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Disk impact on a boiling liquid: Dynamics of the entrapped vapor pocket
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Upon the impact of a flat disk on a boiling liquid, i.e., a liquid that is in thermal
equilibrium with its own vapor, a thin vapor layer is entrapped under the disk. Due to
the tendency of vapor to undergo phase change under pressure variation upon impact, the
dynamics of this entrapped vapor pocket are different from those of a noncondensable
air pocket. In this work, we experimentally investigate the dynamics of the entrapped
vapor pocket, more specifically its time evolution and its subsequent influence on the
hydrodynamic loads at different equilibrium ambient temperatures and impact velocities.
We find that the retraction of the vapor pocket at high ambient temperature and small
impact velocity is slow, occurring from the disk edge, and driven by the dynamic pressure
pLUZ . In contrast, at lower ambient temperatures and large impact velocities, after a short
initial stage, the vapor pocket will collapse rapidly due to condensation. This scenario
is confirmed by conducting experiments where, by heating the disk, the vapor pocket
collapse is observed to slow down. We attribute this to the vaporization of liquid near
the three-phase contact line region that frustrates the condensation process and reduces the
impact pressure on the disk. The violent collapse of the vapor pocket may impart additional
instantaneous momentum, but the overall pressure and force impulses are still found to be
closely associated with the liquid added mass. Finally, we found that at a high tilt angle
of the disk, the three-phase contact line movement over the disk surface may hinder the
proper entrapment and compression of the vapor pocket, which results in a lower central
impact pressure as rapid condensation at the central disk region does not occur.

DOI: 10.1103/x5wp-x61

I. INTRODUCTION

The role of the interstitial medium during solid-liquid or liquid-liquid impact is often crucial
as it influences the overall dynamics of the impact process. Here, the most investigated interstitial
medium is air, a noncondensable gas. The air phase reduces the maximum dynamic loads during
solid-to-liquid impact [1,2], degrades the printing quality during inkjet printing [3] and produces
the sound we hear from a dripping tap [4]. In particular, the dynamics of the air layer entrapped
during solid-liquid impact has been investigated extensively since the early experimental studies on
the air cushioning effect [1,5]. The volume of entrapped air, which is determined by the geometry
of the impacting body, is of key interest as it directly influences the resulting hydrodynamic loads
on the impacting body. A recent study showed that a slightly convex nose that entraps a thinner
layer of air as compared to a flat-bottom body results in a higher peak impact load [6]. The wetting
of the liquid or the retraction of the air layer is also widely investigated, especially in the case of
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a wedge or a cone [7,8], for their role on the pressure distribution on the impacting body resulting
from Wagner’s theory [9]. The viscosity and surface tension of the liquid are found to influence
the retraction rate of the entrapped air upon impact [10]. In general, entrapping air is effective in
mitigating the maximum load on the impacting body because the loading duration will be prolonged.
Due to the cushioning effect of the noncondensable air, for impact at moderate impact velocity
O(1) m/s one does not necessarily need to account for the liquid compressibility. However, in the
case of a boiling liquid, i.e., a liquid that is in thermal equilibrium with its own vapor, the interstitial
medium consists of vapor instead of noncondensable air. Vapor, being condensible, may undergo a
sudden phase change upon impact, frustrating the cushioning effect as the vapor disappears rapidly.
Consequently, liquid compressibility will come into play and influence the impact dynamics.

While an air bubble existing in a liquid bulk usually simply deforms and ruptures into smaller
bubbles upon compression [11,12], a vapor bubble within a liquid may implode [13,14], where it
rapidly contracts and depending on the geometry, may form a self-piercing jet upon compression.
This so-called cavitation process and the subsequent implosion of the vapor bubble is known to
induce shock waves [15] which may cause different type and degree of local damage to surrounding
objects, depending on the boundary conditions [16,17]. Impact events involving entrapped vapor
are typically encountered in a cryogenic fuel transportation tank containing, e.g., liquid hydrogen
(LH2) or liquid natural gas (LNG), where the liquefied gaseous fuel experiences sloshing during
transportation [18]. Since in such a system the liquid can be assumed to be in equilibrium with
its own vapor (at some temperature and corresponding vapor pressure, where the latter is typically
atmospheric), we name it a boiling liquid, for short. Due to its relevance to cryogenic fuel trans-
portation, some recent studies have been carried out on a large wave-impact scale to investigate
the influence of phase change on the sloshing dynamics [19-21]. Reported results are however
sometimes rather contradictory and less conclusive on the effect of phase change on the impact
loads. Sloshing occurs over a wide range of length scales [19]; therefore, to understand the global
dynamics, it will require a fundamental understanding of the boiling liquid impact process, starting
from the small length scale, which is knowledge that is currently largely missing.

In this work, we study the impact of a horizontal circular flat disk onto a boiling liquid, where
we focus on the evolution of the vapor pocket entrapped under the disk upon impact and how its
behavior influences the solid-liquid interaction, and subsequently results in different hydrodynamics
loads. We explore the effect of the ambient temperature of the system, the impact velocity, the tem-
perature and the tilting angle of the disk through a series of experiments in a temperature-controlled
sealed chamber.

The paper is organized as follows: In Sec. II, we give an overview of the experimental setup
and the measurement technique. Section III describes the preimpact process that results in the
entrapment of the vapor pocket. Subsequently, Sec. IV focuses on the postimpact dynamics of
the vapor pocket, including the sometimes rapid evolution of the vapor pocket during the early
stage of impact and the resulting hydrodynamics loading exerted on the disk and in the liquid
bulk. Section V explores the effect of vaporization on the vapor pocket by heating the disk and
shows that vaporization of liquid at the contact line can counteract the rapid collapse of the vapor
pocket. Finally, in Sec. VI, we look into the influence of the tilting angle of the disk on the vapor
pocket behavior and the impact loadings, before proceeding to conclude our work and to provide
some perspective on how understanding of boiling liquid impact can offer new insights into the
century-old problem of solid-liquid impact in Sec. VII.

II. EXPERIMENTAL SET-UP

As depicted in Fig. 1, a boiling liquid system where the liquid is in thermal equilibrium with
its own vapor is established in a 30 x 30 x 30 cm?® vacuum-sealed chamber. The procedure to
realize the boiling liquid system is as follows: The system is first evacuated with a vacuum
pump and flushed with nitrogen gas twice before the working liquid Novec 7000 (C4F;0OH3) is
released into the system, vaporizing and filling the chamber until a liquid height H; ~ 0.175m is

100505-2



DISK IMPACT ON A BOILING LIQUID: DYNAMICS OF ...

Linear motor
N, inlet/ To vacuum pump

Novec 7000
vapour

Load cell

Pressure sensors

Heating pads and sensor

(To PID controller) —,. Temperature-controlled

chamber
Diffusion panel

N y
L/
%; %; %; / Novec 7000 .
Panel High speed camera
light Hydrophone

FIG. 1. Schematic of the experimental setup.

reached. A circular flat steel disk (RVS 316) of radius Ry = 0.040 m and thickness d = 0.0050 m
is connected to a linear motor (Dunkermotoren, STB2506S) via a rod and impacted vertically
onto the liquid bulk at different impact velocities Uy ranging from 0.5 m/s to 2.0 m/s. The
ambient temperature 7; in the system is varied from ~ 11.5°C to ~24.5°C, which corresponds
to a saturation pressure ranging from pyo &~ 420 to &~ 740 mbar. Note that the saturation pres-
sure reached in our system is always higher than the reference saturation pressure reported
in Ref. [22] by approximately 50 mbar, most likely due to the presence of dissolved air in
the liquid.

