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ARTICLE INFO ABSTRACT
Keywords: In this study, plume experiments were conducted to mimic the thermodynamic conditions on Saturn’s moon,
Enceladus

Enceladus. The icy moon’s subsurface ocean and cracks in the surface have been simulated using a liquid
Plume water reservoir and a narrow channel, while the low-pressure environment at Enceladus’ surface was achieved

Experiments with a vacuum chamber. We aimed to examine how channel temperature affected the plume’s temperature,
Water vapour . . . . . s . .
Triple point solid fraction and velocity, testing two models with differing wall temperatures: room temperature and near

0 °C. The colder setup better replicated Enceladus’ plume, producing a saturated flow in which nucleation
of icy particles is possible. A conservative 1.5%-3% minimum solid fraction is estimated from measurements

Heat transfer
Mach number

Nucleation and modelling. Pitot-tube measurements indicated velocities around 400-500 m/s at the channel outlet. Flow
Solid fraction temperature and velocity are closely correlated with wall temperature, indicating effective heat transfer. With
Convection a plume model based on the energy conservation law, we concluded that supersonic plume velocities observed

Thermal radiation on Enceladus cannot be achieved with straight channels, ie. without requiring extreme expansion ratios.

Additionally, the research provides evidence of the relationship between the crevasse’s expansion ratio and
the temperatures of flow and crevasse walls.

1. Introduction

Since the Cassini discovery of water vapour and ice particle plume
that is emitted from Enceladus’ south polar region in 2005 (Porco et al.,
2006), multiple studies have been carried out to characterise these
ejections originating from elongated crevasses known as the “Tiger
Stripes”. Similar plume activity has also been suggested on other icy
bodies in the Solar System, such as Jupiter’s moon Europa (Goodman
et al., 2004; Choukroun et al., 2020; Vorburger and Wurz, 2021) and
Neptune’s moon Triton (Hansen et al., 1990; Soderblom et al., 1990),
highlighting the broader relevance of studying such phenomena. The
most accepted plume formation theory involves liquid water vapori-
sation (Porco et al., 2006; Postberg et al., 2009; Ingersoll and Ewald,
2011) from a subsurface ocean lying beneath a 3-5 km thick ice
shell (Hemingway et al., 2018). Cassini observations have provided
valuable insights into plume characteristics: vent temperatures range
between 145 K and 210 K (Spencer et al., 2006; Spencer and Nimmo,
2013; Goguen et al., 2013; Tenishev et al., 2014), ice-~vapour mass
ratios are estimated between 0.07 (Gao et al., 2016) and 0.7 (Kieffer
et al.,, 2009; Ingersoll and Ewald, 2011), and the water vapour can
reach supersonic velocities (Hansen et al., 2006; Tian et al., 2007;
Hansen et al., 2008; Smith et al., 2010; Dong et al., 2011), with Mach

numbers of some jets above 5 (Hansen et al., 2011; Perry et al., 2015;
Fu et al., 2021; Portyankina et al., 2022).

From Cassini occultation data, an estimated 170 to 250 kg/s of
vapour escapes from Enceladus (Hansen et al., 2006, 2011, 2017), with
solid particles, nanograins and ions accounting for another estimated
cumulated 40 kg/s (Kempf et al., 2018; Ingersoll and Ewald, 2011;
Dong et al., 2015). The total heat flow is estimated between 3.9 and
7.7 GW south of 65 °S (Spencer et al., 2006). Multiple theoretical
models have been proposed to constrain the heat and mass transfer
involved in the geological activity of the moon (Matson et al., 2012;
Kite and Rubin, 2016; Mitchell et al., 2024), as well as crevasses geom-
etry and conditions of the water vapour flow (Ingersoll and Pankine,
2010; Tucker et al., 2015; Nakajima and Ingersoll, 2016; Ingersoll
and Nakajima, 2016; van der Hijden et al., 2024). These models all
underpin key processes happening at the water table, where liquid
water turns into plume; boiling, with contributions from gas exsolu-
tion (Fifer et al., 2022) accounts for the vapour phase while nucleation
as well as droplets freezing (Klenner et al., 2025) takes care of the
solid phase. Crevasse widths ranging between 0.05-0.075 m have been
estimated by Nakajima and Ingersoll (2016) to explain the mass flow
rate observed from Cassini, while widths of 1 m are necessary to avoid
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freezing of the liquid water surface (Ingersoll and Nakajima, 2016). In-
gersoll and Pankine (2010) and Nakajima and Ingersoll (2016) found
that the difference between local flow temperature and crevasse wall
temperature was below 2 K. Different geometries have been studied
by van der Hijden et al. (2024), pointing out the influence of nucleation
onto the flow temperature and giving an estimate of the timescale of
the ice cracks lifetime.

With a series of laboratory experiments, we aim to further investi-
gate the plumes’ characteristics. We have developed an experimental
plume setup consisting of a water reservoir and a channel, respectively
emulating the subsurface ocean of Enceladus and a crevasse in the ice
crust. The setup has been placed in a vacuum chamber to achieve water
triple point conditions in the reservoir and 10~ bar in the chamber.
In this study, we investigate the influence of the temperature of the
channel walls on the flow characteristics, with a focus on the heat
transfer with the flow, the solid fraction and the venting velocity. The
article is organised as follows: Section 2 describes the experimental
set-up and the methods used to process the laboratory measurements;
Section 3 presents the results of the experiments; in Section 4, we
discuss the influence of heat transfer processes on the flow conditions
and estimate the solid fraction generated through nucleation; Section 5
extends our experimental findings to Enceladus’ condition and discusses
their implications. Section 6 outlines the conclusions of this research.

2. Experimental setup and data processing

The experiments were conducted using a plexiglass reservoir con-
taining demineralised water to mimic the subsurface ocean and a 3D
printed PLA (poly-lactic acid) channel to simulate a crevasse in the
ice crust of Enceladus. For this study, we consider a circular and
uniform cross-sectional area channel, with a length of 245 mm and
a diameter of 5.7 mm. A sketch of the experimental setup is given
in Fig. 1. The setup is placed inside a vacuum chamber, evacuated
throughout the experiment by two vacuum pumps to achieve pressures
below the saturation point of water vapour, causing the water to
boil. The vaporised water flows through the channel, with temperature
and pressure being monitored, before being expelled into the vacuum
chamber. Furthermore, total pressure measurements are performed at
the vent of the channel. A splash screen is installed at the channel
inlet to prevent liquid water droplets, generated by bursting bubbles
on the water surface, from entering the channel and compromising the
measurements. The experiment ends when the pumps are stopped and
the chamber is re-pressurised. Additional information on the vacuum
chamber and measuring equipment is included in Appendix A.

