A similar series of experi-
ments, performed with only n-heptane, was conducted
by Chandra and Avedisian [§].

The experimental study by Chen and Hsu [9] was
motivated by the need to determine local heat transfer
rates during different boiling regimes. In this study,
subcooled water droplets impacted a low thermal diffu-
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sivity Inconel surface, whose initial temperature ranged
between 150°C and 550°C. Impact surface temperatures
were measured using a fine gauge surface mounted
thermocouple, and local heat transfer rates were calcu-
lated by the authors from these measurements. It was
found by Chen and Hsu [9] that heat transfer rates under
impacting subcooled droplets varied from approxi-
mately 1 x 10® W/m? during low temperature single
phase heat transfer impacts up to approximately
2 x 107 W/m? during nucleate boiling impacts with an
initial solid temperature of 500°C.

The study by Inada et al. [10] is unique in that the
authors were able to measure vapour layer thicknesses
beneath impinging water droplets. Using an expanded
laser beam, the resolution of their experimental tech-
nique allowed vapour layer heights greater than 2 pm to
be measured. Water droplets, having an initial diameter
of 2.3 mm and an impact Weber number within the
range 12-15, were impacted on a polished copper sur-
face whose initial temperature was varied between 180°C
and 500°C. Droplets having initial subcoolings of either
2°C or 88°C were used.

Inada et al. [10] have found that with the 88°C sub-
cooled droplets, no vapour layer was detectable in the
initial period of impact, irrespective of the initial solid
temperature employed. However, a vapour layer of
height less than 5 um was detected in the latter half of
the subcooled impacts when the initial solid temperature
was set above 420°C. They also found that for the nearly
saturated droplets, when the initial surface temperature
was above 220°C, a vapour layer was almost always
apparent, and that the height of this vapour layer was
generally larger and more oscillatory than the layers
under the subcooled droplets.

Other experimental subcooled droplet impact studies
have been performed by McGinnis and Holman [11],
Holman et al. [12], Pedersen [13], Seki et al. [14], Makino
and Michiyoshi [15], Xiong and Yuen [16] and Bernar-
din et al. [17] amongst others.

Validation of the BOUNCE model is accomplished
in this paper by comparing documented experimental
impacts, namely those presented in the Wachters and
Westerling [2], Groendes and Mesler [5] and Qiao and
Chandra [7] studies discussed above, against simulations
of the same impacts. This is accomplished first for sat-
urated impacts, followed by subcooled impacts.

2. Saturated film boiling droplet impacts

In this section, three individual saturated droplet
impacts are used to validate the BOUNCE code. The
first two impacts are used to validate the hydrodynamic
ability of BOUNCE in simulating a saturated impact,
while the third impact examines the thermodynamic
ability of BOUNCE in simulating a saturated impact.

2.1. The Wachters and Westerling We =15 impact

Fig. 1(a) shows a droplet impact presented in
Wachters and Westerling [2], and Fig. 1(b) shows the
BOUNCE simulation of the same impact. The Weber
number for this impact was 15, corresponding to an
impact velocity of 0.63 m/s for the 2.3 mm diameter
droplet. The initial solid surface temperature used in all
the Wachters and Westerling experiments considered in
this study was 400°C.

The BOUNCE simulation shown in Fig. 1(b) was
performed using 50x140 square cells over a computa-
tional domain of 0-2.5 mm radially and —0.1-6.9 mm
vertically. The code took approximately 13,000 itera-
tions to simulate 18 ms of impact, giving an average
computational timestep of 1.4 ps. Such a small timestep
is a result of the inherently stiff nature of the physical
problem.

The droplet images shown in Fig. 1(b) were generated
by plotting the VOF contour line, F = 0.5. As the com-
putation was performed in two-dimensional cylindrical
coordinates, each contour plot was reflected around the
axis of the droplet to produce the cross-sectional images
displayed in the figure. The computational images were
generated at times which approximately correspond to
the times of the experimental images.

Comparing the simulated and experimental images
of Fig. 1, it is evident that BOUNCE predicts the
dynamic behaviour of the droplet well. The first four
frames, that is up to 1 ms, show that upon impact, a
wave of water at the bottom surface of the droplet
moves radially outward from the centre. The crest of
this wave is very close to the solid, but with increasing
distance from the centre, moves slightly upward. Due to
reflection of light off the outer surface of the photo-
graphed droplet, it is not possible to directly compare
the behaviour of the droplet base within the vapour
layer. However, consistent with the simulation, photo-
graphs do show that the vapour layer height is very
small at the extremity of the layer.

The next five frames, from 1.5 to 3.5 ms, show the
droplet spreading out over the surface. By this stage, the
thickness of the vapour layer has increased to a visible
level in the computational images, however, the resolu-
tion of the photographed impact does not allow vali-
dation of this behaviour.

There appears to be a distinctive central feature
within the droplet shown in photograph nine (3.85 ms)
of the experimental impact. It is not clear from the
photograph whether this feature is a hump of fluid or a
void region within the droplet. The computational image
at approximately the same time shows a hump of fluid
which is less pronounced than the feature shown in the
experimental impact.

The last seven frames, from 5 ms onwards, show the
droplet recollecting as it is pushed away from the



2646 D.J.E. Harvie, D.F. Fletcher | International Journal of Heat and Mass Transfer 44 (2001) 2643-2659

oo o

I‘ i—= E Iﬁ iy T

(a) experiment

0.045 ms 0.345 ms 0.651 ms 0.945 ms
LN L o o
1.547 ms 1.844 ms 2.445 ms 3.045 ms
ceoslloollco |l O

3.946 ms 5.145 ms 6.045 ms 7.244 ms
8.445 ms 9.945 ms 12.044 ms 14.745 ms

(b) simulation

Fig. 1. The We = 15 impact performed by Wachters and Westerling. Frame (a) shows the experimental photographs (taken from [2]),
while frame (b) shows the simulation results. The initial diameter of the droplet was 2.3 mm.

surface. During this period the vapour layer geometry
and vapour layer height change quickly and substan-
tially, but it is not possible to validate this behaviour
from the photographed images of Fig. 1(a). BOUNCE
predicts the droplet recoil process well, particularly the
dumb-bell shape shown in the final photograph and
computational frame.