To measure the hydrodynamic loads during impact, two Kistler pressure sensors (Type 601C)
are flush-mounted at the disk center and near the disk edge to record the local impact pressure
at an acquisition rate of 200 kHz. In addition, a load cell (FUTEK, LRF350) with a maximum
tension/compression loading capacity of £ 890 N is used together with an analog amplifier
with current output (FUTEK, IAA2000) to measure the impact load exerted on the entire disk
surface at 20 kHz. The load cell is installed along the rod that connects the disk with the
linear motor. A hydrophone (RESON, TC4013) with a frequency range of 1 Hz to 170 kHz
and a receiving sensitivity of —211dB £ 3 dB re 1V/uPa is placed about 0.04 m under the
free liquid surface and 0.12 m from the center of the disk to measure the pressure changes
in the liquid bulk. The pressure signal from the hydrophone is recorded at a 1 MHz sampling
frequency by a DAQ device (National Instrument, USB-4432). For synchronization, the digital
signals from the pressure sensors and the load cell are also sent to the DAQ device. A heating
system comprising two 31 mm x 19.1 mm polyimide heating pads (Thermo Tech, 14.4W) and
a PT100 sensor, controlled by a PID control system, is used to regulate the temperature of the
impacting disk. The self-adhesive heating pads and the PT100 sensor are attached to the back of
the disk. With good thermal conductivity of steel and sufficient heating time between experiments,
the temperature on the impacting surface is assumed to be the same as that measured at the back of
the disk.

The total internal reflection (TIR) technique described in Ref. [23] is utilized to quantify the
surface deformation before the impact and to visualize the dynamics of the entrapped vapor pocket
under the disk upon impact. The impact process is viewed at an angle of &~ 23 ° with the free liquid
surface, using a high-speed camera (Photron Nova 16) imaging at 30k, 40k, or 48k fps and a light
illuminating from the opposite side of the camera. A reference grid pattern is placed over the
diffusion panel above the light, and the pattern is reflected by the free liquid surface toward the
camera. As the disk approaches the free liquid surface, the deformation of the liquid surface causes
the reflected pattern to distort. Based on this distortion, the deformation of the liquid surface prior
to impact can be quantified using the method formulated in Ref. [23]. When the disk is in contact
with the liquid surface, the reflection of the liquid surface is obstructed and the wetted area appears
black in the recorded images.
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FIG. 2. (a) Cross-section of the temporal deformation of the free liquid surface before the impact of a
Ry = 0.040 m circular flat disk at (i) Ty ~ 24.5°C and Uy = 2.0 m/s and (ii) Ty ~ 11.5°C and U, = 1.0 and
2.0 m/s. The vertical dashed lines denote the location of the disk edge and t is defined as the time before
impact, where T = 0 is the moment at which the disk makes initial contact with the deformed surface around the
disk edge. The initial thickness of the entrapped vapor pocket 4 is taken as the difference between h(r = Ry)
and h(r = 0) at T = 0.033 ms. (b) Plot of the initial thickness of the entrapped vapor pocket /i, against the
density ratio between the vapor and liquid p,/p.. The black solid line shows the direct proportionality of
ho with Ro(pvo/pL), where A = 2.1 is a fitted prefactor based on the experimental data. Meanwhile, the red
dashed line /iy ~ Ry(p.0/p01)"*"? represents the dependence of 4, on the density ratio at 1™ = 0.9998 predicted
by the integration of Eq. (5.6) in Ref. [27]. The light blue diamond marker at p,o/p; = 1.2 x 10? is the initial
thickness of an entrapped air pocket under a Ry = 0.040 m flat disk before impacting toward a water bath at
Uy = 1.0 m/s, taken from Ref. [23].

III. ENTRAPMENT OF A VAPOR POCKET UNDER THE DISK

Before exploring the dynamics of the entrapped vapor pocket upon impact, we first determine
and explain how the vapor pocket is actually formed. Due to the deformation of the free liquid
surface prior to impact, a thin layer of vapor, known as the vapor pocket hereafter, is entrapped
under the impacting disk upon impact. Similar to the air layer trapped when a liquid droplet impacts
onto a solid substrate or into a liquid pool, as the vapor between the disk and the liquid surface
is being squeezed out by the descending disk, local pressure build-up causes the liquid surface to
depress [24]. In the meantime, the liquid surface around the disk edge is elevated due to rapid exiting
gas flow which induces the growth of Kelvin-Helmholtz instability under the disk edge [25,26].
Therefore, the initial contact between the disk and the liquid surface occurs near the disk perimeter
upon impact, resulting in the entrapment of a vapor pocket.

A. Free surface deformation prior to impact

With the TIR technique discussed in Sec. II and detailed in Ref. [23], the free surface before
impact is reconstructed. The cross-section of the temporal evolution of the free liquid surface at
two selected ambient temperatures (7o ~ 11.5°C and 24.5 °C) and impact velocities (Uy = 1.0 and
2.0 m/s) are shown in Fig. 2(a). Here, 7 is the amount of time remaining before impact, where
t = 0 is the moment when the disk makes initial contact with the deformed surface around the disk
edge. As seen in Fig. 2(a), the depression of the liquid surface under the disk center (» = Om) first
increases with time and saturates at around T = 1 ms for all three cases, consistent with what is
observed in air [27,28]. However, the saturation depth of the depression at 7y & 24.5 °C is observed
to be larger as compared to that at 7y ~ 11.5 °C. At a similar time as that when the saturation depth is
reached, around the disk edge an instability is seen to start growing significantly which is connected
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to the increase of the exit gas velocity with the descent of the disk [25,29]. Comparing Figs. 2(a(i))
and 2(a(ii)), the saturation depth appears to vary with the change in ambient temperature, but is less
influenced by the change in impact velocity [Fig. 2(a(ii))]. The strong dependence of the saturation
depth on the ambient temperature is further highlighted in Fig. 2(b), which will be discussed in
further detail below.

Summarizing the above discussion, the initial thickness of the entrapped vapor pocket hy can
be estimated from the maximum deformation of the liquid surface at T = 0.033 ms, one frame
before impact. It is taken as the difference between the maximum height of the elevated surface
at the disk edge h(r = Ry) and the minimum depth of the depressed liquid surface h(r = 0), as
indicated by the red arrow in Fig. 2(a(i)). Figure 2(b) shows the initial thickness of entrapped vapor
pocket hy (i.e., the maximum surface deformation) plotted against the density ratio between the
vapor and liquid pyo/pr for different ambient temperatures, where the latter is computed based
on the thermal properties of Novec 7000 provided in Refs. [30,31]. The density ratio between the
vapor and liquid increases with the ambient temperature due to higher ambient saturated vapor
pressure, which corresponds to a higher vapor density. The liquid density also decreases slightly
with increasing ambient temperature, but this is a minor effect. It can be observed that the thickness
of the vapor pocket increases from ~ 200 um to ~ 320 um with an increasing density ratio between
the vapor and the liquid from 2.3 x 1072 to 3.9 x 10~3. However, the thickness of the vapor pocket
hy varies only slightly (with <35 um deviation) at a fixed density ratio, despite the impact velocity
being changed fourfold from 0.5 to 2.0 m/s.

In potential flow, dimensional analysis provides that at a fixed distance H of the disk to the
undisturbed fluid, the liquid interface deformation is only a function of the density ratio, i.e.,
hyo/Ro = f(H/Ro, pvo/pr)- Assuming that the maximum deformation is found for the same H/Ry,
one would therefore expect that hy/Ry = f(pvo/pr). Since the impulse exerted on the liquid
interface is proportional to py, one is tempted to try a proportionality, hy/Ry = Apyvo/pL. The
initial thickness of the vapor pocket Ay follows this proportional dependence on the density ratio
reasonably well with a best-fitted prefactor A = 2.1 as shown as the black solid line in Fig. 2(b). A
more advanced analysis is found in Ref. [27], where again under the potential flow assumption, the
deformation of the liquid surface under an impacting circular flat disk is studied, and a differential
equation for the vertical deformation of the liquid surface is obtained. The time evolution of the
vertical displacement of the liquid surface & can be obtained by integrating Eq. (5.6) in Ref. [27]
numerically, with the nondimensional time after impact ¢ defined in Ref. [27] corresponding to
h=1- ‘L'U()/RQ.

