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 A B S T R A C T

The discovery of vast subsurface oceans beneath the thick ice crusts of icy moons in our Solar System has 
ignited global interest in their potential habitability and in the processes shaping these celestial bodies. With 
upcoming missions set to explore the Galilean and Cronian moons in the coming decades, experimental studies 
are essential for optimising mission planning, selecting and testing scientific instruments, and maximising 
the scientific return from future observations. In this paper, we present the Plumes and Ices Simulation 
Chamber for Enceladus and other moonS (PISCES) — a novel experimental setup designed to replicate 
the extreme environmental conditions of icy moons, with pressures reaching down to 3 × 10−5 mbar and 
temperatures as low as 80 K. PISCES enables controlled laboratory investigations of plume dynamics and 
surface interactions using a suite of integrated sensors and instruments. We describe the vacuum chamber 
setup, its capabilities, and its adaptability to various experimental configurations. To demonstrate its potential, 
we detail experiments simulating Enceladus’ plume activity with the Crevasse Laboratory Analogues for Moons 
(CLAM), an experimental apparatus employing 3D-printed cylindrical channels positioned above a liquid water 
reservoir within the vacuum chamber. This approach allows us to examine plume behaviour — including vent 
velocity, temperature, and particle size — in relation to subsurface conditions such as wall temperature, conduit 
dimensions, and expansion ratios. Ultimately, PISCES provides a groundbreaking platform for experimentally 
reproducing icy plumes under conditions analogous to those on Enceladus, advancing our understanding of 
plume physics and informing future planetary exploration efforts.
1. Introduction

Several objects in our Solar System are known (Nimmo and Pap-
palardo, 2016) —such as Enceladus (Iess et al., 2014), Europa (Khurana 
et al., 1998), Ganymede (Vance et al., 2014) —or strongly suspected, 
like Callisto (Khurana et al., 1998) and Mimas (Lainey et al., 2024), 
to harbour liquid water beneath an ice shell. Table  1 presents a non-
exhaustive list of the primary bodies of interest for analogue studies, 
along with the temperature and pressure at the surface of the bodies, 
including Enceladus (Brown et al., 2006), Europa (Brown and Hand, 
2013; Ligier et al., 2016), Ganymede (Ligier et al., 2019), and Tri-
ton (Cruikshank et al., 1993; Quirico et al., 1999; Lellouch et al., 2010). 
Space missions to study these unique worlds using remote sensing 
instruments and even in situ lander measurements would yield an 
invaluable wealth of data concerning habitability of such icy worlds.

With the discovery of plumes of water vapour and ice particles 
from Enceladus’ south polar region in 2005 from the Cassini space-
craft (Porco et al., 2006), Enceladus has become the focal point of 

∗ Corresponding author at: Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands.
E-mail address: y.bourgeois@tudelft.nl (Y.R.A. Bourgeois).

1 https://ntrs.nasa.gov/citations/20205008712 accessed March 31, 2025

both NASA,1 and ESA (Choblet et al., 2022) for future missions. Nu-
merous studies have sought to characterise these plumes originating 
from elongated crevasses known as the ‘‘Tiger Stripes’’. The prevailing 
theory for plume formation involves the vaporisation of liquid wa-
ter (Porco et al., 2006; Schmidt et al., 2008; Postberg et al., 2009) 
from a subsurface ocean beneath the ice shell inferred from gravity and 
libration measurements (Iess et al., 2014; Thomas et al., 2016). Cassini 
observations have provided key insights into plume characteristics, 
including vent temperatures (Spencer et al., 2006; Spencer and Nimmo, 
2013), ice–vapour mass ratios and mass flow of particles (Gao et al., 
2016; Kieffer et al., 2009; Ingersoll and Ewald, 2011), and supersonic 
plume velocities, determined with UVIS (Hansen et al., 2006, 2008, 
2011; Tian et al., 2007; Portyankina et al., 2022) or INMS obser-
vations (Dong et al., 2011; Perry et al., 2015). Various theoretical 
models have been proposed to constrain the heat and mass transfer 
associated with Enceladus’ geological activity observed by the Cassini 
mission (Matson et al., 2012; Kite and Rubin, 2016; Yeoh et al., 2015, 
2017; Mitchell et al., 2024), as well as the geometry of the crevasses 
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Table 1
Surface properties of icy moons of interest and PISCES capabilities.
 Name of body Surface pressure Surface temperature Surface composition (%wt)  
 Enceladus ∼1 mbar (*estimated at plume vent) 80 K (average)

up to ∼210 K
H2O: 99%; CO2: traces;
NH3: <2%

 