The first series of experiments was conducted without any control
over the channel temperature (or wall temperature), which was at room
temperature at the beginning of each experiment. For simplicity, this
experimental setup is designated as the warm setup. A subsequent set
of experiments is performed with an ice block encased around the
outer surface of the channel, cooling the channel walls throughout
the experiment. This channel configuration is denoted as the frozen
setup. Melting of ice before starting the experiment ensured that the
internal surface of the channel was at approximately 0 °C. However,
as the vacuum chamber reached low pressures, sublimation of the ice
cooled both the ice and the plastic channel. Temperature measurements
were taken at several points on the internal surface of the channel
in the absence of gas flow and in vacuum conditions. Temperatures
between 0 and —5 °C were recorded across the channel, showing no
noticeable changes over time. Since no gas was flowing, the measured
temperatures are considered a good indication of the actual channel
temperature.

Temperature and pressure are measured in the reservoir and along
the channel as indicated in Fig. 1. T-type thermocouples have been
employed to measure the temperature, with an estimated uncertainty of
2 °C, and differential pressure sensors to measure the pressure, with an
uncertainty of 0.1-0.3 mbar. The thermocouples were positioned with
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Fig. 1. Schematic of the experimental setup. The channel is mounted on top
of a plexiglass reservoir containing demineralised water. The setup is placed
inside a vacuum chamber.

their tips aligned to the channel axis. In contrast, the pressure sensors
were placed in a thermally stable area of the vacuum chamber to ensure
reliable measurements and were connected to tubes that sampled the
pressure along the channel wall.

The acquired data is used to derive other flow parameters. The first
is the saturation degree, providing an indication of how close the flow is
to the saturation condition and defined as in Eq. (1). In this equation,
Pfiow is the flow pressure and p,,(Ty,,) is the equilibrium pressure,
or saturated vapour pressure, dependent on the flow temperature and
calculated with the Antoine relation' in Eq. (2).

4 )
_ flow (1)
peq(Tflgl,U)
A-—DB
Peg =10 “tow @)

In this study, the saturation degree is used as an indicator of pos-
sible icy grain formation within the water vapour flow, known as
nucleation. Since demineralised water is used, the vapour is free from
impurities and particles that could trigger heterogeneous nucleation.
Therefore, only homogeneous nucleation is expected to occur in these
conditions (Viisanen et al., 1997).

The Mach number (M) at the vent is obtained from static pressure
(p) and total pressure measurements (p,) using Eq. (3) (see derivations
in Appendix B), assuming the flow locally isentropic. The heat capacity
ratio (y) of water vapour is equal to 4/3, assuming ideal gas conditions.

y-1

M=l 2. [(@)7_1] ®)
y—1 p

1 Coefficients A, B and C have been calculated by the NIST, based on the
study of Stull (1947): https://webbook.nist.gov/cgi/cbook.cgi?ID=C7732185&
Mask=4&Type=ANTOINE&Plot=on.
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(a) Temperature of liquid water/water vapour during an experiment
in warm configuration.
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(c) Pressure of water vapour during an experiment in warm configu-
ration.
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(b) Temperature of liquid water/water vapour during an experiment
in frozen configuration.
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(d) Pressure of water vapour during an experiment in frozen config-
uration.

Fig. 2. Typical water (vapour) temperature and pressure measured during plumes-analogue experiments (warm configuration on the left, frozen configuration on
the right). The pressure was measured from the moment the water in the reservoir started boiling, until the vacuum pumps were deactivated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The velocity at the vent (V,,,) is determined by multiplying the
Mach number obtained with Eq. (3) by the speed of sound c:

c VR/MHZOTuent (C))

s,vent =

where y is the heat capacity ratio, equal to 4/3 assuming ideal gas, R
is the universal gas constant, My, represents the molar mass of water
and T,,,, is the temperature of the water vapour flow measured at the
vent.

3. Measurements of flow conditions

In this section, we show the results obtained with the warm model
and frozen model and describe the differences between them. Flow
temperature and pressure are measured along the channel and used to
calculate saturation degree (S) and Mach number (M).

3.1. Temperature and pressure profiles

The typical temperature of the liquid water and water vapour
along the channel during warm and frozen configuration experiments
is shown in Figs. 2(a) and 2(b) respectively. The figures also show
the main events during the depressurisation cycle, namely when the
vacuum pumps are activated (around 1-2 min from the start), when
the liquid water reservoir reaches boiling conditions (between 3-5 min)
and when the chamber is repressurised (between 50 and 60 min).

For the same experiments, the pressure measured in the reservoir
and along the channel is displayed in Figs. 2(c) and 2(d). The data
collection began once the reservoir reached boiling conditions and
continued until the temperatures and pressures had stabilised, at which
point the vacuum pumps were deactivated. The pressure at the vent was
measured to be approximately 3.5 mbar, consistent with the numerical
values reported by van der Hijden et al. (2024). As visible from Fig.
2(d), the pressure measurements at 60 and 140 mm of channel height
for frozen model experiments were unreasonably high, changing very
slowly compared to the depressurisation of the chamber and reservoir
or showing sudden jumps when not expected. We hypothesise that
during the freezing process, the ice expanded, clogging the plastic
tubes used to probe the pressure inside the channel and, consequently,
compromising the measurements.