By taking i at " = 0.9998, the integration results in o ~ Ro(pv0/pr)"%7?, which is plotted as the
red dashed line in Fig. 2(b), agreeing well with current experimental data. Good agreement between
experimental results and theoretical analysis based on potential flow suggests that the deformation
of the free liquid surface during boiling liquid impact is mainly an inertial effect, where vapor
viscosity and capillary effects are less influential, at least for the parameter range studied in this
work. Phase change does not appear to play a role in the preimpact dynamics. Note that, although
overall there is little variation in Ay, at small impact velocities, especially at Uy = 0.5 m/s, the initial
thickness of the vapor pocket A tends to be slightly thinner for all density ratios, which could be due
to the effect of surface tension trying to restore the deformed surface for these low impact velocities
[24,32]. Finally, we have added a data point for the thickness &, measured for an equally sized disk
impacting on water in air, at the air-water density ratio pyo/pr = 1.2 X 1073 taken from Ref. [23],
which matches with the scaling law found for Novec 7000.

IV. POSTIMPACT DYNAMICS OF THE ENTRAPPED VAPOR POCKET
A. General experimental observations

Now that we have studied the formation of the vapor cavity prior to impact, we turn to its
dynamics just after the impact. Referring to Fig. 3(a), where the impacting disk first makes contact
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FIG. 3. (a) Six (reaspected) snapshots of the evolution of the entrapped vapor pocket at (i) Uy = 1.0 m/s
and (ii) Uy = 2.0 m/s at T ~ 16.5°C. The time 7 is the time after impact t normalized by the inertial time scale
t; = Ry /Uy, where f = 0 is the moment at which the disk edge first contacted the deformed liquid surface. The
scale bar indicates a length of 20 mm. (b) The maximum expansion speed U, .x of the wetted area from the
central disk region for selected 7 and U, where the entrapped vapor pocket collapses. The inset shows a phase
diagram where red circular markers indicate that the vapor pocket is observed to collapse at the central region in
the experiment for the corresponding ambient temperature 7, and impact velocity Uy, while the cross markers
indicate cases where no collapse at the central region was registered. The black dashed line indicates the speed
of sound Ciqyyng . in liquid Novec 7000 at different temperatures from Ref. [30]. (c) Plot of the effective radius
R, of the vapor pocket against time after impact ¢. Here, symbols indicate the different impact velocities and
colors the different ambient temperatures (see legend).

with the deformed liquid surface at 7 = tUy/Ry = 0 (equivalent to 7 = 0), the disk touches the
liquid surface from one edge (from the top in these example cases) due to a small but unavoidable
tilt of the disk. For the results discussed in this section, the tilting angle of the impacting disk « is
almost constant at 0.25 & 0.05°. This degree of tilting has only a minor influence on the collapse
behavior of the vapor pocket and it does not transform into the type of impact described in Ref. [33],
where the three-phase contact line moves across the impacting surface. The effect of tilting will be
discussed in more detail in Sec. VI.

As the disk further descends, all the edges are wetted evenly and the three-phase contact line,
indicated by the circular red dashed lines, retracts inward toward the disk center. This accurately
describes the series of events for Uy = 1.0 m/s in Fig. 3(a(i)), but for the higher impact velocity
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Uy = 2.0 m/s of Fig. 3(a(ii)), there is an additional phenomenon, where the vapor pocket is
seen to collapse, initiating solid-liquid contact at the central region of the disk at 7 = 0.0167 and
subsequently expanding rapidly outward toward the disk edge, as highlighted by the shaded area
at 7 = 0.02. We found that such collapse behavior of the vapor pocket that is observed at high
impact velocities and low ambient temperature is induced by the condensation of the vapor pocket
[34]. A greater compression at high impact velocity together with a smaller vapor density and a
smaller initial thickness % at low ambient temperature cause the vapor to condense more quickly,
accelerating the contraction of the vapor pocket. The dynamics of the entrapped vapor pocket upon
impact can be quantified by the expansion of the wetted area at the central disk region and the
retraction of the three-phase contact line as discussed in the following sections.

B. Expansion speed of the wetted area

The collapse of the vapor pocket from the central disk region during boiling impact at low
ambient temperature and high impact velocity is quantified by tracing the evolution of the wetted
area A, [shaded region in Fig. 3(a(ii)), f = 0.02] with time. By approximating the wetted area
as circular, an effective radius is defined as R, = +/A, /m from which the expansion speed is
approximated as U, = AR,,/At, where AR, = R, ;11 — Ry and At = t;;| — t;, with i being the
frame number. Figure 3(b) shows the maximum expansion speed U, max plotted against the ambient
temperature T for selected high-impact velocities where the vapor pocket collapses (see inset for
the cases that collapse or do not). The maximum expansion speed is usually measured within the
first three frames (< 0.1 ms) after the vapor pocket starts to collapse. At Uy = 2.0 m/s, when
the ambient temperature decreases, the maximum expansion velocity (AR, = Ry, iy1 — Ry ;) 18
seen to increase. Keeping the temperature constant at the lowest attainable value 7y ~ 11.5°C,
the maximum expansion velocity decreases when the impact velocity decreases. At high impact
velocity and low ambient temperature, the expansion speed can exceed the speed of sound Csound.z
in liquid Novec 7000, where the latter is shown as the black dashed line in the plot.

C. Overall retraction of vapor pocket

Similar to the previous subsection, the overall retraction of the vapor pocket can be quantified
by tracing the movement of the three-phase contact line of the vapor pocket. For a noncollapsing
vapor pocket as in Fig. 3(a(i)), the effective radius R is essentially the temporal radius of the
circle indicated by the red dashed line. When the vapor pocket collapses from the central disk
region as in the case of Fig. 3(a(ii)), the effective radius of the remaining vapor pocket is estimated
by deducting the wetted area A,, from the area A bounded by the circular red dashed line, i.e.,
A—A, = nRgff. In Fig. 3(c), we show the effective radius of the vapor pocket as a function of time
for several representative ambient temperatures (colors) and impact velocities (symbols). For the
noncollapsing cases, we stop tracing when the radius starts to remain more or less constant. The
plot for all ambient temperatures and impact velocities can be found in the Supplemental Material
[35]. It was observed that, for the same impact velocity at different ambient temperatures, the initial
retraction stage begins at a similar rate but deviates at a later stage, especially for the lowest ambient
temperature (7Ty ~ 11.5°C). As expected, rapid retraction occurs at high impact velocity due to the
collapse of the vapor pocket from the central disk region.

Typically, for disk impact on a liquid at low impact velocity (Uy < 0.2 m/s) [8,28] or for liquid
droplet impact on a solid substrate [2,10], the retraction of the entrapped air between the solid and
liquid is described as a balance between liquid inertia and surface tension, which is a Taylor-Culick
type retraction. However, in our experiment, due to the low surface tension of Novec 7000 (0.0124
N/m) and comparatively high impact velocity (Uy > 0.5 m/s), the retraction of the vapor pocket is
expected to be driven by the pressure, similar to a Rayleigh collapse. Approximating the entrapped
vapor pocket as a spherical cap with a base radius Ry and height &, the volume of the spherical cap
is Vegp = érrho(3R(2J + hg). With this, we compute the equivalent radius Requiv Of the vapor pocket
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FIG. 4. Normalized radius Req/Re; of the entrapped vapor pocket against normalized time ?/f, for
selected representative ambient temperatures and impact velocities from Fig. 3(c). The radius of the vapor
pocket R is normalized by its initial radius R.s; while the time after impact ¢ is normalized by the Rayleigh
collapse time 7. (see text). The black solid line is the solution of the Eq. (2). The data for different ambient
temperatures and impact velocity collapse well at the initial stage of the retraction.

assuming its volume to be spherical as

1
Requiv = ] 5ho(3RG + 1) (1)

Assuming the internal pressure of the sphere (and thus the vapor pocket) to be zero, the time of
collapse fconapse t0 a given fraction of its original radius R as derived in Ref. [36] is

e [ B
Teollapse = 2P /,3 (1— ﬂ?’)l/zdﬂ 2)

where R is the initial radius of the sphere, B = R/Ry and P is typically the pressure at infinity,
which can be taken as the driving pressure in our case. The time required for total collapse of the
vapor pocket . from Ry = Requiy t0 R = 0 can be obtained as

fie = 0.915Requiv /%. 3)