A small void area, or bubble, is shown in frames 13
and 14 of the computational images. This void region
was formed at approximately 6.7 ms, when a small
vapour layer region at the centreline of the droplet was
enclosed in the liquid. Although the resolution of the
photographic images is not as high as the resolution of
the computational images, bubble formation is not ob-
served in the experimental impact during the droplet
recollecting process.

Void regions within fluid volumes can be formed by
VOF codes when a channel of void within a fluid region
becomes narrower than the computational cell dimen-
sions. In such instances, the discrete nature of the VOF
function can act to sever the channel of void, effectively
creating bubbles inside the fluid volume. Surface tension
forces re-enforce this phenomenon by combining small
void regions into larger void regions or bubbles. Thus,
when bubbles, which have dimensions of the order of the
computational cell size are formed in computations,
their existence must be treated with caution. The bubble
shown in Fig. 1(b) is of a similar size than the compu-

tational cell dimensions, so its presence may not be re-
alistic.

Computations were continued past the last exper-
imental photograph shown in Fig. 1(b) for a further
3 ms. These showed that the dumb-bell shape shown at
14.7 ms reforms into one oscillating droplet within a few
milliseconds.

It should be noted that as the photographs shown in
Fig. 1(a) are a record of a single droplet impact rather
than an average of how many such similar droplets
would behave. Thus, caution should be exercised when
comparing the finer details of the two results.

Fig. 2 shows the maximum height and radius of the
droplet during both the simulated and experimental
impacts. The correlation between the two results is
generally good, the BOUNCE model accurately pre-
dicting the oscillation period and overall behaviour of
the experimental droplet.

The height of the droplet during the recollecting
period is underpredicted in the simulations by approxi-
mately 1 mm. This underprediction is consistent with
differences between the photographic and computational
images of Fig. 1, which show that the experimental
droplet generally has a smaller mid-height radius than
the computational droplet during the recoil period, and
consequently, a larger axial height.

The minimum height of the vapour layer during the
Wachters and Westerling We = 15 impact was calculated
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Fig. 2. The maximum droplet radius and height during the
Wachters and Westerling We = 15 impact. Symbols indicate
experimental values measured from the photographs of Fig. 1,
the continuous lines the results from the BOUNCE simulation.
The error-bars attached to the symbols indicate the accuracy of
the experimental measurements.

by BOUNCE as approximately 3 pm, however, the
minimum height averaged over the duration of the im-
pact was closer to 20 um [18]. These figures compare
favourably with the heights measured by Inada et al. [10]
for a 2°C subcooled droplet impacting on a 420°C copper
surface with a similar impact Weber number. Encour-
agingly, both the experimental and simulated data show
that the height of the vapour layer prior to recollection
and rebound from the surface was highly oscillatory.

The maximum local Knudsen number calculated
during this impact was 0.04. This level of the local
Knudsen number implies that the effective slip velocity
at either the liquid-vapour interface or solid-vapour
interface was approximately 20% of the average vapour
velocity within the vapour layer at the measuring loca-
tion. Thus, the effect of the kinetic theory momentum
treatment used in the vapour layer model was significant
during this impact.

The gold impact material used in the experiments was
highly polished. According to Boundy [19], such a sur-
face would typically have a roughness amplitude of
approximately 25 nm, which is considerably less than
the minimum vapour layer height experienced during the
impact. Also, a Rayleigh-Taylor instability analysis
conducted on the lower surface of the droplet indicated
that undulations of the liquid surface during the impact
would be insignificant [18]. For these reasons it is ex-
pected that no direct liquid-solid contact occurred
during the Wachters and Westerling We = 15 impact.

2.2. The Wachters and Westerling We =74 impact

The second droplet dynamics experiment presented
in Wachters and Westerling [2] was performed using

identical conditions to the first, except that the impact
velocity of the droplet was increased to 1.41 m/s, giving a
Weber number for the impact of 74. Fig. 3(a) shows the
photographs by Wachters and Westerling of this impact,
and Fig. 3(b) the BOUNCE simulation.

A comparison of the experimental and computa-
tional images shows that the initial stages of the We = 74
impact are predicted well by BOUNCE. From 0.4 to 1.3
ms, the experimental photographs show a jet of liquid
spreading across the surface of the solid, emanating
from the droplet solid impact region. The BOUNCE
simulation predicts this behaviour accurately, in partic-
ular the rounding of the advancing edge of the jet by
surface tension forces, and the slight upward movement
of the jet evident between 0.9 and 1.4 ms.

At 2.2 ms, the BOUNCE simulation predicts that the
leading edge of the liquid jet separates from the main
bulk of the droplet, forming a toroid of liquid with a
small cross-sectional diameter. The resolution of the
experimental images precludes validation of such sep-
aration, so it is not possible to ascertain whether this
behaviour is physical. However, experimental images do
show that the height of the droplet around the circum-
ference is not uniform. The geometry of the top surface
of the main droplet volume is predicted accurately at
this time.

From approximately 3-6 ms, the BOUNCE simula-
tions show the droplet separating into several more
toroids of liquid, which spread radially outward over the
computational domain. During the same period the ex-
perimental images show the liquid mass oscillating in a
comparatively more random, asymmetrical manner. The
difference between the two results can be attributed to
the coordinate system in which the computations are
performed.

The asymmetrical oscillations shown during the
experimental impact involve a significant amount of
surface, internal kinetic and external kinetic energy.
These oscillations cannot be represented using the two-
dimensional coordinate system employed by BOUNCE,
as simulated fluid variables can only vary in the radial
and axial directions. Instead, during the simulated
impact, toroids of fluid are ejected at the circumference
of the droplet, and these toroids, which are not physi-
cally realistic entities, expand until a sufficient amount of
internal and external kinetic energy of the droplet has
been converted to potential surface energy.