3.2. Reservoir conditions

Regardless of the experiment duration, triple point conditions and
water freezing were not observed in the reservoir at any moment, al-
though the system appeared to approach these conditions. Each exper-
iment was stopped once the pressure and temperature in the reservoir
stabilised, showing no noticeable changes over time. The stable reser-
voir conditions were approximately 7 mbar and 0-3 °C, independent
of the experimental setup temperature and reservoir initial conditions.
The chamber pressure under these conditions was consistently around
3-3.5 mbar.
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Fig. 3. Pressure-temperature conditions of the water vapour flow measured at the vent of 3 experiments in warm configuration and 4 experiments in frozen
configuration. The colours follow the notation in Table 1. Temperature and pressure are measured with relative sensors positioned along the channel. The black
arrow indicates the evolution of reservoir conditions. Triangle and square symbols mark the initial and final flow conditions at the vent, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

One possible reason why triple point conditions and water freezing
did not occur in the reservoir is the restriction of water vapour outflow
caused by the channel, combined with heat radiated from the surround-
ing environment. The geometrical constriction may have generated
a back-pressure in the reservoir, inhibiting the water vapourisation
process. Additionally, the slow heat loss from the reservoir may have
been balanced by the heat absorbed from the vacuum chamber en-
vironment (at approximately 15 °C) by the liquid water. Additional
experiments with different channel diameters have been performed to
investigate this hypothesis. However, the results will be part of a future
publication.

3.3. Temperature-pressure conditions at the vent

The temperature and pressure conditions measured at the channel
vent are shown in Fig. 3. Data were acquired at 20 Hz, starting
when the water in the reservoir reached boiling conditions, marked by
triangle symbols in the figure. Acquisition was stopped once stable flow
conditions were achieved, indicated by shaded squares. A summary

of the results and uncertainties associated with each experiment is
reported in Table 1.

For Enceladean conditions, theoretical models predict a decrease
in gas temperature along the channel as a consequence of the rapid
decrease in flow pressure, ultimately reaching saturation conditions
(Schmidt et al., 2008; Yeoh et al., 2015; Nakajima and Ingersoll, 2016).
While the vent conditions measured in the frozen experimental setup
are consistent with the theory, the flow at the vent of the warmer setup
immediately diverges from the saturation conditions, maintaining a
flow temperature between 17 and 20 °C throughout the experiment. In
both warm and cold models, the flow stabilises at a temperature similar
to the wall temperature of the model while the pressure conditions
in the reservoir and the chamber are nearly identical. Therefore, the
variation in the temperature of the channel wall must be the primary
cause of the difference in the observed flow temperature at the vent.

The venting temperatures of the warm model, higher than the water
temperature, suggest a transfer of heat from the warmer walls to the
flowing gas. This phenomenon likely involves a significant contribution
from convection and thermal radiation, both of which are sensitive to
wall temperature.
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Table 1

Summary of experimental results. A number and a distinct
colour identify each experiment, consistent across Figs. 3,
4, 5, 6, and 7. For each experiment, the configuration
type (warm or frozen), the duration of the experiment
At (in minutes) and the saturation degree S under stable
conditions are reported. Estimated Mach numbers M in
stable flow conditions are also provided for experiments
where velocity measurements were not compromised.

Exp. T At [min] S M

wall
Warm 55 0.15 +£ 0.02  0.63 + 0.18

1
Warm 61 0.17 + 0.03 -
Warm 17 0.20 + 0.03 -
4

Frozen 28 0.77 + 0.14 0.84 + 0.14

Frozen 40 0.78 + 0.15  0.94 + 0.14
Frozen 47 0.58 + 0.11 0.86 + 0.17
Frozen 50 0.90 + 0.17 -

t [min]

Fig. 4. Saturation degree computed with pressure and temperature measure-
ments at the vent of the channel using Eq. (1). The colour scheme from Table
1 is used. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

3.4. Observations of phase change

On a theoretical level, the decrease in flow pressure along the
channel causes the flow temperature (7},,) to decrease, consequently
decreasing Deg (see Eq. (2)) and increasing .S (see Eq. (1)). In an
isentropic flow, no heat is exchanged with the walls and no phase
change occurs, leading to a very high value of saturation degree (S >
1). In reality, .S values above 1 are not sustainable, since vapour at a
pressure above the saturated pressure (p,,) tends to change phase: when
Priow > Peg» Water vapour transitions to solid phase, forming ice nuclei
that grow into larger particles through condensation. Alternatively,
ice particles can also form from the freezing of liquid water droplets,
which are generated by boiling water and entrained by the upward-
moving flow. In this work, both processes are collectively referred to
as nucleation. Nucleation releases heat to the flow and increases its
temperature, re-establishing a saturation degree around 1.

For the warm model, Fig. 4 shows that the flow has a saturation
degree well below 1, indicating that the water vapour pressure is lower
than p,,. This result suggests that the heat exchanged between the flow
and the walls plays an important role, increasing the flow temperature
(Tt1ou) and, with it, the saturated vapour pressure (Peg)-

On the other hand, Fig. 4 shows that the water vapour flow in
the frozen model has a higher saturation level. The colder model
temperature allows the flow temperature to decrease while travelling
along the channel, resulting in higher .S than in the warm model. Since

Icarus 445 (2026) 116842
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Fig. 5. Mach number computed from total and static pressure measurements
at the channel vent, using the isentropic relation in Eq. (3). The colour scheme
from Table 1 is used. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

phase change prevents the flow from becoming super-saturated (S >
1), the values of S close to 1, displayed in Fig. 4, suggest that nucleation
is significantly more likely to occur in the frozen experimental setup
compared to the warm one.

The decrease in saturation degree with time displayed in Fig. 4 can
be linked to a change in the thermal condition of the system. Specifi-
cally, the reservoir water temperature decreases due to the evaporation
process, leading to a corresponding decrease in flow temperature.
Once the water reaches a constant temperature, between 0-3 °C, the
saturation degree also stabilises.

It remains unclear whether the higher saturation degree observed at
the beginning of each experiment indicates increased nucleation. Inter-
preting this initial phase is challenging due to its transitional nature
and the influence of multiple factors. One such factor is condensation
from saturated air on the reservoir walls during the evacuation of the
vacuum chamber, which likely disturbs the measurements in this phase.

Water droplets were also observed on the channel walls at the
end of the experiments, when the chamber was repressurised and the
model could be closely inspected. The frozen setup exhibited significant
condensation, given the colder surfaces where water vapour is more
likely to deposit. In several instances, this condensation resulted in ice
particle formation on the channel walls and subsequent clogging, which
disrupted multiple experimental runs of the frozen setup.