Considering the driving pressure from the impact, we take P ~ p U and normalize the plot of Ref
against ¢ from Fig. 3(c) with the initial radius of the vapor pocket R.s; and #, respectively. The
result is found in Fig. 4, where, again we only present a subset of the data, but the normalized plot
for all T and Uj covered in the experiment can be found in the Supplemental Material [35]. The full
solution of Eq. (2) can be obtained by numerical integration and is plotted in Fig. 4 for comparison
with the data. As seen from Fig. 4, the curves for the different ambient temperatures and impact
velocities collapse reasonably well, especially during the initial retraction stage, where the data
is also reasonably well described by Eq. (2). This indicates that the retraction at the initial stage is
driven by the dynamic pressure and the pressure inside the vapor pocket is comparatively small. The
impact velocity influences the degree to which the vapor pocket is being compressed, whereas the
main effect of the ambient temperature is in determining the initial size of the vapor pocket which
results in different Requiy. At moderate impact velocities (Up = 0.75 and 1.0 m/s), the retraction
is observed to be slowed down at a later time. This is likely due to the internal pressure in the
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vapor pocket, which is ignored in Rayleigh collapse but is expected to increase adiabatically (from
its initial value pyp) as the pocket is compressed, as long as condensation can be neglected. This
internal pressure build-up will then push back, resisting the compression induced by the external
pressure from the liquid phase. Thus, in later stages, the time evolution of the vapor pocket is slower
than predicted by Eq. (2) at these moderate and small speeds.

In contrast, at the highest impact velocity Uy = 2.0 m/s, the collapse of the vapor pocket happens
at a larger rate than that of a Rayleigh collapse. The fast condensation of the vapor pocket causes it
to collapse from the center and to eventually break down into smaller bubbles or bubble fragments.
It is remarkable that this collapse is faster than a Rayleigh collapse, which may be related to the fact
that the pocket is in fact thin and may be squeezed as soon as its vapor contents have disappeared
through condensation. Most importantly, those cases where a strong condensation-induced vapor
pocket collapse from the central region was observed, stand out by first following a similar time
evolution as the other cases but then at ¢/, =~ 0.4 — 0.5, abruptly decaying to zero. An interesting
intermediate case is that observed for Ty & 11.5°C, Uy = 1.0 m/s which first appears to plummet
like some of the Uy = 2.0 m/s cases, but then recovers and tends away from fast decay, following
a similar path as that followed for the same impact speed at higher ambient temperatures. This
may indicate vapor condensating at first until a point has been reached where the latent heat of
condensation cannot be transported into the liquid any longer, after which the contents of the pocket
start to behave more like a noncondensable gas would do.

D. Resulting hydrodynamics loads

Now that we have obtained insight in the dynamics of the vapor pocket, we turn to a more
extensive study of the pressures and forces occurring during impact, both those observed on the
disk and the resulting pressures in the bulk of the liquid, as recorded by the hydrophone. Then,
finally, we will turn to time-integrated measurements, most importantly, the pressure impulse.

1. Impact pressure and pressure in the liquid bulk

The behavior of the entrapped vapor pocket described in the previous sections directly affects
the pressure exerted on the impacting disk, as well as the pressure in liquid bulk. Figure 5(a) shows
the time series of the impact pressure p(t) measured at the center and near the edge of the disk at
two selected Ty and Uyp. Here, t, = 0 is the time at which the peak pressure Py, is recorded at the
disk center. This happens shortly after the first contact between the disk and the liquid, at r = 0.
Before impact, the pressure starts to rise because of the approaching disk pressurizing the vapor
between the disk and the liquid surface (which is where the blue dashed lines and red lines overlap).
In general, upon impact at t = 0 (i.e., #, < 0), the pressure near the disk edge rises first due to the
fact that the initial contact point between the disk and the deformed liquid surface lies under the disk
edge. The central pressure subsequently starts to grow slightly later until it reaches a maximum. For
To ~ 16.5°C and Uy = 1.0 m/s in Fig. 5(a(i)), the central pressure reaches its maximum at about
1 ms after the initial pressure rise. From Fig. 3(c), we see that, for these parameter values (yellow
triangular markers), the effective radius of the vapor pocket decreases rather quickly during the first
1 ms and tends toward saturation after that. Therefore, one must conclude that the maximum impact
pressure at lower impact velocities occurs during the contraction of the vapor pocket. Meanwhile,
for the other two depicted cases where the vapor pocket violently collapses, namely Ty ~ 11.5 and
16.5°C and Uy = 2.0 m/s, the pressure build-up time is around 0.5 ms. This coincides with the time
taken for the vapor pocket to retract completely, as shown by the yellow and dark blue five-pointed
stars in Fig. 3(c). Thus, in these cases, the maximum pressure reached during high-velocity impact
likely originated from the complete collapse of the vapor pocket. Note that these are precisely the
cases where we found that the maximum central pressure at different ambient temperatures P, max
strongly deviates from the classic ,oLUO2 scaling due to condensation of the vapor pocket that causes
it to collapse violently and inducing high local impact pressure at the center of the disk, as detailed
in Ref. [34].
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FIG. 5. (a) Time series of the pressure signal p(z) at the center (red lines) and near the edge (black lines)
of the disk at 7Tp ~ 16.5°C and (i) Uy = 1.0 m/s (ii) Uy = 2.0 m/s and (iii) 7o = 11.5°C, Uy = 2.0 m/s.
The pressure signals are centered at t, = 0 ms when the impact pressure at the disk center P, is maximum.
The maximum pressure at the disk center P, m.x at 7o & 11.5°C is about 4 times larger than 7; ~ 16.5 °C, at
the same impact velocity Uy = 2.0 m/s. The blue dashed lines represent the theoretical gas pressure under the
approaching disk center computed with Eq. (5.4) from Ref. [27], for comparison. (b) Pressure in the liquid bulk
measured by a hydrophone located approximately 0.12 m from the center of the disk at two different ambient
temperatures and impact velocities.

At this point, it is instructive to evaluate to what extent the measured pressure buildup could be
explained from the pressurization of the vapor phase due to the approaching disk. This problem
of the effect of gas cushioning on the pressure under the disk center was studied theoretically in
Ref. [27], and here, we plot the central pressure for the different conditions computed using Eq. (5.4)
in Ref. [27] as the blue dashed lines in Fig. 5(a). Clearly, the central pressure exceeds the pressure
predicted with gas-cushioning effect at high impact velocity [Figs. 5(a(ii)) and 5(a(iii))], further
highlighting the important role of vapor pocket condensation and collapse on the impact pressure.
In addition, it should be stressed that the blue dashed lines constitute an upper limit, since the
calculation is based on an inviscid vapor layer of homogeneous thickness, disregarding the effect of
the Kelvin-Helmholtz instability at the disk edge.

Although the maximum impact pressure induced during a boiling liquid impact at large impact
velocity and low ambient temperature is significantly higher than the impact on water in ambient
air due to the condensation-induced collapse of the vapor pocket [34], we observe a lower impact
pressure for boiling liquid impact when the vapor pocket does not collapse violently, i.e., there
where the p U; scaling is expected to hold. For example, the averaged maximum central pressure
recorded for a Ry = 40 m disk impacting into the water in ambient air is P, yox = 0.98 bar at Uy =
1.0 m/s [28], while under boiling liquid conditions at Tp &~ 16.5°C and Uy = 1.0 m/s we find
P, max = 0.36 bar. Very likely, the thickness of the entrapped gas pocket is the factor responsible
for the difference. As discussed in Sec. III, the thickness of the vapor pocket kg is a function of the
density ratio between the gas and liquid. The density ratio for air and water is about 1.2 x 1073
which is lower than the density ratio for Novec 7000 (2.3-4.0 x 1073) as plotted in Fig. 2(b) and,
therefore, the thickness of the entrapped air pocket is smaller at around 115 um [23]. For water
and air, the air pocket is seen to be punctured at the disk center upon impact due to high stagnation
pressure and then expelled from below the disk [28]. However, for Novec 7000, as shown in Fig. 3(c)
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(yellow triangular markers), at the same impact velocity the vapor pocket retracts and remains at a
nearly constant radius throughout the duration of the first central pressure peak signal (=2 ms,
from?, = —1to 1 ms) in Fig. 5(a(i)), providing a stronger cushioning effect and resulting in a lower
impact pressure on the disk.