Beyond 6 ms, the correlation between the exper-
imental and computational impacts continues to de-
teriorate. The experimental droplet recollects during this
period, forming a small diameter elongated droplet and
a much smaller ejected droplet by the last frame of the
experimental figure. The simulated droplet on the other
hand remains as several separate masses of fluid, the
outer toroids of fluid not being given sufficient time to
return to the centre of the computational domain and
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Fig. 3. The We = 74 impact performed by Wachters and Westerling. Frame (a) shows the experimental photographs (taken from [2]),
while frame (b) shows the simulation results. The initial diameter of the droplet was 2.3 mm.

reform into one mass. It is clear that the BOUNCE
simulation is only applicable in the initial impact and
spreading phase of this impingement.

The Wachters and Westerling impact simulations
presented here, along with higher velocity simulations
presented in Harvie [18], demonstrate that at Weber
numbers of less than 30, BOUNCE is able to predict the
impact, spreading and rebound phases of droplet impact
behaviour. At Weber numbers between 30 and 80,
BOUNCE predicts the important impact and spreading
phases, but fails to reproduce the disintegration and
subsequent re-formation of such impacts because of the
two-dimensional coordinate system that is employed. At
Weber numbers higher than 80, BOUNCE is only able
to predict the initial impact behaviour of the main fluid
body of each droplet.

2.3. The Groendes and Mesler impact

In this section we again compare the hydrodynamic
behaviour of a simulated and experimental impact, but
also compare the solid surface temperatures measured
during the impact against the same temperatures calcu-
lated by BOUNCE. This provides a more direct vali-
dation of the viscous vapour layer model, and the
thermodynamic ability of BOUNCE to simulate a sat-
urated film boiling impingement. The experiment used

to make this comparison is taken from the study by
Groendes and Mesler [5], already discussed in Section 1.

Fig. 4(a) shows photographs of the actual Groendes
and Mesler droplet impact, while Fig. 4(b) shows the
equivalent BOUNCE simulation. This impact was per-
formed on a low thermal diffusivity quartz impact ma-
terial, initially heated to 462°C. The Weber number was
68.

The hydrodynamic behaviour of the Groendes and
Mesler impact, and the simulation of the impact, share
similarities with the Wachters and Westerling We = 74
example considered in the previous section. The first five
frames of both the experimental and simulated images
show the droplet impacting with, and spreading over,
the solid surface. The correlation between the images is
good here, with the BOUNCE simulation accurately
predicting the behaviour of the jet formed at the inter-
section between the liquid and solid materials. The
BOUNCE simulation shows that at approximately 5.3
ms, the centre of the underside of the droplet moves
towards the solid for a second time during the im-
pingement. This initiates a secondary wave along the
underside of the droplet, which moves from the axis of
the computational region radially outwards.

By 8.3 ms, the droplet has almost reached the max-
imum radius of the impact, and the simulation shows
that the thickness of the liquid sheet is small, especially
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Fig. 4. The Groendes and Mesler water droplet impact. Frame (a) shows the experimental photographs (taken from [5]), while frame
(b) shows the simulation results. The initial diameter of the droplet was 4.7 mm.

near the perimeter of the droplet. The photographic
image at the same time supports the simulated image
qualitatively, although the resolution of the experimen-
tal image is not high enough to determine the geometry
of the droplet within the outer perimeter region, and the
experimental droplet is starting to show small asym-
metrical variations in thickness.

From 13 ms and onwards, the Groendes and Mesler
droplet behaves in a similar fashion to the We =74
Wachters and Westerling impact, having begun to os-
cillate in an asymmetrical manner. The images from the
simulated impact show that the simulated droplet has
broken into a large number of non-physical concentric
toroids, which have spread a large distance from the
centre of the impact region. This behaviour, as was
previously discussed, is due to the two-dimensional co-
ordinate system used by BOUNCE.

Although not shown in Fig. 4, at times beyond 20 ms,
the correlation between the experimental and simulated
impact continues to deteriorate [18]. By approximately
30 ms, the experimental results show that the actual
droplet reforms, and begins to slowly move away from

the solid surface. However, only a proportion of the
simulated droplet reforms by 30 ms, the remainder re-
siding in the vicinity of the solid in the form of several
large diameter toroids.

Fig. 5 shows the solid surface temperatures measured
during the Groendes and Mesler impact, and Fig. 6(a)
the vapour layer interface temperatures calculated dur-
ing simulation of the same impact.

The correlation between the solid surface tempera-
tures shown in Figs. 5 and 6(a) over the first 15 ms of the
impact is good. The BOUNCE simulation predicts the
form and magnitude of the initial temperature decrease
accurately. This decrease corresponds to the underside
of the droplet first interacting with the solid surface.

At approximately 5.5 ms, the solid surface tempera-
tures in both the computational and experimental results
again decrease. The temperature drop shown in the ex-
perimental results confirms the prediction that the un-
derside of the droplet moves towards the solid surface
twice during the initial impact and spreading of the
droplet over the solid surface. The form of the tem-
perature decrease in the experimental results is less
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Fig. 5. The solid surface temperature measured beneath the
Groendes and Mesler subcooled water droplet impact (taken
from [5]).

severe than the decrease shown in the computational
results, probably because either the experimental tem-
perature represents an average over the large surface
measurement region beneath the droplet, or the axis of
the droplet is not positioned directly over the area of the
thermocouple. Note that the computational temperature
represents the temperature at the centreline of the
droplet.

At approximately 15 ms from the initial impact, the
experimental and simulated solid surface temperatures
both begin a series of fairly rapid oscillations, as the
centre of the underside of the droplet oscillates towards
and away from the solid surface [18]. Despite the
droplets differing in geometrical form at these times, the
solid surface temperatures are reasonably well predicted.
The minimum temperature of the solid measured from
the experiment was approximately 443°C during this
period, while the simulation predicted approximately
444°C.