 Europa ∼1 × 10−9 mbar 90 K Water ice - frozen mixed brines;
MgSO4: <47%; Na2SO4: <44%

 

 Ganymede 0.2 to 1.2 × 10−8 mbar 100 K H2O & CO2 ice;
H2SO4 hydrates & salts: <10%

 

 Triton 1.4 × 10−7 mbar to 4∼6 × 10−7 mbar ∼38 K N2 ice - some CH4 and CO;
H2O & CO2: <45%; CH4: <10%

 

 PISCES Chamber pressure: 3 × 10−5 to 1000 mbar ∼80 to 300 K User defined and controlled  
Table 2
Enceladian plumes’ physical characteristics.
 Ice crust thickness Vent temperature Ice/Vapour mass ratio Grain size Plume velocity  
 ∼7 to 40 km up to ∼210 K 0.07 to 0.7 up to ∼tens of μm 300 to 2000 m/s 
and the conditions governing 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). Table  2 summarises the 
major known constraints from the preceding literature of the observed 
plumes of Enceladus.

Given the extensive timelines, complexity, and vast costs associated 
with space missions, there is a pressing need to prepare for and support 
the outcome of such missions by studying these celestial bodies in 
controlled environments.

The design and development of the Plumes and Ices Simulation 
Chamber for Enceladus and other moonS (PISCES) setup provides an 
experimental platform, enabling the emulation of both physical and 
chemical processes occurring in the interiors and on the surfaces of 
these icy worlds.

Environmental chambers such as PISCES have become increasingly 
popular for the experimental study of extra-terrestrial bodies, includ-
ing Mars (Mars Environmental Simulation Chamber -MESCH- (Jensen 
et al., 2008), MARTE (Sobrado et al., 2014)), Venus (Glenn Extreme 
Environment Rig -GEER- (Chi et al., 2024), Venus Simulation Labo-
ratory (Steenstra, 2024)), and more general planetary environments 
(Planetary Atmosphere and Surfaces Chamber -PASC- (Mateo-Marti, 
2014), Planetary Analogues Laboratory for Light, Atmosphere, and 
Surface Simulation -PALLAS- (ten Kate and Reuver, 2016)). In the case 
of icy moons, small-scale experimental setups have been employed 
in the literature to investigate specific aspects, such as the optical 
properties and composition of deposited surface ice (Muñoz Caro et al., 
2002; Bründl et al., 2022), the optical spectra of ice particles obtained 
from aerosolization of liquid water (Fox-Powell et al., 2022) or the 
chemistry of the rock/water interface in the enceladian core (Postberg, 
2014; Sekine et al., 2015; Hamp et al., 2024).

However, no existing facility is designed to explore moon-scale 
processes, such as plume dynamics, under controlled laboratory con-
ditions the way PISCES was built, with a detailed description of this 
setup provided in the following sections of this paper. Special attention 
has been given to the design of PISCES to allow support of focused 
investigations on the plumes’ dynamics.

This setup is a key component of the Delft Planetary Laboratories, 
a synergistic research platform located at the Faculty of Aerospace 
Engineering at Delft University of Technology. It enables experiments 
under a wide range of planetary conditions, from the high-pressure, 
high-temperature environments of planetary interiors with the Venus 
Simulation Laboratory (Steenstra, 2024) to the low-pressure, low-
temperature extremes characteristic of icy moons with PISCES and 
ICEBEAR (Kipfer et al., 2024).