In addition to the disk impact pressures, the pressure in the liquid bulk P, is measured with a
hydrophone placed 0.12 m away from the center of the disk. Similar to the impact pressure, as the
disk impacts into the liquid, P,y increases gradually until a maximum is reached. The maximum
pressure Pyyikmax 1S observed to increase with impact velocity, and, for the same impact velocity
(Up = 2.0 m/s) is higher at T &~ 11.5°C as compared to Tp =~ 16.5°C. It is also seen that Py max
occurs slightly later in time after the maximum pressure at the disk center is reached, i.e., at ¢, > 0.
At high impact velocity (Uy = 2.0 m/s), the bulk pressure signal contains multiple secondary peaks,
some as large as the primary peak, a feature that is not observed at lower impact velocity. These
multiple pressure peaks after impact at high impact velocity are likely caused by the propagation
and reflection of the pressure waves emitted from the violent collapse of the vapor pocket and the
subsequent rupture of the vapor bubble fragments.

2. Time evolution of the impulse during boiling liquid impact

Whereas the time evolution of the pressure gives insight into the maximum pressures occurring
during impact, it is less informative if one is interested in the transfer of momentum onto the
structure, in which case it is better to look at the time integral of the pressure, the pressure impulse
I1(t), together with the force impulse /(), the time integral of the force. By numerically integrating
the pressure signal p(t), an example of which is shown in the inset of Fig. 6(a), from the time at
which the pressure signal at the disk edge (black solid line) starts to rise #; (red diamond symbol)
to the time where the first valley of the central pressure signal (red solid line) is reached #, (blue
diamond symbol), the pressure impulses I1(z) can be obtained as I1(¢) = flt] p(t") dt’. The time
evolution of the computed pressure impulses at the disk center and edge at two different ambient
temperatures Ty ~ 11.5°C (blue) and 24.5°C (red) for Uy = 2.0 m/s are plotted in Fig. 6(a). The
pressure impulse at the disk edge starts to rise before that of the disk center, and this trend is observed
for all the other impact velocities and ambient temperatures. This is distinctly different from what
was observed previously during the disk impact on water in ambient air, where the pressure impulse
at the disk center grows first due to a stagnation pressure build-up under the disk center [28]. For
boiling liquid impact, the pressure impulse at the disk edge increases steadily as the disk impacts
onto the deformed liquid surface. Meanwhile, the pressure impulse at the disk center rises more
slowly but overtakes that at the disk edge when getting close to #, = 0 due to pressurization and
(in some cases) subsequent collapse of the vapor pocket. While the increase after the takeover is
gradual at high ambient temperature, the growth at low ambient temperature differs discernibly as
it suddenly rises sharply.

The growth of the pressure impulse before the peak pressure depends on both the liquid inertia
and the intervening vapor pocket. Inertially, the pressure scales as p,Uj whereas the inertial time
is Ry/Uy. The pressure impulse is therefore expected to scale as the product of the two, namely
as prUpRy. Meanwhile, the initial thickness &g of the vapor pocket will dictate how long it takes to
pressurize and, hence, we define a pressurization time scale as ¢, = hy/Uy. Normalizing the pressure
impulse at the disk center IT and the time #, with these inertial impulse and pressurization time
scales, we see that the experimental data for all the impact velocities and ambient temperatures
now collapse reasonably well, especially for low Uy, high T and during the initial loading stage
before 1,Up/ho = —2. Since the same was observed for disk impact experiments on water in air
[28], this suggests that the role of the vapor pocket for these early times is similar to a mediating
noncondensable air pocket in this early stage. The pressure impulses arise due to the compression of
the vapor pocket which naturally depends on the vapor pocket thickness hg. After #,Uy/hy = —2, the
pressure impulse shows clear deviation for high impact velocities (Uy = 1.75 and 2.0 m/s, circle and
star symbols) and lower ambient temperature (7, ~ 11.5 and 14.5 °C, blue shades). The deviation
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FIG. 6. (a) Time evolution of the pressure impulses I1(z) at the disk center (star symbols) and the disk edge
(dots) for two different ambient temperatures 7y &~ 11.5 °C (blue) and 24.5 °C (red) at Uy = 2.0 m/s. The inset
shows the time evolution of the pressure p(z) together with the typical interval of integration from #, to #, for
Ty = 24.5°C, Uy = 2.0 m/s. (b) Nondimensionalized pressure impulses I1/(UyRyp. ) measured at the disk cen-
ter for all ambient temperatures and impact velocities in the experiment plotted against the nondimensionalized
time #,Uy/ ho. (c) Nondimensionalized force impulses 1/ (UORS pr) versus nondimensionalized time #,Uy/hy for
all ambient temperatures and impact velocities. (d) Plot of the force impulses /, accumulated during the first
impact peak against the momentum change associated with the added mass of liquid. The colors correspond to
different 7 as indicated in the legend in (b) but the symbols now have a different meaning. They are used to
distinguish directly measured results from the (force) impulse (circles) 1, from those inferred from the central
pressure impulses (I1,) by multiplying with the disk area 7 R3. The force impulses lie closely to the theoretical
calculation from Ref. [37] for the force impulse transferred from an impulsively accelerated disk to an infinite
half-space filled with inviscid fluid, without a gas-cushioning layer (blue dashed line). Note that the color and
symbol legends in panel (b) equally apply to panels (a) and (c).

is likely to originate from the onset of the rapid collapse of the vapor pocket due to condensation
which imparts additional instantaneous momentum on top of the impact pressurization of the vapor
pocket itself.
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Now, we turn to the force measurements from the load cell that is embedded in the rod connecting
the disk and the linear motor, below the seal. Note that, unlike the pressure sensor that measures
local impact pressure on the disk, the force measurement is averaged over the disk and part of
the rod assembly. The main features of the force signal upon impact are similar for all Uy and 7,
where a first peak arises upon impact and subsequent oscillation that is most likely present inside
due to the structure. The force signal time series F(¢) at various Uy and T can be found in the
Supplemental Material [35]. What is noteworthy is that the peak impact force increases more with
Uy when the ambient temperature is low. The force impulses are computed in the same manner
as the pressure impulse, namely by numerically integrating the force signal: I(¢) = fttl F@') dr'.
Using the same inertial pressure, length, and time scales for nondimensionalizing the force impulse,
yielding I ~ ,oLRSUO, the force impulses are nondimensionalized and plotted in Fig. 6(c) against the
nondimensional time #,Uy/hg, where again the pressurization time scale hy /U is taken. Again, the
growth of the force impulses shows a decent collapse with the rescaling. This further confirms that
the impact load has an inertial origin and the vapor pocket thickness, which is different for each
Ty [cf. Fig. 2(b)] is of influence. For both the pressure and force impulses, we alternatively tried to
re-scale the time with the inertial time t; = Ry /Uy (see the Supplemental Material [35]), but the data
collapse is not as good as with 7. = hy/Uj, since it creates, especially for the pressure impulse, more
dispersion with the ambient temperatures. This emphasizes the significant influence of the thickness
of the entrapped vapor pocket on the loading process.

Upon impact, the liquid is accelerated greatly in a short duration, which establishes a large
pressure gradient that induces a sudden change in the velocity of the liquid. The magnitude of
the velocity is small and hence, the approximate, linearized form of Euler’s equations can be used
to describe the sudden change [38]

w__lv, 4)
ot oL
where u is the liquid velocity. For a circular flat disk, without considering the gas-cushioning effect,
this problem has been solved in Ref. [37] and the resulting force impulse is I, ~ m, pLR?)UO, where
the added mass coefficient equals m, = 4/3, and I, = ft? F(t) dt. The experimental impulses 1,
and IT, accumulated during the first impact peak are computed by taking the signals up until the
local minimum closest to O after the force or pressure peak, i.e., IT, = ftfz p(t) dt, similarly to .