3.5. Mach number measurements

The Mach number of the flow at the vent is determined using
Eq. (3). Experiments 2, 3, and 7 were excluded from the analysis due
to unreliable total pressure measurements, caused by water droplets
clogging the Pitot-tube pressure probe. The results displayed in Fig. 5
show a clear discrepancy between the two setups, with the colder one
exhibiting higher velocities, which implies higher Mach numbers. Since
the frozen setup and warm setup present similar reservoir conditions
and vacuum chamber pressures, we would expect similar velocities
too. Therefore, the disparity can be attributed to thermal effects oc-
curring inside the channel, as we already inferred for the temperature
variations at the vent.

Similar to the saturation degree, the Mach number also shows
changes with time, likely due to changes in reservoir conditions. Again,
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Fig. 6. Enthalpy difference between vent and inlet computed with Eq. (5).
Velocity at the vent has been derived from the Mach number measurements,
multiplied by the speed of sound under the ideal gas assumption. The colour
scheme from Table 1 is used. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

we observe that this variability almost disappears at the end of the ex-
periments, when the reservoir and water vapour flow are in stable con-
ditions. In these steady conditions, Mach numbers range between 0.8-1
in the frozen setup and 0.6-0.7 in the warm setup, corresponding to
estimated velocities of approximately 320-500 m/s and 260-390 m/s,
respectively, calculated using Eq. (4).

4. Heat exchange between flow and models

Results presented in Section 3 are here used to investigate and quan-
tify the influence of heat transfer between the flow and the channel
walls and to estimate the solid fraction for frozen model experiments.

4.1. Vent enthalpy difference

According to the energy conservation equation in a steady flow,
the energy of water vapour at the inlet of the channel (see Fig. 1)
should match the energy at the vent, as expressed in Eq. (5). Using
this equation, we calculate the enthalpy excess at the vent (4h,,,,)
due to heat transfer processes and nucleation throughout the plume
experiments.

2

Vv
Tvent + Uzem - Ahvent ()

In Eq. (5), ¢, is the specific heat capacity of water vapour. The inlet
enthalpy does not include the kinetic energy term, since the velocity
in this location is assumed ~0. The velocity at the vent (V,,,) is
determined multiplying the Mach number obtained in Section 3.5 by
the speed of sound (¢, o = /7 RypTpens)s Where Ry, = R/M, and M
represents the molar mass of H,O.

The results reported in Fig. 6 denote a peak in 4h,,, in the first
minutes of the experiments which are attributed to large variations in
thermodynamic conditions in the reservoir. In this initial phase, the
frozen model presents values nearly double those of the warm model,
despite its velocity being only slightly higher. A possible interpretation
is that the temperature difference between water vapour flow and the
frozen model is highest at the beginning of the experiment, when water
is above 10 °C, resulting in larger thermal effects inside the channel.
However, in stable conditions, Fig. 6 shows 4h,,,, values similar for
both models.

Tinlet = cp,vem

Cp,inlet
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4.2. Heat exchange between flow and model

Values of 4h (J/kg) found in Section 4.1 are here used to estimate
the amount of heat absorbed by the flow (W) from the channel walls.
As expressed in Eq. (6), we consider the heat flux through convection
(O,.ny) and nucleation (Q,,,,;) as main contributors to the total enthalpy
difference (4h,,,) observed at the vent. The mass flow rate of water
vapour is indicated as #i .

Qtat = Qcanu + Qnucl + Qother = mflvahvem (6)

Among the other energy sources grouped in Q,,,, in Eq. (6), radia-
tive heat transfer is included. However, due to the gaseous and rarefied
nature of the flow, we assume that the contribution of radiative heat
transfer is negligible. Moreover, as discussed in Section 3, phase change
can be disregarded in the warm model, given the low saturation degree.

Convection, described by Eq. (7), is likely the dominant mode
of heat transfer in this system. In the equation, 4, represents the
convective heat transfer coefficient, A is the surface area of the channel
exposed to the flow and (T, — Ty,,) is the temperature difference
between the channel walls and the water vapour flow.

Qconu = hconUA (Twall - Tf/aw) (7)

An estimated value for A, is approximately 15-20 W/m?> K, as
calculated in Appendix C.

To obtain an indicative Q,, value exchanged with the flow inside
the channel, we substituted the enthalpy calculated with Eq. (5) in
Eq. (6) and an estimate of the mass flow rate. Appendix D provides
different methods to obtain this value. Calculations show that 71, is
around 1075 kg/s under stable conditions. By substituting i, and
Ah,,,, into Eq. (6), we obtain a total power around 0.5—-1 W.

4.3. Solid fraction

While nucleation is considered negligible in the warm model, it
can significantly impact the flow inside the frozen model, as shown in
Section 3.4. This section aims to quantify the solid fraction in the flow
of the frozen model produced through nucleation, defined as the mass
of ice particles nucleating (r,,,,) with respect to the total mass flow
(1 £ 1o

Eq. (8) describes the heat released through nucleation, which is
directly proportional to r,,, and L,. The latter is either the latent
heat of vaporisation or sublimation of water, depending on whether
the flow temperature is above or below 273.15 K. By definition, s,
is equal to the solid fraction f of the flow times the mass flow rate
Mo, In the regime where the difference T,,,, — T/, is negligible,
nucleation is considered the only process contributing to the total Ah.
Therefore, Eq. (6) can be simplified to Eq. (9). The solid fraction is
subsequently computed by combining the two expressions of O,
resulting in Eq. (10).

Qe = Myyer Ly = fmflava (8

inlC] = mflowAhUem (9)
Ah,

f==" ao

v

Values of solid fraction needed to account for the excess enthalpy
at the vent observed in Fig. 6 have been plotted for 3 frozen model
experiments in Fig. 7, showing f values between 1.5% and 3%, with the
highest values observed in the first 10-15 min of each experiment. The
decrease in solid fraction with time agrees with the saturation degree
decrease observed in Fig. 4.