This paper presents the current state of the PISCES experimental 
setup (Section 2.1), focusing on pressure, temperature, and associated 
measurement strategies (Section 2.2) in the context of plume dynamics 
investigations (Section 3.1) and planned survey of opto-mechanical 
properties of surface ices (Section 4)
2 
2. PISCES

The PISCES setup is designed to study the wide range of conditions 
that occur in and on icy worlds. The final row of Table  1 details 
the range of conditions achievable within PISCES, described in the 
following section, illustrating the setup’s capacity to replicate most of 
the physical and chemical environments encountered on icy bodies. It is 
not only suitable to emulate environmental conditions at their surface 
with various exospheric pressures and temperatures, but it can also be 
used to study replica of dynamic phenomena, most notably icy plumes, 
as observed on Enceladus.

2.1. The chamber

The chamber is an 800 × 800 × 800 mm inner dimension stainless 
steel cube designed and assembled by Vacuum Specials,2 with a tested 
leak rate below 1.10−7 mbar.L∕s and fitted with an extensive set of 
portholes and feedthroughs, as can be seen in Fig.  1.

The primary pumps are dual air-cooled ECODRY plus 40 (Leybold), 
a roots pump capable of reaching below 5.10−2 mbar ultimate partial 
pressure at a 40 m3/h maximum pumping speed. They are connected 
in parallel, and the gas ballast feature allows a maximum water vapour 
outgassing rate of 300 g/h, as specified in the technical data. The 
second stage is a TURBOVAC 850 i(X) (Leybold) turbo-molecular pump, 
further reducing the ultimate pressure in the chamber down to 3.10−5
mbar. Fig.  2 shows the evolution of the absolute pressure inside PISCES 
under different pumping scenarii.

The chamber features an LN2-cooled cold finger, serving a dual 
purpose. It is designed to collect condensed vapours and icy particles 
onto a witness plate for in situ optical analysis. It can also be used solely 
to reduce the pressure inside PISCES (as seen with the black curve in 
Fig.  2), by acting as a cold trap, condensing some of the matter that 
the pumps cannot remove from the chamber.

Finally, PISCES is equipped with four 180 mm diameter portholes 
at the centre of each sidewall (including the door) and a larger 230 mm 
diameter porthole on the top. Two sets of window materials are avail-
able: borosilicate glass and sapphire glass, depending on experimental 
requirements.

2.1.1. Feedthroughs
The right side of the chamber features eleven DN40 KF flanges to 

interface with various sensors and instruments (see Fig.  3). Among 
these, the following are installed:

2 http://www.vacuumspecials.nl/en/ accessed April 2, 2025

http://www.vacuumspecials.nl/en/


Y.R.A. Bourgeois and S.M. Cazaux Planetary and Space Science 269 (2025) 106206 
Fig. 1. 3D model of PISCES viewed from the front (left) and the back (right).
Fig. 2. Various operating modes of PISCES using combination of cryo-pumping with primary and/or turbo-pump.
• One multi-pin electrical feedthrough (41 connectors) for power 
delivery mounted on a DN50 KF flange (using adapters for DN40 
KF port).

• Three custom-made differential pressure sensor line feedthroughs 
(12 lines each), using Swagelok Ultra-Torr vacuum fittings.

• Two type K thermocouple feedthroughs (5 pairs each).
• Two gas inlet/outlet feedthroughs with 2 ×1/4-inch VCR line 
fittings.

• Two liquid nitrogen (LN2) supply feedthroughs with 1/4-inch line 
fittings.

• Four 9-pin D-Sub standard connector feedthroughs are used to 
interface with the vacuum-compatible motorised 3-axis linear 
translation stage.
3 
2.1.2. Thermal control
Although PISCES does not feature controlled wall-cooling for true 

environmental temperature control, the temperature of an experimental 
setup inside PISCES can be lowered to cryogenic levels using the LN2
feedthroughs. By circulating liquid nitrogen from an external dewar, 
the lower limit of the thermal range outlined in Table  1 can be met in 
any parts of an experimental setup placed inside PISCES.