The pressure impulse [T, is multiplied by the disk surface area rng to turn it into a (force) impulse,
which would correspond to the impulse exerted on the disk if it was entirely subjected to the impact
pressure measured at the center. The accumulated impact force impulses from the load cell (circles)
and calculated from the central pressure (stars) are plotted against the momentum change associated
with the liquid added mass in Fig. 6(d) and, as expected, at low impact velocities and high ambient
temperatures, the impact impulses follow the theoretical impulses I, ~ %‘,oLRSUo indicated by the
blue dashed line in the plot closely. The impulses become larger than the theoretical prediction as the
impact velocity increases, especially for those at low ambient temperatures and especially for those
derived from the central pressure impulses. Again, this can be attributed to the rapid collapse of the
vapor pocket that increases the impact impulses. Most remarkably, also for the (force) impulse, we
find increased values. This is quite unexpected since the force impulse should ultimately be equal
to the liquid added mass times the impact velocity, which should not depend on the presence of
the phase change. Nevertheless, the force impulse is slightly larger with phase change, possibly
indicating a somewhat larger transient liquid added mass due to phase change.

V. ADDING EVAPORATION: HEATED DISK IMPACT
A. Experimental results

As discussed in Sec. IV and in Ref. [34], we can conclude that the vapor pocket can collapse
rapidly upon impact due to condensation which in turn can result in large local pressures on the
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FIG. 7. Six (reaspected) snapshots of the bottom TIR view of the evolution of the entrapped vapor pocket
at three different disk temperatures, which the disk superheat defined as AT; = T; — Ty, where T; is the
temperature of the heated disk and the ambient temperature Tj is & 11.5 °C for all these cases, and ¢ is the time
after impact. As highlighted by the red box, the wetted area at the central disk region reduces with increasing
ATy, suggesting the retardation of the vapor pocket collapse.

impacting disk and in the liquid bulk. Trying to counteract the effect of condensation, we increase
the temperature of the disk 7; above the ambient temperature Ty to see how it alters both the
dynamics of the entrapped vapor pocket and the impact pressure. Here, the ambient temperature
and impact velocity are fixed at Ty &~ 11.5°C and Uy = 2.0 m/s, respectively, since we observe the
strongest effect of condensation at these particular parameter settings. The temperature of the disk
T, is increased at & 5 °C intervals up to T; =~ 36 °C, which corresponds to a maximum temperature
difference with the ambient temperature AT, ~ 25 °C. Note that, for the impact experiments in this
section, as seen in Fig. 7 (at# = 0.00 ms), the disk is more well-aligned compared to earlier sections,
with a tilting angle of @ < 0.10 +0.05°.

Referring to Fig. 7, by increasing the temperature of the disk, the initiation of the vapor pocket
collapse is seen to be delayed. The vapor pocket starts to collapse only at + = 0.30 ms after the
impact at AT; ~ 18°C, which is later than the smaller AT, cases in Figs. 7(a) and 7(b). Besides,
the expansion speed of the wetted area at the central disk region is also visibly slower than when
the disk is not heated. By heating the disk, it appears that the condensation of the vapor pocket
is frustrated as the collapse of the vapor pocket becomes less rapid. The time evolution of the
effective radius of the vapor pocket during heated disk impact is plotted in Fig. 8(a). It is observed
that, initially, the vapor pocket retracts at a similar rate for different A7; up until the point the vapor
pocket starts to collapse. The magnitude of the slope for AT; ~ 18 °C is smaller as it took longer for
the vapor pocket to collapse completely. Most importantly, and in addition to the changes observed
in the vapor pocket dynamics, also the resulting maximum impact pressure at the disk center P max
is seen to decrease with the increase of ATy, as illustrated in Fig. 8(b).

B. Vaporization near the contact line

We will now proceed to model the effect of heating the disk. We know that the rapid retraction
of the vapor pocket in the radial direction is prompted by the condensation of the vapor at the
liquid-vapor interface [34]. Thus, the first thought that comes to mind is that conductive heat
transport through the vapor layer may play a role, the magnitude of which we may estimate as
q{;yer =~ ky AT, /hy. Comparing this to the heat flux ¢j into the liquid, ¢ =~ k; AT, /+/m oy At, where
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FIG. 8. (a) Time evolution of the effective retraction radius Ry of the entrapped vapor pocket for the
selected values of the superheat AT, also shown in Fig. 7. Here, « is the tilting angle of the disk. (b) The
maximum pressure at the disk center P. .« plotted against the temperature difference AT, between the disk
and the ambient.

Ar < ho/Uo, we find

q, ATy k AT,
e < ALK 70y 1y s gt AT
qr AT, kY hoUp AT,

where we have used the relevant properties of Novec 7000 at Tp = 11.5°C (k, = 0.0109 W/m K;
ky =0.0775 W/m K; oy, = 4.69 x 1078 m?/s) and hy &~ 200 um, Uy = 1.5 m/s as the smaller of
the two impact speeds (Up = 1.5 m/s and 2.0 m/s) used in this subsection, to arrive at the numerical
value. This implies that we need to rise the temperature of the disk to AT; ~ 321AT, to obtain a
heat flux through the vapor layer that is comparable to that in the liquid. Even for the modest rise of
the vapor pressure that would lead to AT, ~ 1K, this would imply a huge disk temperature, with
ATy at least an order of magnitude larger than that used in experiments. We may therefore discard
heat flux through the vapor layer as the main mechanism of the heat transport from the heated disk
into the liquid.

Two important observations from the experiment are that the vapor pocket starts to collapse
slightly later and the expansion speed of the wetted area reduces when the temperature of the disk is
increased. Since the ambient temperature is fixed at Ty &~ 11.5 °C, the initial thickness of the vapor
pocket hy should be the same for all experiments in this section. Also, for all experiments with the
same impact velocity Uy, the compression of the vapor pocket is the same, irrespective of the disk
heating. However, the delay in the start time of the collapse implies a possible growth in the initial
size of the vapor pocket due to heating. Meanwhile, a reduction in expansion speed suggests an
opposing movement to the liquid-vapor interface at the three-phase contact line could be incurred
due to vaporization. Thus, the dynamics at the three-phase contact line is expected to play the critical
role in counteracting the rapid condensation-induced collapse of the vapor pocket.

To understand the mechanism on how vaporization resists the rapid collapse, here, we adopt
a simplified one-dimensional model to describe the vapor generation due to heat input from the
heated disk and its subsequent influence on the movement of the liquid-vapor interface. Referring
to Fig. 9(a), upon contact between the liquid and the heated disk, either at the circumference of
the vapor pocket or the center region of the disk upon the collapse of the vapor pocket [circled
regions in Fig. 9(a)], the interface will move toward the vapor at a velocity Ui, incurred by the

S
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FIG. 9. (a) Schematic of the simplified model for the liquid-vapor movement due to the vaporization of
liquid near the contact line on a heated disk. The collapse of the vapor pocket causes the liquid to rush toward
the vapor at a speed Uy,, while the vaporization of liquid near the three-phase contact line region causes an
opposing flow at a speed U,,,. The red triangular shaded area indicates the contact line region, where £ is its base
length. (b) Maximum expansion speed of the wetted area U, ;,,x measured from the experiment at different A7}
at a fixed ambient temperature 7y ~ 11.5 °C and two impact velocities (Uy = 1.5 m/s and 2.0 m/s). The solid
black lines represent the estimated interface speed Uy, after accounting for the effect of vaporization near the
contact line based on the proposed model Eq. (12), using the measured average values U, g = U, mx (AT; = 0)
for the two impact velocities (UL, o = 356.1 m/s for Uy = 1.5 m/s and U, o = 656.0 m/s for Uy = 2.0 m/s)
and a single fitted value for £(= 2.1 um). (c) Rescaled measured pressure at the disk center P; ma/pLUZ as a
function of the fitted retraction velocity U, (ATy), rescaled with the speed of sound Cyyyna,, in the liquid. The
legend in panel (b) also applies to panel (c).