The experimental results of Fig. 5 show that the
centre of the underside of the droplet leaves the vicinity
of the solid surface at approximately 27 ms, while the
simulated impact predicts the same behaviour at ap-
proximately 33 ms. It is interesting that the non-physical
formation of separate toroids of fluid in the simulated
results did not substantially affect the behaviour of the
solid surface temperature at the centre of the computa-
tional domain.

The correlation between the experimental and com-
putational solid surface temperatures discussed above
suggests that BOUNCE is correctly calculating the en-
ergy fluxes at the solid—vapour and liquid-vapour in-
terfaces during this saturated film boiling impact.

Fig. 6(a) also shows vapour layer centreline temper-
atures at both the liquid—vapour and solid—vapour in-
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Fig. 6. Vapour layer interface temperatures (a) and total energy
transported (b) during the simulated Groendes and Mesler
impact. The temperatures are located below the axis of the
droplet, and are measured relative to the saturation tempera-
ture of water at atmospheric pressure. In frame (b) the total
energy conducted into the body of the droplet during the im-
pact is represented by egwop, the total energy consumed by
vaporisation of liquid by ey, and the total energy transferred
across the vapour layer by ejuyer.

terfaces, as well as the liquid temperature at the same
location, calculated during the Groendes and Mesler
impact simulation. The temperature of the liquid and
vapour at the liquid—vapour interface remains within a
few degrees of the saturation value at all times. The
several peaks in these variables coincide with the droplet
approaching the solid surface. The temperature discon-
tinuities at the liquid-vapour and solid-vapour inter-
faces are small in comparison with the temperature
difference between the liquid and solid phases. Conse-
quently, they have only a minor effect on the calculated
heat transfer rates across the vapour layer during this
impact.
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Finally, Fig. 6(b) shows itemised total energy transfer
amounts occurring during the Groendes and Mesler
impact. As indicated, the energy that is conducted into
the droplet fluid during the impact is negligible, the
majority of energy crossing the vapour layer going into
vaporising liquid. The amount of energy extracted from
the solid continues to rise at times after 50 ms from
impact, as in the simulation, a toroid of fluid remains
within the vicinity of the solid long after the main body
of fluid has departed.

The energy lost by the solid at the actual time of
droplet rebound, approximately 40 ms, is approximately
0.24 J, which represents the latent heat of vaporisation
of only 0.18% of the droplet volume. Such a low pro-
portion of droplet volume vaporised is consistent with
the saturated impact measurements of Wachters and
Westerling [2], and indicates the low efficiency, in terms
of heat extracted from the solid surface, of saturated film
boiling droplet impacts.

3. Subcooled film boiling droplet impacts
3.1. Hydrodynamic behaviour

To validate the ability of BOUNCE to reproduce the
hydrodynamic behaviour of subcooled impacts, a sim-
ulation was performed of a low gravity n-heptane impact
presented in Qiao and Chandra [7]. Fig. 7(c) shows the
experimental impact, while Fig. 7(d) shows the simula-
tion. In both cases, the temperature of the solid surface
was initially 210°C, the diameter of the droplet was 1.5
mm and the Weber number for the impact was 32. The
fluid was initially at room temperature, giving a droplet
subcooling of approximately 75 K. The computations
were performed using 60 x 210 square mesh cells over a
computational domain of 0-1.8 mm radially, and
—0.06-6.24 mm axially. The 16 ms of simulation re-
quired approximately 12,200 iterations, giving an aver-
age timestep of approximately 1.3 ps.

A comparison of the experimental and simulated
images indicates that BOUNCE simulates the hydro-
dynamics of the low gravity n-heptane impact well. Until
approximately 3 ms, the computational and exper-
imental images show that BOUNCE predicts the for-
mation and expansion of a jet at the interface between
the solid and liquid phases, and replicates the rounding
of this jet by surface tension forces. The slight upward
movement of the lower surface of the jet at times beyond
1 ms is also predicted accurately by the code.

While the computational and experimental images
generally correlate well during the impact and spreading
period, the correlation between the first experimental
image and the corresponding computational image is
less satisfactory. The label adjacent to the first exper-
imental image indicates that the image was taken 0.2 ms

after the droplet impacted the solid surface. During this
0.2 ms, the top of the droplet would have travelled ap-
proximately 0.16 mm towards the solid surface, or
roughly one tenth of the initial height of the droplet.
Examination of the experimental photograph in Fig.
7(c) shows that at the indicated 0.2 ms, the top of the
droplet has advanced further than one tenth of the initial
height of the droplet towards the solid surface. This
suggests that the first experimental image actually rep-
resents the droplet position at a time significantly after
0.2 ms from initial impact, rather than as indicated in
the figure.

At 4 ms, the experimental images show that only a
thin layer of fluid exists at the axis of the droplet, and
the majority of the fluid is contained within a large flat
toroid. BOUNCE predicts this behaviour accurately, in
particular the downward ‘crimping’ of the central thin
sheet at the inner radius of the toroid.

Over the next few milliseconds, the droplet recollects
and rebounds from the surface. At 6.6 ms, the exper-
imental images show that the droplet has formed a
rough ‘witch’s hat’ shape, and by 13.6 ms, the droplet is
in the form of a triple dumb-bell shape and has left the
surface. BOUNCE predicts this behaviour well, in par-
ticular the rounding of the top of the droplet at 6.6 ms
by surface tension forces, and the unusual form shown
in the last experimental frame.

3.2. Thermodynamic behaviour

3.2.1. Vapour layer interface temperatures

To validate the ability of BOUNCE to predict the
thermodynamic behaviour of subcooled droplet im-
pacts, the surface temperatures measured during an ac-
tual impact are compared against those calculated
during a simulated impact. The experimental impact is
again taken from Qiao and Chandra [7]. The exper-
imental conditions are the same as those used in the
impact shown in Fig. 7(c), except that the initial surface
temperature has been increased to 300°C.