It is worth noting that including the effect of convection and thermal
radiation cooling or heating would influence these estimates and Eq. (9)
does not exactly hold anymore. In the first phase of the frozen model
experiments, the flow is cooled by the walls (T, < T1)> With Oy,
and Q,,, assuming negative values. Therefore, under these conditions,
nucleation is underestimated (see Eq. (6)) and the results in Fig. 7 can
be regarded as conservative estimates representing the minimum solid
fraction achieved in our experiments.
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Fig. 7. Solid fraction at the vent of the frozen model computed from enthalpy
difference at the vent (4h,,,,) using Eq. (8). The colour scheme from Table 1
is used. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

5. Experimental results extended to Enceladus’s conditions

In this section, the experimental results are compared with the
plume characteristics inferred from Cassini observations. The solid frac-
tions are compared with estimates from the Imaging Science Subsystem
(ISS) and the Ultraviolet Imaging Spectrograph (UVIS) data (Kieffer
et al., 2009; Ingersoll and Ewald, 2011), from the Plasma Wave Spec-
trometer (RPWS), the Cassini Plasma Spectrometer (CAPS), and the Ion
and Neutral Mass Spectrometer (INMS) (Dong et al., 2015), as well as
from the Cosmic Dust Analyzer (CDA) (Postberg et al., 2018a). The
velocities are compared with estimates from UVIS data (Hansen et al.,
2006; Tian et al., 2007; Hansen et al., 2008, 2011; Portyankina et al.,
2022) and with INMS data (Smith et al., 2010; Dong et al., 2011). The
objective is to determine how the wall temperature affects the solid
fraction and velocity of the water vapour at the vent.

5.1. Wall temperature

The plume flow on Enceladus is expected to have a temperature
within a few degrees Kelvin of that of the ice walls (Ingersoll and
Pankine, 2010; Nakajima and Ingersoll, 2016). In the experiments
with the warm setup, the water vapour, initially in the reservoir near
triple point conditions, experienced high heat addition when travelling
upwards in the channel (see Fig. 2(a)), reaching highest temperature
at the vent. This indicates highly efficient heat transfer, which, as
described by Eq. (7), is primarily driven by the wall temperature. This
heat transfer inhibits saturated flow and, consequently, phase change
processes.

The frozen setup, designed in response to these observations, better
reflects the expected conditions of Enceladus’ plume. Lower flow tem-
peratures were recorded both within the channel and at the vent (Fig.
2(b)), along with a higher degree of saturation (Fig. 4). A saturated flow
is essential for phase change to occur, and phase change is considered
the primary mechanism for achieving thermal equilibrium between
the flow and the walls, as noted by Nakajima and Ingersoll (2016).
Therefore, controlling the setup temperature to better approximate the
conditions on Enceladus should be a key focus of future experiments.

5.2. Solid fraction

Cassini UVIS and ISS observations have been used by Kieffer et al.
(2009) and Ingersoll and Ewald (2011) to estimate the solid fraction
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Fig. 8. Average flow velocity at the vent in the frozen model. Black dotted
lines show indicative velocities for different vent flow temperatures (7', yen)s
estimated through the energy conservation equation (Eq. (5)) for different
values of 4h,,,,. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

of the plume, with an inferred ice-vapour mass ratio between 0.1 and
0.7. By fitting the ice grain size distributions measured with CAPS
and RPWS, Dong et al. (2015) derived values of ice grain densities
around 20% of the water vapour density measured by the INMS data.
In comparison, our experimental results show a lower solid fraction of
approximately 0.03. These differences arise from the distinct conditions
of the experimental setup compared to those of Enceladus’ plume,
including differences in temperature, scale, and the absence of salts and
organic compounds in the liquid water used during the experiments. In
this section, we discuss how these parameters may have influenced the
solid fractions observed in the experiments.

While the experimental setup has a temperature of 273 K, the
crevasse on Enceladus can reach temperatures below 220 K (Spencer
et al., 2006; Spencer and Nimmo, 2013; Goguen et al., 2013; Tenishev
et al.,, 2014). As observed in Section 4.3, there is a larger temperature
difference between the flow and the wall at the beginning of the
experiments, allowing for higher heat transfer towards the walls. As a
consequence, the flow becomes supersaturated and nucleation is initi-
ated, increasing the total solid fraction. With lower wall temperatures,
we expect to observe higher heat absorption and, consequently, higher
nucleation rates.

The second aspect to consider is the model scale. The length of
Enceladus crevasses is estimated to be on the order of hundreds of
metres to kilometres. In comparison, our model is at least 50 to 1000
times smaller. A longer channel implies a longer time of travel of the icy
particles from the water table to the vent and, consequently, a higher
possibility for water vapour to deposit onto the existing icy nuclei,
promoting their growth and increasing the solid fraction.

Lastly, the use of demineralised water in this study prevented
heterogeneous nucleation, as discussed in Section 2. Water-insoluble
organic compounds, which are present in the subsurface ocean, may
enter the plume’s water vapour flow and serve as nucleation sites for
ice grains, as suggested by Postberg et al. (2018b) and Khawaja et al.
(2019). The concentration of these ice grains, known as Type II grains,
was estimated from Cassini CDA measurements around 20%-30%
of the total mass of icy particles with sizes of ~0.2-2 pm in the
plume (Postberg et al., 2018a). Future experiments will explore whether
the presence of organic compounds in the plume experiment would
result in similar percentages of Type II grains and higher values of solid
fractions.
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Fig. 9. Experimental plume velocities are the same as in Fig. 8. Results from UVIS Cassini observations and INMS Cassini observations are reported in purple,

with filled and empty markers respectively. The purple-shaded region illustrates

the flow temperature-velocity conditions achievable within a straight channel

geometry. The minimum values of solid fractions (f), associated with each Ah, have been calculated with Eq. (10) and are indicated in grey on the left-hand side.
Yellow-blue gradient lines indicate estimated expansion ratios (A4,,;/A,,) of the channel. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

5.3. Velocity

This section aims to model a correlation between the temperature
and the velocity of the water vapour flow. Using the energy conser-
vation equation in Eq. (5), we have calculated the theoretical flow
velocity considering various combinations of T, at the vent, ranging
from 260 K and 300 K, and 4h,,, equal to 0, 50 and 100 kJ/kg. The
reservoir is assumed to be at triple point conditions. This theoretical
model, which we refer to as iso-enthalpy model, imposes no constraints
on the geometry of the channel.

The water vapour velocities associated with the chosen levels of 4h,,,,
are calculated using the iso-enthalpy model and reported in Fig. 8 as
black dotted lines. The figure also reports the water vapour velocities
obtained from the experiments: 320-500 m/s for the frozen setup and
260-390 m/s for the warm setup, as calculated in Section 3.5.