collapse of the vapor pocket. In contrast, vaporization will deplete the liquid and induce a movement
Uyqp toward the liquid (purple arrow), as if the liquid is dewetting the surface. As a result, the
interface will move at a resultant speed Uy = Uy, — Uyyp. This resembles the process of bubble
growth during nucleate boiling. The modeling approach for bubble growth during nucleate boiling
to regularize the singularity at the three-phase contact line is divided into two regions: contact
line (microregion) evaporation [39-42] and microlayer evaporation [43—45] depending on several
parameters, for example, the substrate superheat and velocity of the vapor-liquid interface. In
contact line evaporation models, the local heat flux at the microregion [triangular shaded region
in magnified Fig. 9(a)] is considered to primarily contribute to the growth of the bubble [46]. This
is similar to our case, where due to the smaller heat conductivity of the vapor phase (k,/k;, ~ 0.14
at Tp ~ 11.5°C), vaporization at the upper region of the liquid-vapor interface (where condensation
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is mainly occurring) due to disk heating is expected to be limited. Meanwhile, the liquid that is in
contact with the heated disk but further from the three-phase contact line may directly conduct the
heat into the liquid bulk. Therefore, adopting the concept of contact line evaporation, we will find
Uyap based on the amount of liquid that vaporizes in a region close to the three-phase contact line.

Whereas the liquid is in contact with the heated disk, the heat flux ¢” transmitted from the heated
disk to the liquid through conduction can be written as

" —k ATy - _k ATy (6)
a L5, L Jmait’

where k;, is the thermal conductivity of the liquid, §; = /7yt is the thermal boundary layer that
will grow with the contact time ¢ and «; is the thermal diffusivity of the liquid. The thermal
boundary grows with time as more liquid comes into contact with the heated surface. Denoting
x as the distance to the contact line and U}, the speed of the contact line, the time in Eq. (6) can
be taken as t = x/Uj, since this is the time that the liquid has been in contact with the heated disk.
This leads to the local heat flux ¢” (x):

ki ATy
ST x

Now, assuming that there is a region with a length of x = ¢ close to the three-phase contact line [as
labeled in magnified Fig. 9(a)], where all heat input is used for vaporization, i.e., the magnitude of
the heat flow ¢(£) is given by

VUpy. (7

q"(x)~ —

14 4
. kp ATy 2k ATy
l) = "(x)|dx ~ Upydx = LUy, 8
QO =P [ 14w P/O VU dx = P— iU, (®)

where P is the perimeter of the contact line. This heat input is used to vaporize the liquid to generate
a vapor mass at a rate of m, = ¢(£)/L, where L is the latent heat of vaporization. From this, we can
derive the resulting speed Uy, of the liquid-vapor interface induced by the generation of the vapor
mass at the contact line region as

iy G

Uyap = = . 9
P plP puotPL )
Substituting the magnitude of the heat flow Eq. (8) into Eq. (9), we eventually find
2k AT,
=2 /U (10)

Uyp = ———— .
vap P I ,_7T(¥L 7 Lv

Finally, knowing the retraction speed ULy o = Ury(AT; = 0) for the unheated disk, we can find Uy,
at any finite value of AT; by substracting the speed Uy, caused by the vaporization:

Uy = ULV,O - Uvap~ (11

Inserting this expression in Eq. (10) leads to a quadratic equation for Uy, U, 2 4 BUy,p — BUpy o =

vap

0, where +/B is defined as the prefactor of /Uy, in Eq. (10), the positive root of which provides
Uyap, such that

1 AUy o
Uy =Uyo— =B 1+ ——-11{, 12
L Lvo = 5 |: + B i| (12)

where it should be reminded that B is a function of the disk superheat temperature A7;. The velocity
of the interface toward the vapor Uy, due to the collapse of the vapor pocket without any heating can
be obtained experimentally for an unheated disk U, max(AT; = 0) or from the theoretical expression
for Uj, derived in Ref. [34] based on the condensation of the vapor pocket. Hence, the only unknown
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that needs to be found out now is ¢, which is the length near the three-phase contact line where
vaporization actually occurs.

Figure 9(b) shows the measured maximum expansion speed U, max of the wetted area around the
central region for disks of different AT, at T ~ 11.5°C, quantified in the same way as described
in Sec. IVB. Additional U, m.x data for the experiment at Uy = 1.50 m/s and Tp =~ 11.5°C is
shown in Fig. 9(b) as well (square symbols), where the vapor pocket is also seen to collapse from
the center region of the disk in the experiment, but at a slower speed. At Uy = 2.0 m/s, when
AT; =~ 0°C, U, max 1s about 650 m/s and decreases gradually to about 350 m/s with increasing
ATy. The liquid-vapor interface speed Uy, in Eq. (12) is equivalent to U, max. To obtain £, we fit the
experimental U, max to Eq. (10) using Uyy o = U, max,0, computed as the average of data points with
|AT| < 0.3°C. This results in a length scale in the order of um that matches well with the data. The
solid lines in Fig. 9(b) show the fitted Eq. (12) taking £ = 2.1 um for both Uy = 1.5 and 2.0 m/s. It
appears that this length of the contact line region is not strongly dependent on the impact velocity,
at least at the same Tp.

Additionally, in Fig. 9(c), we plot the normalized maximum pressure at the disk center
P, max/pPL UO2 against the normalized inward retraction speed on a heated disk Uy, /Csound,r., computed
by (again) taking Ury.0 = Uemaxo and £ = 2.1 um in Eq. (12). Previously, we have demonstrated
that the maximum impact pressure P, max/ ,oLUo2 at the disk center scales reasonably well with the
condensation-induced inward radial retraction speed Ui, /Csouna,r. Of the vapor pocket at different
ambient temperatures and impact velocities [34]. Clearly, there is also a dependency of the maxi-
mum impact pressure on the resultant inward retraction speed Uy, of the vapor pocket during heated
disk impact, although more data dispersion is present in the latter case. As the violent collapse of the
vapor pocket due to rapid condensation is resisted by the vaporization of liquid near the contact line,
the impact pressure also decreases in response to the reduced retraction speed. The proposed model
describes the movement of the liquid-vapor interface due to heating reasonably well, supporting our
argument that vaporization over length £ near the contact line region supplies additional vapor to
the vapor pocket and induces a retraction of the liquid upon vaporization Uy,, that slows down the
rapid collapse of the vapor pocket to Uy, and hence, lowering the resulting local impact pressure
on the disk.

VI. EFFECT OF TILTING ANGLE OF THE DISK

In the experiments discussed in the previous sections, it was clear that the tilting angle plays
a major role in determining the pressures recorded, especially for parameter settings in which a
violent collapse of the vapor pocket is expected. For instance, for the Ty &~ 11.5°C, AT; = 0°, and
Up = 2.0 m/s experiments in Sec. V, a maximum impact pressure P, m.x =~ 45 bar was recorded
with a tilt angle o &~ 0.10 °, whereas in the other sections, at « & (0.25° and the same settings, we
found P, .« &~ 18bar, that is, a factor of 2.5 smaller. Therefore, in this section we will address
the effect of the tilting angle o of the impacting disk on the dynamics of the vapor pocket and
the impact pressure in detail. Here, the ambient temperature and the impact velocity are fixed at
Top &~ 11.5°C and Uy = 2.0 m/s, where the vapor pocket collapses most violently in our range of
experimental settings, while the tilting angle of the disk is varied. Referring to Fig. 10(a), the tilting
angle is estimated from the bottom view recordings using o = arctan(UyAt/2Ry), where At is the
time it takes from the moment of initial contact at one end of the disk edge [see red arrow in
Fig. 10(a(i)), * = 0 ms] until the moment at which the other end of the disk [red arrow in
Fig. 10(a(iv))] is completely in contact with the liquid (at # = 0.300 ms). The tilted disk initially
contacts the liquid from the top edge [red arrow in Fig. 10(a(i))], which is the same for the
case shown in Fig. 3(a(ii)) where o =~ 0.25 & 0.05°. However, due to the larger « in this case
(¢ &~ 0.43 £0.04°), a wetted patch starts to move from the top region at t = 0.15 ms toward the
bottom, before the other end is fully in contact with the liquid, and subsequently spreads rapidly
toward the other end of the disk, which is a different behavior from that showed in Sec. IV, where
the wetting take place in the central region.
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FIG. 10. (a) Six (reaspected) snapshots of the bottom view of an impacting disk with a large tilting angle
a~0.43 £ 0.04° at Uy = 2.0 m/s and Ty ~ 11.5°C. Two time labels are shown where ¢ is the dimensional
time after impact and 7 is time nondimensionalized with the inertial time scale (7 = Uyt /R,) for the ease of
comparison with Fig. 8(a(i)) (@ &~ 0.10°) and Fig. 2(a(i)) (o & 0.25°). (b) Maximum central pressure P, jax
for individual repetitions of the impact at Uy = 2.0 m/s and Ty ~ 11.5 °C against tilt angle «.