For experiments requiring smaller temperature gradients, where 
cryogenic cooling may be unsuitable, high-purity aluminium pellets, 
ranging in size from 3 mm to 10 mm are used as passive cooling media. 
These pellets can be pre-cooled in laboratory freezers to temperatures 
as low as ∼200 K and then placed in direct contact with specific 
components of the experimental setup inside PISCES.
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Fig. 3. Close-up view of the DN40 KF flanges for the feedthroughs on the side of the PISCES plateform.
Conversely, to increase the temperature inside PISCES, local addi-
tions of heat to the system are possible using several silicone heating 
foils with IPX7 rating from Thermo Technologies. There are connected 
to a Multicomp Pro MP711057 programmable Direct Current (DC) 
bench top power supply using the multi-pin feedthrough. With this 
arrangement, up to 300 W of electrical power can be supplied to the 
heating foils enabling precise temperature increases where required.

2.2. The sensors suite

Accurate sensors are key to understanding processes occurring dur-
ing an experiment in PISCES. The two main parameters monitored for 
experiments are temperature and pressure at various locations in the 
chamber.

2.2.1. Temperature sensors
Type K thermocouples are placed at various locations to monitor 

temperature variations in PISCES. For surface-mounted applications, 
the thermocouples are secured using 3M 5413 polyimide film, while for 
flow temperature measurements (see Section 3.1), they are embedded 
in dedicated cavities within the experiment and sealed using melted 
Tecbond 7784 polyamide. These thermocouples operate with a nickel 
alloy junction (chromel: 90% nickel and 10% chromium, alumel: 95% 
nickel, 2% manganese, 2% aluminium and 1% silicon). They have an 
operational temperature range of approximately 80 K to 600 K.

The thermocouples are routed through the vacuum chamber via 
the dedicated feedthroughs and connected to an NI 9213 CompactDAQ 
temperature input module (see Appendix  A).

2.2.2. Pressure sensors
The absolute vacuum pressure of the chamber is monitored by a set 

of three gauges:

• two THERMOVAC TTR 101 Transmitters (Leybold) with a moni-
tored pressure range of 5.10−5 mbar to 1500 mbar. One is mounted 
directly on the chamber while the other is placed on the roots 
pump’s line. The analogue output of these sensors is converted 
to absolute pressure readings through the following equation 
provided by the manufacturer: 

𝑃 = 10
𝑉𝑜𝑢𝑡−6.143

1.286 (1)
𝑚𝑏𝑎𝑟

4 
• one PENNINGVAC PTR 90 cold cathode transmitter (Leybold) 
which covers a measurement range of 5.10−9 mbar to 1000 mbar
is also mounted on the chamber (see Fig.  3 on the top right). 
𝑃𝑚𝑏𝑎𝑟 = 101,667⋅𝑉𝑜𝑢𝑡−11.33 (2)

To record minute pressure variations in experimental setups in-
side PISCES, we use a combination of two different piezoresistive 
sensors simultaneously to measure differential pressures. This ensures 
low uncertainties in the pressure measurements (see Appendix  B for 
additional details). The AMS-6916-0010-D-H-DIL chip from AMSYS 
covers a differential pressure range of 10 mbar and the NPA-500B-
05WG chip from Amphenol All/Advanced Sensors spans 12,5 mbar, 
which is sufficient to cover most practical modelling cases with PISCES. 
The sensors are housed outside the vacuum chamber in a dedicated 
temperature-stabilised casing, minimising environmental interference. 
Each sensor is powered by a 5 V supply, connected via DIN Rail dis-
tribution terminals to an NI 9201 CompactDAQ voltage input module. 
Data are converted from voltage to differential pressure by virtue of the 
sensors’ ratio-metric output design using Eq.  (3). 

𝑃𝑚𝑏𝑎𝑟 = 𝑃𝑚𝑎𝑥−𝑚𝑏𝑎𝑟
𝑉𝑜𝑢𝑡 − 0.1 ⋅ 𝑉𝑠𝑢𝑝𝑝𝑙𝑦

0.8 ⋅ 𝑉𝑠𝑢𝑝𝑝𝑙𝑦
(3)

𝑉𝑜𝑢𝑡 is the measured analogue signal from the sensor, 𝑉𝑠𝑢𝑝𝑝𝑙𝑦 is the 5 
V tension powering the sensor and 𝑃𝑚𝑎𝑥 is the maximum differential 
pressure the sensor can record, 10 or 12.5 mbar depending on the chip.