Both experiment and model agree that lower plume temperatures
and higher enthalpy levels correspond to higher water vapour veloci-
ties. Moreover, the experimental data points fit within 4h,,,, values of
50 and 100 kJ/kg. This enthalpy addition (4h,,,) can originate from
multiple sources. From the analysis presented in Section 4, we conclude
that convection and thermal radiation dominate in the warm setup,
while nucleation dominates in the frozen setup.

5.4. From experiments to Cassini observations

In the following paragraphs, we want to examine the possibility of
reaching velocities similar to those observed on Enceladus by further
cooling the experimental setup. Fig. 9 shows velocities inferred from
Cassini observations by several authors. Estimates obtained from UVIS
by Hansen et al. (2008) and INMS observations by Smith et al. (2010)
and Dong et al. (2011) are consistent with the estimates of the iso-
enthalpy model for 4h,,, similar to those observed experimentally.
The lower velocities found by Hansen et al. (2006) and Tian et al.
(2007) would suggest higher wall temperatures or an under-expanded

crevasse (i.e. smaller A4,,,/A,,). However, it should be noted that
these studies were published when the plume had just been discovered
and few observations were available. Studies by Hansen et al. (2011)
and Portyankina et al. (2022) reprocessed these plume observations,
obtaining higher water vapour velocities.

The results from Cassini UVIS observations exceed the energy levels
observed in the experiments. Assuming Ty, =~ 7,4, convective
and radiative heat transfers with the crevasse walls can be neglected
compared to the heat provided by nucleation. With this assumption, an
enthalpy addition of 800-1600 kJ/kg can source from a minimum solid
fraction between 0.3 and 0.6, in agreement with Ingersoll and Ewald
(2011). Velocities higher than 2000 m/s, estimated by Hansen et al.
(2011), require very high Ah and solid fractions (f). Nevertheless, UVIS
plume observations were taken several kilometres above Enceladus’
surface, after the plume experienced additional acceleration through
free expansion in vacuum (Yeoh et al., 2017). Therefore, estimates
obtained from Hansen et al. (2011) and Portyankina et al. (2022)
correspond to an upper limit for the water vapour velocity at the vent.

Several studies, including those of Kieffer et al. (2009) and Ingersoll
and Ewald (2011), have reported that the difference between T, and
T is typically within 2 K. Applying this assumption to our model, a
decrease in wall temperature leads to a corresponding decrease in flow
temperature, which, in turn, results in higher flow velocities. However,
as shown in Fig. 9, the velocities predicted by the iso-enthalpy model
eventually exceed the thermal velocity, vy,, indicated by the dashed
line and defined by Eq. (11):

8k T
Vin =\~ an

where kg is the Boltzmann constant, 7 is the absolute temperature of
the flow, and m is the mass of a single molecule in the flow. When the
flow velocity surpasses vy,, the efficiency of heat exchange between the
flow and the walls is expected to decrease significantly. This is because
the average particle velocity increases, reducing the frequency and
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duration of collisions between particles and the channel walls. From
an experimental point of view, decreasing T, below 210 K could
become unfeasible by solely reducing T,,,, while keeping a straight
channel.

A yellow-blue gradient line has been plotted on top of each iso-
enthalpy curve in Fig. 9, indicating how a divergent section of the
channel is required to achieve lower flow temperatures. This channel
geometry is characterised by a certain exit-throat area ratio (A,,;,/A4,,),
known as the expansion ratio. While a flow inside a straight channel
(expansion ratio 1) can achieve a maximum velocity corresponding to
the sound speed and minimum temperatures of 235 K, expansion ratios
around 1.5-3 are needed to sustain velocities of 600-1000 m/s and
flow temperatures of 140-180 K. This suggests that, by knowing the
temperature of the surface around the vent, it may be possible to infer
whether the crevasse has a higher expansion ratio (colder surface) or a
lower one (warmer surface).

6. Conclusion

We performed plume experiments simulating the thermodynamic
conditions found on Enceladus with a water reservoir for the subsurface
ocean, a channel for the crevasses, and a vacuum chamber to recreate
the low pressures at the surface of the moon. As the pressure decreases,
the water reaches boiling conditions and vaporises. Water vapour accel-
erates through the channel, where flow temperature and pressure are
measured, and is ejected in the vacuum chamber.

Two models with straight channels and with different wall tem-
peratures have been tested, allowing us to understand the effect of
wall interactions on the flow characteristics. These results have been
extended to Enceladus’ conditions by considering the effect of longer
channel and colder wall temperatures on the flow characteristics. Our
conclusions are the following:

1. Convective and radiative heat transfer, highly dependent on the
model temperature, play a crucial role in the plume experi-
ments and are the main cause of non-saturated flow in a room
temperature model;

2. Saturated flow conditions and visible condensation onto the
channel walls of the frozen model have been observed. Nucle-
ation is possible, despite the absence of a geometric throat in the
channel, and the solid fraction is estimated around 1.5%-3%;

3. A straight channel configuration was chosen to isolate the ther-
mal effects on the flow velocity. The flow velocity within the
channel was observed to be affected by different wall temper-
atures. The experiments show higher velocities for lower wall
temperatures. This aligns with the energy conservation law.

4. A new plume model based on the conservation of energy has
been formulated, called the iso-enthalpy model. The experiments
were conducted at temperatures much higher than the real
Enceladus conditions. We argue that the impact of the wall
temperatures (7)) on the flow velocity is greater when 7,
is above 210-235 K. Additionally, we emphasise the necessity
of an expanding channel to achieve flow temperatures and ve-
locities consistent with Cassini observations. Lastly, we propose
a potential link between the surface temperatures observed near
the tiger stripes and the expansion ratios of adjacent crevasses,
suggesting that warmer surfaces may indicate narrower crevasse
vents.

Our research highlights the importance of creating experimental
models to better understand processes occurring on Enceladus. This
study starts with the model temperature as a key parameter. Fu-
ture plume experiments will investigate lower model temperatures
and evaluate the impact of channel geometry (i.e. different expansion
ratios, throat diameters...) on the flow velocity and temperature. Fur-
thermore, higher accuracy measurement techniques are essential to
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investigate nucleation in the flow, starting from the assessment of the
wall temperature and, consequently, heat transfer with the model.