The solid line in Fig. 8 shows the centreline vapour
layer interface temperatures calculated by BOUNCE
during the 300°C impact. During the first 2 ms of the
impact, this temperature decreases rapidly as the droplet
impacts and deforms across the surface of the solid.
Such a rapid temperature decrease is due to the small
central vapour layer height existing during this period,
which allows a large heat transfer rate from the solid
within the central region.

After 2 ms, the vapour layer height at the centre of the
impact region increases as the droplet spreads over the
surface of the solid. This reduces the heat transfer rate
from the central solid region, in turn causing the central
solid surface temperature to stabilise. By the end of the
first expansion period, the central surface temperature
is approximately 5 K below the initial temperature.
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Fig. 7. Three low gravity experimental n-heptane impacts conducted at different initial solid temperatures (a)—(c), and one simulation
(d). Case (a) refers to the 178°C impact, case (b) to the 190°C impact and case (c) to the 210°C impact (taken from Qiao and Chandra
[7]). Case (d) is a simulation of the 210°C case (c) impact. The initial diameter of these droplets was 1.5 mm.

After 5 ms, the droplet begins to recollect and re-
bound from the surface. As this process occurs, the
centre of the droplet is again forced towards the solid,
and as a result, the solid temperature at the axis of the
droplet decreases sharply. In the period between 5 and 9
ms, the central solid surface temperature drops a further
11 K. After 9 ms, the droplet leaves the vicinity of the
solid surface, and the surface temperature at the axis of
the droplet gradually increases as heat diffuses from
within the body of the solid towards the surface.

The centreline vapour temperature at the solid-
vapour interface is also shown in Fig. 8. As shown, the
temperature discontinuity occurring at the solid—vapour

interface is most significant when the heat transfer rate
from the solid is high. However, as for the saturated
impacts discussed previously in this study, the magni-
tude of the temperature discontinuity across the solid—
vapour interface is at all times an order of magnitude
smaller than the temperature difference across the
vapour layer, so consequently, the effect of this discon-
tinuity on the heat transfer calculation is not significant.

Fig. 8 also shows the centreline temperatures at the
liquid—vapour interface of the droplet. After the droplet
impacts the solid, the temperature of the liquid quickly
increases from the initial ambient value, as heat is con-
ducted into the body of the droplet. At approximately
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Fig. 8. Temperatures at the liquid—vapour and solid—vapour
interfaces calculated during the low gravity Qian and Chandra
impact. Temperatures shown in this figure are measured relative
to the saturation temperature of n-heptane at atmospheric
pressure.

9 ms, the impact process is completed and the droplet
begins to move away from the solid. From this point
onwards the temperature of the liquid decreases, as-
ymptotically approaching the ambient temperature of
the surroundings. The temperature discontinuity occur-
ring across the liquid—vapour interface is at all times
small in comparison with the temperature difference
across the vapour layer.

The maximum central solid surface temperature de-
crease calculated during the simulated Qiao and Chan-
dra impact was approximately 15.7 K. This value does
not compare well with the experimental results presented
in Qiao and Chandra [7], where the maximum tem-
perature decrease found during actual impacts on a
300°C surface was approximately 6.9 K. The poor cor-
relation probably results from a difference in tempera-
ture measurement methods used in the experimental and
simulated impacts.

The temperature measurements were made in the
experimental impacts using a flush mounted commer-
cially available thermocouple. However, it is not entirely
clear over what area beneath the droplet the thermo-
couple measured the solid temperature, or how precisely
the centre of the droplet impacted the centre of the re-
gion in which the solid temperature was measured.

To allow comparison between the simulated and ex-
perimental results, four temperature drop curves are
shown in Fig. 9. Each curve represents the average solid
temperature within a circle on the surface of the solid, of
radius r,,, and concentric with the axis of the droplet.
Thus, each curve shown in Fig. 9 is calculated using an
average temperature over a finite area of the solid sur-
face.

The first curve shown in Fig. 9 was calculated using a
circle of radius r,, = 0.03 mm. This curve approximately

-10

12 F

r,=0.03mm

a
- - == r,=030mm

a

-4 T r, =0.60 mm

Average temperature change over area of solid surface [K]

S I I I I I L]

!
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Time from projected impact [ms]

Fig. 9. The solid surface temperature drop under a low gravity
n-heptane impact. The four curves shown represent tempera-
tures averaged over a circle of radius r,, on the surface of the
solid, concentric with the axis of the droplet.

represents the solid surface temperature drop at the axis
of the droplet, and uses the same data as used for the
solid surface temperature curve of Fig. 8. The remaining
three curves were calculated using circles having radii of
0.3, 0.6 and 0.9. The initial radius of the droplet in this
simulation was 0.75 mm.

The results of Fig. 9 show that as the area over
which the solid surface temperature is measured is in-
creased, the magnitude of the temperature drop during
the recollection and rebound phase of the impact de-
creases. As discussed above, during the recollection
phase of the impact, the centre of the droplet is forced
towards the solid, which increases heat transfer rates
within this region. Consequently, the solid surface
temperature at the axis of the droplet decreases signif-
icantly during this phase, while the solid surface tem-
peratures in regions away from the axis tend to increase
slightly. As a result, the larger the area over which the
solid surface temperature is measured, the lesser the
impact the central temperature drop has on the average
value, and the smaller the average temperature drop is
during the recollection phase of the droplet impact.
Interestingly, the solid surface temperature drop during
the initial impact and expansion phase of the simulation
is only weakly affected by the area over which it is
averaged.

Comparing the experimental maximum solid tem-
perature drop of 6.9 K and the simulated results shown
in Fig. 9, the best correlation between the two occurs
when the simulated temperature is averaged over a circle
of radius r,, = 0.6 mm. This appears to be a physically
credible dimension for the thermocouple used in the
Qiao and Chandra experiments, and consequently, the
difference in solid surface temperature drops between
the experimental and computational impacts can be
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satisfactorily explained by the effect of area averaging
due to the finite thermocouple dimensions.