Impact of a tilted cylindrical body onto water in ambient air is studied in Ref. [33], where the
contact line movement from one end to the other upon impact is found to induce cavitation due to
a compression wave formed with the moving contact line that compresses the liquid. Eventually,
the wave reflects at the free surface and forms a tension wave, creating a negative pressure zone
under the disk when cavitation occurs. Such movement of the contact line was not observed at a
very low tilting angle o ~ 0° in Ref. [33], and cavitation was not incurred due to the entrapped
air pocket that effectively cushioned the impact. This is consistent with our own findings that the
tilting angle of @ &~ 0.25 £ 0.05 ° in the experimental results shown in Sec. IV does not influence the
proper entrapment of the vapor pocket. For a tilted disk, the vapor pocket is technically not enclosed
yet upon initial impact, and vapor could escape from the unclosed end. Figure 10(b) depicts the
maximum impact pressure P, ,x measured at the center of the disk for the disks with different tilting
angles « at the same settings. Comparing P, max at different o, we observe that P, ¢ decreases when
the tilting angle of the disk increases. The pressure in the liquid bulk measured by the hydrophone
also displays the same trend (see the Supplemental Material [35]). It may be counterintuitive at
first as at small «, the vapor pocket is well-entrapped (and thus may cushion the impact if there is
no condensation) but P, .y is higher compared to large o« where the vapor can escape through the
unclosed end. However, during boiling liquid impact, or the chosen parameter settings the effect of
phase change is dominant. As discussed previously, the compression of the entrapped vapor pocket
induces condensation, resulting in the rapid collapse of the vapor pocket, because the pocket is
strongly pressurized (~ o1Csound,2.Up) [34]. A tilted disk may interfere with the compression buildup
with an unclosed end initially at one end of the disk. As seen in Fig. 10(a), the collapse of the vapor
pocket at the central region is not seen for a tilted disk and P, . is lower than the cases where
the vapor pocket collapses. Therefore, the tilt angle of the disk can influence the entrapment and
subsequent compression of the vapor pocket, hindering the rapid condensation of the vapor pocket
and resulting in a lower impact pressure. Meanwhile, for the range of tilt angles where the vapor
pocket is properly entrapped (o < 0.30 ), the degree of tilting has an influence on the final location
of the collapse of the vapor pocket. As seen in Fig. 7(a), when the disk is well-aligned (o =~ 0.10°),
the final collapse of the vapor pocket is directly at the center of the disk where the pressure sensor
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is located, thereby giving the highest pressure of almost 50 bar. In short, above some threshold tilt
angle, the movement of the three-phase contact line over the disk surface will affect the proper
entrapment and, therefore, the subsequent dynamics of the vapor pocket and the resulting impact
pressure on the disk.

Here it is good to note that the tilt angle of the disk arises from the alignment of the linear motor
and the main chamber of the setup, which implies that although it is not difficult to measure, it is
very hard to control, and values of ¢ ~ 0.10° are extremely hard to obtain.

VII. CONCLUSION AND REMARKS

To conclude, we have investigated the dynamics of the vapor pocket that is entrapped under
a circular flat disk during impact in a boiling liquid system, i.e., a system where the liquid is in
thermal equilibrium with its vapor. Through a series of experiments, we shed light on how several
parameters, including the ambient temperature, the impact velocity, temperature and impact angle of
the disk result in the different dynamics of the entrapped vapor pocket, which have a direct influence
on the resulting hydrodynamics load. The vapor pocket in general retracts inward from the disk edge
as the disk descends. We show that the retraction of the vapor pocket at the initial stage is driven
by dynamic pressure, resembling a Rayleigh collapse. At a later stage, for impact at high-impact
velocity and low ambient temperature of the system, the thinner vapor pocket is highly compressed
and condenses quickly at the liquid-vapor interface, causing it to collapse rapidly and completely
from the center of the vapor pocket outward. The collapse of the vapor pocket can be supersonic,
exceeding the speed of sound in the liquid. While impact at high impact velocity and low ambient
temperature results in high impact pressure on the disk due to the condensation-induced collapse
of the vapor pocket, we highlight that, in other cases where the vapor pocket does not collapse
violently, the impact pressure during boiling liquid impact is lower than in water-air impact. This is
due to the larger density ratio between the vapor and liquid phase compared to the water-air case,
that deforms the liquid surface more before impact, entrapping a thicker vapor pocket that sustains
through the pressurization period ¢, = hy /Uy, leading to more effective cushioning of the impact.
The pressure and force impulses during impact are found to still originate from the acceleration of
the added mass, with the collapse of the vapor pocket imparting instantaneous pressure impulses
that do not strongly influence the global behavior. In addition, by heating the impacting disk, we
show that the rapid collapse of the vapor pocket can be resisted by the vaporization of the liquid
near the three-phase contact line that imposes an opposing motion to the spreading of the condensed
liquid, which, in return, slows down the collapse of the vapor pocket and thereby reduces the high
impact pressure on the disk caused by the rapid condensation-induced collapse of the vapor pocket.
Finally, a high tilting angle (> 0.30 °) of the disk is observed to obstruct the proper entrapment and
the subsequent pressurization of the entrapped vapor pocket, resulting in a lower impact pressure
due to the absence of condensation-induced collapse of the vapor pocket around the central disk
region.

As a closing remark, significant progress has been made by the scientific community in un-
ravelling the complex physics of solid-liquid impact across a wide range of scales since the
pioneering work of Worthington [47] almost two centuries ago. The fundamental understanding—
encompassing the role of liquid compressibility [9,48-50], gas layer dynamics [24,51], solid
elasticity [52,53], and interfacial instabilities [25,29]—has laid the foundation for addressing more
intricate solid-liquid impact phenomena. By incorporating phase change, our study extends this
body of knowledge into the domain of boiling liquid impact that is of particular relevance to
cryogenic fuel containment systems. It is also closely related to multiphase pipeline transmission,
such as CO2 injection where water hammer phenomena are often encountered upon abrupt change
in fluid flow, often in conjunction with condensation [54-56]. Our experimental results reveal
that the dynamics of entrapped vapor differ fundamentally from noncondensable air, owing to the
propensity of vapor to undergo condensation. The condensation-induced collapse of the entrapped
vapor results in exceptionally high local impact pressures that can exceed the limiting pressure from
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the Joukowsky equation, i.e., the water hammer pressure p;Csound, 2 Up- This effect of condensation-
induced collapse of the entrapped vapor is even more pronounced at large-scale wave impact,
where the pressure can reach almost 100 bar [57], i.e., two orders of magnitude larger than in
the air-water case. On top of the influence of the impact scale, our studies also highlight the critical
influence of the size of the vapor cavity on the resulting impact loads. Therefore, moving on, it is
worth investigating how other forms of vapor, for instance, small vapor bubbles or vapor bubble
clouds, can alter the overall impact loading. A better understanding of the physics of boiling liquid
impact will move us a step closer to developing a physics-driven, predictive model for assessing
and mitigating impact loads in next-generation cryogenic fuel containment systems, such as liquid
hydrogen, extending or even replacing the trial-and-error approach in incorporating phase change
that is currently in use.
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