While the present study focuses on Enceladus’ plume, the results can
be extended to cryovolcanism in general and are therefore applicable to
other icy moons such as Europa. Two major missions are currently on
their way to the Jovian System to advance our understanding of ocean
worlds. NASA’s Europa Clipper, launched in 2024, will conduct a de-
tailed reconnaissance of Jupiter’s moon Europa, including searches for
plumes (Vance et al., 2023). ESA’s JUICE (Jupiter Icy Moons Explorer)
mission will explore Ganymede, Europa, and Callisto, with particular
emphasis on Ganymede (Grasset et al., 2013). ESA’s Voyage 2050
program and NASA’s Planetary Science Decadal Survey are prioritis-
ing further exploration of Enceladus, with potential landers that may
attempt to access the subsurface ocean directly. For these future mis-
sions, it is essential to understand the physical environments in which
robotic systems will have to operate to reach the subsurface ocean. Our
experiments can support mission design by providing constraints on
crevasse geometry, thermal conditions, and dynamic pressures that may
be encountered during descent. The design of mission concepts such
as a lander with a melting probe (Konstantinidis et al., 2015) a robot
climbing icy crevasses with screws (Ono et al., 2018) or a snake-like
autonomous robot designed to navigate icy crevasses (Vaquero et al.,
2024), highlight the importance of such preparatory studies.
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Appendix A. Experimental equipment

This section describes the laboratory equipment used for the plume
experiments (i.e. the vacuum chamber and pumps), the methods used
to measure the pressure, and the precision of the measuring equipment.

A.1. Vacuum chamber and pumps

A section of the Hypersonic Test Facility Delft (HTFD) is utilised as
vacuum chamber. A schematic of the HTFD is provided by David et al.
(2006). The vacuum system uses two Leybold SOGEVAC SV300B pumps
to evacuate the vacuum tank. The minimum pressure observed in the
vacuum chamber is around 1 mbar. The vacuum pumps evacuate the
chamber throughout an experiment to guarantee the lowest pressure
possible. Because water vapour is continuously ejected into the vacuum
chamber, the typical pressure achieved in the vacuum chamber during
a plume experiment is (3.5 + 0.5) mbar after 10 min from the start of
evacuation and does not change significantly over time.
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A.2. Pressure measurements

The reservoir pressure was determined based on the water temper-
ature at boiling conditions, employing the Antoine equation:

B

A— ——
C+ Twater

]Ogl() Pres = (12)
where A, B and C are gas-related parameters with values of 5.40221,
1838.675, and —31.737 respectively.?

Differential pressure sensors have been employed to determine the
pressure in other locations along the channel. Each sensor comprises
a high-pressure port and a low-pressure port and outputs a voltage
signal proportional to the pressure difference between the two ports.
The maximum pressure difference detectable ranges between 12.5 and
25 mbar, with an uncertainty of 0.1-0.3 mbar (see Appendix A.3)
depending on the specifications of each sensor.

A single differential pressure sensor is used to measure the pressure
difference between the reservoir and vacuum chamber and derive
the absolute pressure in the latter. Since the low-pressure port of all
the differential pressure sensors was exposed to the identical vacuum
chamber pressure, it is possible to derive the absolute pressure in each
other location.

A.3. Pressure uncertainty

As mentioned before, various differential pressure sensors have been
used to monitor the flow conditions inside the reservoir, along the
channel and at the vent. Using the accuracy of the various differential
pressure sensors (HCLA12X5EU, ELVRL10D1RTINASF and NSCD-
JJINOOSNDUNV chips) used in our experimental setup, we can derive
the global uncertainty on each differential pressure measurement.

Vour =Vors
Piirr= P 13
dif f Vmax ~Vars dif f,max ( )

From Eq. (13), we can link the differential pressure measured in
mbar to the voltage output of the sensor chip V,,, and the maximum
measurable pressure difference P,/ ... The offset voltage when zero
differential pressure is applied between the two pressure ports V,; and
the maximum voltage output value V,,,, are both given by the sensor’s
manufacturer in its technical datasheet. Propagating the uncertainty of
those three voltage parameters with regards to Eq. (13) will yield the
total uncertainty on P, :

2 2
0_2 _ aniffo_ + 0Pd[ff0_ -
Pdiff — aVour V out ()Voff Voff

OPyiss 2
+ EY O-V,max

max

(14

The combination of sensors provides an overall uncertainty op 4,
ranging from 0.1 mbar to 0.3 mbar.

A.4. Temperature uncertainty

The uncertainty of T-type thermocouple measurements has been
determined by exposing the sensors to an environment with a stable
temperature, hence in the absence of gas flows. The average of all the
measurements has been considered as the true temperature, while the
uncertainty of the measurement has been calculated as 3 times the
standard deviation of the measurements, resulting in 0.25 °C.

However, during the plume’s experiments, the thermocouples are
exposed to the water vapour flow, with temperature constantly varying.

2 The values of the Antoine equation parameters have been retrieved from
the following NIST (National Institute of Standards and Technology) web page,
making reference to Bridgeman and Aldrich (1964): https://webbook.nist.gov/
cgi/cbook.cgi?ID=C7732185&Mask=4&Type=ANTOINE&Plot=on.
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Table 2

Maximum temperature error (47,,,,) for each experiment, assuming 3 different
wall temperatures (T,,,,). All estimates are expressed in degrees Celsius (°C).
These errors refer to the experiments reported in Table 1, displayed in Fig. 3.
Since experiments 2, 3 and 7 presented unreliable measurements of velocity,
the error estimation was not possible.

Tyt 15 °C 17.5 °C 20 °C
Exp 1 (warm) 1.84 0.83 0.40
Tovant -5°C -2.5°C 0°C
Exp 4 (frozen) 0.37 0.87 1.39
Exp 5 (frozen) 0.37 0.97 1.61
Exp 6 (frozen) 0.49 0.89 1.45

Moreover, the thermocouple is subject to thermal radiation coming
from the walls. Therefore, the measurements provided by the thermo-
couples could be different from the real flow temperature. In these
conditions, the thermocouple tip is assumed to be in thermal equi-
librium with the surrounding environment, meaning that the total
contribution of convective and radiative heat transfer should equal
zero. We use Eq. (15) to find the real value of the flow tempera-
ture (T,,,,), knowing the temperature measured by the thermocouples
(Tyr¢) and assuming different values for the wall temperature (7,,,;,).
The product between the view factor and surface area of the channel
(F,_Auq) is assumed approximately equal to the surface area of the
thermocouple tip (A7), in the order of 107> m?. The emissivity (¢)
was assumed equal to 0.95.