3.2.2. Vapour layer composition and thermal energy
transfer

The centreline vapour layer air volume fraction
during the same 300°C n-heptane impact is shown in
Fig. 10(a). During the initial expansion stage of the
impact, the air volume fraction decreases rapidly as
liquid vaporises at the underside of the droplet and the
height of the vapour layer decreases. At around 5 ms
from initial impact, the air volume fraction displays
some large oscillations, a result of the oscillatory and
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Fig. 10. Vapour layer composition (a) and total energy trans-
ported (b) during the simulated low gravity Qiao and Chandra
impact with the initial solid temperature of 300°C. In case (b),
the total energy conducted into the body of the droplet during
the impact is represented by egrop, the total energy consumed by
vaporisation of liquid by ey,,, and the total energy transported
across the vapour layer by ejuyer.

small height of the vapour layer during this short period.
When the impact process has been completed and the
droplet begins to move away from the surface, the air
volume fraction rapidly increases again as vapour mix-
ture from the surrounding atmosphere is drawn into the
region beneath the recoiling droplet.

Fig. 10(b) shows the total energy transported across
the vapour layer during the same 300°C low gravity n-
heptane impact. The total amount of energy lost by the
solid during this impact is approximately 0.019 J, the
majority of this having been used to heat the liquid
contained within the droplet. The total droplet volume
vaporised during this impact was only 0.05% of the
initial volume. The maximum calculated heat transfer
rate from the solid at the axis of the droplet during this
impact was approximately 2.0 x 10 W/m?.

3.3. Saturated and subcooled impacts

It is interesting to compare the behaviour of the
saturated droplet impacts presented in Section 2 with
the subcooled impact presented here. After the initial
impact, the underside of a saturated droplet moves
sharply upward, creating a ‘dome’ of vapour under the
axis of the droplet. In the subcooled impact however,
the underside of the droplet remains close to the solid
surface after the initial impact, so that the height of
the vapour layer appears to be smaller and more
uniform than for the saturated impacts. The difference
in behaviour can be explained in terms of an energy
balance at the lower liquid—vapour interface of the
droplet.

When a saturated droplet moves towards a solid
surface, pressures generated in excess of atmospheric
allow the temperature of the lower surface of the droplet
to increase above the ambient saturation temperature.
After the initial impact however, the vapour layer
pressure decreases, as the pressure required to sustain
the lower droplet surface above the solid is less than was
required to decelerate the droplet during the impact. As
the pressure decreases, the temperature of the lower
surface of the droplet must also decrease. To facilitate
this energy loss, the liquid is vaporised, and the lower
surface of the droplet is forced away from the solid,
creating the visible ‘dome’ of vapour beneath the drop-
let.

When a subcooled droplet moves towards a solid
surface, the same processes occur until the vapour layer
pressure which decelerates the droplet starts to decrease.
At this stage, during a subcooled impact, heat can be
conducted into the body of the liquid to decrease the
lower droplet surface temperature, rather than being
used to vaporise liquid. Consequently, the lower surface
of a subcooled droplet is able to stay closer to the solid,
and the vapour layer height appears to be smaller and
less oscillatory with time.
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Note that it is for these same reasons that the liquid
and solid interface temperatures do not show the same
degree of oscillation under a subcooled impact than are
displayed during a saturated impact.

3.4. Droplet impact boiling regimes

The continuous curve of Fig. 11 shows the relation-
ship between the maximum solid surface temperature
decrease during experimental n-heptane impacts, and the
initial temperature of the solid. The curve has been re-
produced from the study by Qiao and Chandra [7], and
is applicable to both low gravity and normal gravity
impacts conducted with an initial Weber number of 32.

Fig. 11 shows that the maximum solid temperature
drop during the experimental impacts peaks within an
initial solid temperature range of 160-200°C. In the
initial temperature range of 200-230°C, the temperature
drop decreases sharply with increasing initial tempera-
ture, but this decrease gradually relaxes as the initial
solid temperature approaches 300°C.

Fig. 11 also shows solid surface temperature drops
calculated by BOUNCE for low gravity n-heptane sim-
ulations performed with initial solid surface tempera-
tures of 300°C, 250°C, 200°C, and 150°C. Each
temperature drop was calculated using surface tem-
peratures averaged over a circle of radius r,, = 0.6 mm,
and the remaining aspects of each computation were the
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Fig. 11. The maximum solid surface temperature drop occur-
ring during n-heptane impacts as a function of the initial tem-
perature of the solid. The continuous curve is taken directly
from Qiao and Chandra [7], and is valid for both low gravity
and normal gravity impacts with an initial Weber number of 32.
The points indicate results predicted by BOUNCE.

same as used for the low gravity n-heptane impact
shown in Fig. 7(d).

A comparison between the experimental and simu-
lated results of Fig. 11 shows that at the initial surface
temperature of either 250°C or 300°C, the correlation
between the simulated and experimental results is rea-
sonable, but at initial solid temperatures of 200°C and
below, the correlation is poor. Interpolating the simu-
lated data between 200°C and 250°C suggests that the
initial solid temperature of 230°C approximately marks
the temperature boundary between impacts that
BOUNCE simulates thermodynamically, and those it
does not.

That BOUNCE simulates the temperature drop oc-
curring during the 300°C impact is not remarkable. The
radius over which the simulated temperature drop was
averaged was determined to correlate the experimental
and computational data at this temperature. However,
that BOUNCE reasonably predicts the solid surface
temperature drop down to an initial solid temperature of
approximately 230°C suggests that impacts occurring
above this temperature are film boiling impacts, as
BOUNCE is a purely film boiling code. At temperatures
below 230°C BOUNCE is not able to predict the ther-
modynamic behaviour of the droplet, because impacts
occurring below this initial solid temperature are either
transition or nucleate boiling impacts.

As well as showing the impacts that were examined in
Section 3.1, Fig. 7 also shows experimental impacts that
were conducted with initial surface temperatures below
200°C. It is clear from these images that in these cases
vapour bubbles are forming at the liquid-solid interface,
and nucleate boiling is occurring. During nucleate
boiling impacts the heat transfer rates experienced at the
surface of the solid are far higher than the heat transfer
rates experienced during film boiling impacts, because
prolonged contact between the liquid and solid phases
occurs. Consequently, the experimental temperature
drops measured below 200°C are much higher than
those predicted by the film boiling BOUNCE code.

As impacts occurring over the initial solid tempera-
ture of 230°C are film boiling impacts, and impacts oc-
curring below the initial solid temperature of 200°C are
nucleate boiling impacts, we can assume that impacts
occurring in the temperature range of 200°C to 230°C
are transition boiling impacts. During transition boiling
impacts, direct solid-liquid contact occurs, but only for
a short duration.

The simulation shown in Fig. 7(d) was performed
using an initial solid temperature of 210°C, so as a
consequence, this impact was actually a transition boil-
ing impact. Thus, while BOUNCE is not able to predict
the thermodynamics of such impacts, it is able to sim-
ulate the hydrodynamics of transition boiling impacts.
BOUNCE is predicting the hydrodynamic behaviour
of transition boiling impacts because the duration of
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contact between the solid and liquid phases is much
shorter than the timescale of gross droplet deformation.
Thus, the short contacts do not affect the hydrody-
namics of the droplet. BOUNCE is not predicting the
thermodynamics of transition boiling impacts because
the amount of energy transferred between the solid and
liquid phases when contact occurs is large, even if as in
this case, the duration of each contact is small.

3.5. Vapour layer destabilisation

BOUNCE is a film boiling code, and as such, no
direct contact between the solid and liquid phases is
modelled. Consequently, it is not surprising that
BOUNCE is not able to model the thermodynamics of
transition boiling impacts, or the thermodynamics and
hydrodynamics of nucleate boiling impacts.

Determining possible reasons why BOUNCE does
not predict the occurrence of solid-liquid contact during
these lower temperature impacts is interesting however,
for it gives us insight into possible mechanisms for ac-
tual impact vapour layer collapse, and also suggests
possible development directions for BOUNCE and
other two phase heat transfer codes.

With these objectives in mind, three assumptions that
were used in the development of the vapour layer code
are now examined to determine the relevance each has
on vapour layer destabilisation.

3.5.1. Surface roughness or contamination

In the development of the vapour layer algorithm, it
was assumed that the surface of the solid was perfectly
smooth. If however, the impact surface has undulations
which have sizes comparable with the thickness of the
vapour layer, then solid spikes may protrude into the
liquid phase, promoting locally high heat transfer
rates, and thus invalidating calculated vaporisation
velocities.

A surface which has been finely honed and polished,
such as the surface used in the Qiao and Chandra [7]
experiments, typically has a surface roughness value of
R, =~ 25 nm [19]. This measurement represents an aver-
age roughness amplitude, so the amplitude of the max-
imum undulations on such a surface may be as high as
0.1 um [18].

A BOUNCE n-heptane impact simulation was per-
formed using an initial solid surface temperature of
200°C, this being a solid temperature which is expected
to cause vapour layer destabilisation. All other aspects
of the simulation were the same as used for the impact
shown in Fig. 7(d).

The minimum vapour layer height during the simu-
lated 200°C impact was approximately 0.7 um, and this
minimum occurred during the initial stages of the im-
pact. Although this height is an order of magnitude less
than the height experienced during the saturated droplet

impacts of Section 2, the undulations in the impact
surface discussed above are not of this magnitude, so it
is unlikely that ‘spikes’ of solid are protruding through
the height of the vapour layer and contacting the liquid
phase.

However, it is possible that dust or other foreign
particles residing on the impact surface could traverse
the 0.7 um minimum vapour layer height. The exper-
imentalists took many precautions to preclude the
presence of foreign particles from the impact surface,
however, it is suspected that eliminating sub-micron
particles from the impact surface may be difficult.
Consequently, no definite conclusions as to the effect
of possible surface contaminations on vapour layer
destabilisation can be drawn, except that it is recognised
that their presence may aid vapour layer collapse.

3.5.2. Vapour layer molecular slip flow

The maximum Knudsen numbers predicted by
BOUNCE beneath four low gravity n-heptane impacts
are shown in Fig. 12. The Knudsen number is here de-
fined as the ratio of the average molecular free path of
the vapour mixture within the vapour layer to the height
of the vapour layer. Each curve uses a different initial
solid surface temperature, varying from 300°C down to
150°C. All other aspects of these computations are as
used in the simulation shown in Fig. 7(d).

Fig. 12 shows that the maximum calculated Knudsen
number within the vapour layer during the initial stages
of each impact increases as the temperature of the solid
surface decreases. At the lowest possible initial solid
temperature before vapour layer collapse occurs, that is
approximately 230°C, the maximum initial Knudsen
number would be approximately 0.05.
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Fig. 12. The maximum Knudsen numbers beneath four simu-
lated low gravity n-heptane impacts as a function of time.
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The Knudsen numbers shown in Fig. 12 are deter-
mined using a two-dimensional coordinate system, and
as such, represent the maximum of the average Knudsen
numbers evaluated at each radial location. In reality
however, the underside of a droplet may show small
variations in vapour layer height as one rotates around
the axis of the droplet. Thus, the actual maximum
Knudsen numbers within the layer may be larger than
those shown.

Also, the surface roughness discussion of the pre-
vious section indicated that at the limit of applicability
of the BOUNCE code, surface undulations may be only
an order of magnitude smaller than the calculated
minimum vapour layer heights. Thus, the presence of
surface undulations may also cause the calculated
maximum Knudsen numbers to be underpredicted by
BOUNCE.

The assumption utilised in the formulation of the
vapour layer model was that the fluid flow beneath the
droplet was in the molecular slip regime [1]. This means
that the continuum fluid assumption is used within the
body of the vapour layer, but that a molecular slip
treatment is included at the interfaces of the vapour
layer. It has been estimated that this regime is valid
below a Knudsen number of 0.1, however, this number
represents an order of magnitude limit rather than a
precise figure [20].