4 4
FoiApan€o(Tre =T ) + ArcheonTre = Triow) =0 15)

The convective heat transfer coefficient 4,,,, is estimated based on
several measurements, including the flow velocity (see Appendix C).
For experiments where this measurement was unreliable — specifically
experiments 2, 3, and 7 in Table 1 — it was not possible to solve
Eg. (15). The outcomes, expressed as AT,,,; = Trc =Ty are reported
in Table 2 for all the remaining experiments. A T, between 15 and
20 °C has been assumed for the warm setup, and between —5 and 0 °C
for the frozen setup. All the errors are within 2 °C, which is considered
the uncertainty for the measurements of flow temperature.

Appendix B. Mach number derivation

A gas flow expanding adiabatically within a channel adheres to the
principles of mass, momentum and energy conservation. For a perfect
gas, the following equation holds:

V2 >
Y
2LR,,T
y=1_,
=T|(14+—M

T, is the total temperature, equivalent to the flow temperature when
its velocity is null. Therefore, knowing the flow static and total tem-
perature, it is possible to derive the Mach number:

T
NS
y—1\T

If an isentropic flow is assumed, therefore when the process is consid-
ered reversible, the Poisson relations hold:

VZ
To=T+—=T|(1+
0 2¢ <

? (16)

a7

_ r=1
t=(2) = (2)
Ty Po Do

These can be substituted into Eq. (17) to obtain the Mach number as a
function of the flow pressure (Eq. (3)).

18)
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Appendix C. Convective heat transfer coefficient h,,,,

When the system is in static conditions, the measured convective
heat transfer coefficient is around 2.5 and 25 W/m? K (Kosky et al.,
2013), where low values are observed for low pressures in the case of
our experiments. In static conditions, we measure the setup tempera-
ture with thermocouples inside the channel, as described in Section 2.
Thermal equilibrium is quickly reached between the air inside the
channel and the surface of the channel itself.

In the presence of flow in the channel, A, is obtained from the
Nusselt number Eq. (19).

h =&k

conv
d

19
The variables in this equation are:

« the characteristic length of the system, in our model the channel
diameter d, equal to 5.7 mm;

the Nusselt number Nu, calculated with Eq. (20), proposed by
Nusselt (1931) and valid for short tubes wherein the effect of
the entrance region is not negligible. This formula is considered
suitable within a range of 10<L/d<400, where L represents the
channel length (245 mm). The model employed in our study has
a L/D ratio of approximately 43, aligning with the conditions
required by this formula;

the thermal conductivity of water vapour k, determined with
Eq. (21), where ¢, is the specific heat capacity of water vapour
at constant pressure, dependent on the flow temperature.

The Reynolds number Re is calculated with Eq. (22). The density p
is obtained from the perfect gas equation. The dynamic viscosity u,
determined with Eq. (23), provided by Crifo (1989) for low vapour
temperatures, between 50 K and 300 K. The velocity V is obtained
from Mach number measurements at the vent and speed of sound
estimate. Here we consider the velocity at the vent to be equal to the
bulk velocity through the channel. Since this is an overestimation of
the velocity, h,,,, is overestimated as well. The Prandtl number Pr is
considered equal to 0.7 for gases (Rapp, 2017).

—0.054

Nu=0036- RS . pri/3. (§> (20)

cpH
_ ok 21
Pr @D
Re= PLV. 22)

u

0925 x 105 (L) 23
p=0925x 10 (355 ) (23)

In the experiments, typical values of Re range around 1500 + 400
during the initial transitional phase and decrease to 550 + 150 as the
flow approaches a stable state. These Reynolds numbers below 2000
indicate laminar flow. The heat transfer coefficient 4,,,, also decreases
throughout the experiment, starting from 25-40 W/m? K and stabilising
at 15-20 W/m? K, with an uncertainty of 8 W/m? K.

Appendix D. Mass flow rate ri,,,
In this section, the mass flow rate (iirs,,,) is calculated. First, we
apply Eq. (24), derived from the continuity equation. If the flow is

choked, r,,, becomes independent of the vent conditions and Eq. (25)
is used. This expression depends on the throat cross-section area A,j,.

2 7=t
= APres 27 <Puent>y [1_<Pvenr> 4 ]
‘/RspTres 14 -1 Pres Pres

+1

. At Pres 2 2671)

me, = —\/7 ?
\% RspTres Y

(24)

(25)
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Fig. 10. Mass flow rate of experiment 6 (frozen setup; see Table 1) computed
with Eq. (24) (blue), Eq. (25) (orange) and Eq. (26) (yellow). The shaded
yellow area represents the uncertainty margin, derived from the weight
measurement uncertainty. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

To validate these estimates, the mass of water in the reservoir before
and after the experiment has been weighed. Starting from an initial
volume of 0.5 L, the reservoir lost on average 0.018-0.023 L of water
(initial-final mass, m; — m) for an average boiling duration of 4t =
40 min. These measurements translate into an average mass flow rate
of 7.5 x 107%-107> kg/s throughout the boiling phase (see Eq. (26)).

m; —mg

At (26)

M fow =

One example of a frozen experimental setup is reported in Fig. 10.
Similar outcomes are obtained for the warm setup, suggesting that
Wiy, is MOt governed by the wall temperature. We observe that non-
choked and choked flow assumptions give approximately the same
result. This corroborates the hypothesis of choked flow throughout the
experiment. An almost constant mass flow rate is achieved towards the
end of the experiment, due to the small change of reservoir and vent
conditions with time.

Condensation was observed on the reservoir walls in all experi-
ments, forming large droplets of water. This observation suggests that
a portion of the vaporised mass is lost before entering the channel.
Consequently, the principles of mass conservation, which underlie Egs.
(24) and (25), no longer hold. The resulting value of r: is expected to
be smaller than estimated with these formulas. These considerations
suggest that the mass flow rate is likely around 10~ kg/s under stable
flow conditions.

Data availability

Data will be made available on request.
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