Therefore, as the maximum Knudsen number within
the vapour layer during the 230°C n-heptane impacts is
at least 0.05, and as the slip molecular flow regime is
valid only below a Knudsen number of the order of 0.1,
a reason that the BOUNCE results are not applicable
below 230°C may be that the continuum fluid assump-
tion used within the vapour layer is no longer valid in
these impacts. It is interesting to note that the Knudsen
number of 0.05 was never exceeded in the saturated
water impact simulations considered in Section 2 of this
study.

The experimental results presented by Knudsen [21,
pp. 21-25] show that once a gas flow moves beyond the
slip flow regime and into the free molecule flow regime,
the effective viscosity of the gas may reduce substan-
tially. In the present application this reduction in effec-
tive viscosity may lead to a reduction of pressure
beneath the droplet, and a subsequent collapse of the
vapour layer.

3.5.3. Rayleigh—-Taylor instabilities

An assumption that was implicitly used in the for-
mulation of the vapour layer model was that the lower
surface of the droplet was smooth, in comparison with
the height of the vapour layer. This assumption may not
be valid however, when the height of the vapour layer is
very small, and the lower surface of the droplet is being
accelerated upward. Under such conditions, Rayleigh—
Taylor instabilities may develop at the lower surface of

the droplet [22], causing ripples to form at the liquid—
vapour interface. These ripples may result in a direct
contact between the solid and liquid.

A classical Rayleigh-Taylor analysis was performed
to find the minimum acceleration that the lower surface
of the droplet must experience before surface instabili-
ties may grow [18]. For a typical n-heptane impact, this
minimum was found to be 1.3 x 10° m/s>. Calculations
performed on the low gravity n-heptane impact of Fig.
7(d) conservatively showed that the maximum acceler-
ation experienced by the underside of the droplet was
less than 10° m/s? at all times. Thus, it may be concluded
that Rayleigh-Taylor instabilities are not responsible for
initiating vapour layer collapse.

The above discussion has highlighted the main as-
sumptions used by BOUNCE that may become invalid
when collapse of the n-heptane vapour layer is immi-
nent. It was found that it is unlikely that solid surface
roughness or liquid surface Rayleigh-Taylor instabilities
are important factors when predicting such vapour layer
collapse.

What did appear to be important in predicting such
behaviour was the correct modelling of the gas flow re-
gime within the vapour layer. In order to correctly
predict vapour layer collapse and thus transition boiling
impacts, a transition or rarefied gas molecular flow
analysis within the vapour layer may be required. It has
also been recognised that contamination of the impact
surfaces in the examined n-heptane impacts may have
promoted vapour layer collapse, another factor not
considered in the BOUNCE simulations.

Note that the behaviour of a droplet once any direct
contact between the solid and liquid phases has occurred
is beyond the scope of this study. For discussion on this
topic, refer to Qiao and Chandra [7].

3.6. Subcooled water impacts

While only subcooled n-heptane impacts have been
presented in this study, the simulation of subcooled
water impacts using the BOUNCE code has been pre-
viously attempted by Harvie [18]. Unfortunately, it was
found that BOUNCE was unable to reproduce the
thermodynamic behaviour of any of the available ex-
perimental subcooled water impacts.

It was shown by Harvie [I8] that the reason
BOUNCE is unable to predict any of the available sig-
nificantly subcooled water droplet experiments is be-
cause for all cases available, vapour layer collapse
appears to occur during the impact process. The primary
assumption that invalidates the BOUNCE results when
vapour layer collapse is imminent is the assumption of a
molecular slip flow regime existing within the vapour
layer. Note that the n-heptane molecule, which has the
chemical form CH;3(CH,);CHj;, has a larger molecular
collision volume than the water molecule, and as a
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consequence, at the same temperature and pressure, the
molecular free path of n-heptane is much smaller than
that of water. This results in substantially different
Knudsen numbers occurring during similar n-heptane
and water droplet impact simulations.

It was also recognised by Harvie [18] that surface
contaminations, which are not modelled by BOUNCE,
may also contribute to vapour layer destabilisation
during subcooled water droplet impacts.

4. Conclusions

The BOUNCE film boiling impact code has been
validated using a number of experimental droplet impact
studies. The code is successful in predicting the hydro-
dynamic behaviour of the impact, spreading and re-
bound phases of film boiling impacts when the Weber
number for the impingement is below 30. At Weber
numbers between 30 and 80, BOUNCE is able to predict
the impact and spreading phases of the process, but is
unable to predict the complex rebound behaviour of the
droplet. At Weber numbers above 80, BOUNCE pre-
dicts the initial impact behaviour of the main body of
droplet fluid, but fails to reproduce the rapid disinte-
gration that occurs in such high velocity impacts. Defi-
ciencies displayed by BOUNCE in reproducing the
hydrodynamical aspects of the higher velocity impacts
are shown to be a result of the two dimensional coor-
dinate system employed by the algorithm.

The thermodynamic validity of the BOUNCE code
has been examined by comparing documented solid
surface temperature measurements made during various
experimental impacts against surface temperatures cal-
culated during simulations of the same impacts.
BOUNCE has reproduced the solid surface tempera-
tures reasonably well below both saturated water
droplets and subcooled n-heptane droplets, however, the
thermodynamic simulation of significantly subcooled
film boiling water droplets has not been validated be-
cause experimental results for such impacts do not ap-
pear to be presently available [18].

In order to determine the limit of applicability of the
BOUNCE model, an examination of the conditions
within the viscous vapour layer prior to vapour layer
collapse has been conducted. It was found that as-
sumptions used by BOUNCE regarding impact surface
roughness and liquid surface instabilities are unlikely to
affect droplet behaviour prior to vapour layer collapse.
It was found to be more likely that the BOUNCE results
are inapplicable just prior to vapour layer collapse be-
cause the flow regime within the vapour layer is no
longer in the molecular slip regime, an assumption used
in the development of the model. It is also recognised
that surface contaminations, a factor not considered by
the model, may also affect vapour layer stability.
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