A Raspberry Pi 4B within the casing monitors internal temperature 
and pressure using a Parallax Inc MS5607 chip sensor (see Appendix 
B for details on data correction and error propagation). The differen-
tial pressure sensors are connected to the model inside PISCES using 
Tygon 2375 and Versilon C-210-A polyolefin flexible tubing, which 
runs through the dedicated feedthroughs (see Section 2.1.1). The Tygon 
2375 series has a closely related variant, Tygon 2475, which has been 
referenced in the NASA outgassing database from its 2011 formulation3 
as suitable for space applications, with a Total Mass Loss in % (TML%) 
of 0.26. While the manufacturer does not conduct outgassing rate tests 
on these updated formulation of the NASA-tested product specifically 
(internal communication), tests run in PISCES under vacuum conditions 

3 https://outgassing.nasa.gov/ accessed July 26, 2024

https://outgassing.nasa.gov/
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Fig. 4. Customised 3-axis motorised translation stages inside of PISCES.

result in a TML% lower than 0.1% for both formulation, confirming 
them as suitable to operate in the experimental setup.

2.3. Remote sample positioning system

PISCES will be integrated with several optical measurement so-
lutions. The current design philosophy prioritises optical alignment 
using the portholes of PISCES prior to experiments. Experimental setups 
inside PISCES can be mounted on the customised 3-axis motorised 
translation stage (see Fig.  4). With this approach, various components 
of the experimental setup can be brought into focus from within the 
chamber, eliminating the need for systematic adjustments to external 
optical components during experiments.

This system, manufactured by Optics Focus,4 tested in PISCES at 
pressures down to 10−5 mbar, allows movement along the XYZ axes 
with high precision:

• 𝑍-axis (vertical movement): A CMOX-06-300-B-V motorised trans-
lation stage with a 300 mm travel range, 3.125 μm resolution, and 
a 30 kg load capacity. It includes a power-off brake for security.

• XY-plane (horizontal movement): Two CMOX-06-150-V high-
precision motorised linear stages, each with a 150 mm travel 
range, 1.5625 μm resolution, and a 30 kg load capacity.

• Control system: All three stages are managed by an MOC-02-3-
220 motion controller for NEMA23 stepper motors, supporting 
1/2, 1/4, and 1/8 micro-step configurations for fine positional 
adjustments.

This customised translation stage utilises DB9 connections (see Sec-
tion 2.1.1) to communicate between the controller and motorised 
stages. A standard RS232 interface allows direct control of stage po-
sitioning.

3. Examples of usage for PISCES

Hereafter one of the main research topic of PISCES, origins and 
dynamics of plumes of icy moons, is detailed. Using PISCES as an envi-
ronmental chamber with pressure and temperature conditions matching 

4 https://optics-focus.com/ last accessed April 8, 2025
5 
those of icy moons, we study the relationship between subsurface ter-
rain features like crevasse width, length, shape, temperature, rugosity 
and their effects on some plume characteristics such as mass fraction 
of icy particles to gas, particle size and distribution, particle and flow 
velocities.

3.1. Flagship experiment: Crevasse Laboratory Analogue for Moons — 
CLAM

3.1.1. Experimental protocol
The Crevasse Laboratory Analogue for Moons (CLAM) experimental 

setup is designed to replicate icy plumes within a controlled labora-
tory environment. It incorporates the following key elements to allow 
plume formation: liquid water connected to vacuum through a narrow 
crevasse.

• The subsurface liquid water reservoir is a cylindrical chamber 
with an inner diameter of 175 mm, sealed at the bottom, anno-
tated 1 in Fig.  5.

• The crevasse analogue — representing the channel connecting 
the subsurface ocean to the icy moon’s surface — is mounted 
on the reservoir lid using nitrile O-rings to ensure an airtight 
seal (annotated 3 in Fig.  5). Various geometries can be explored. 
Each design is created using the FreeCAD parametric modeller 
and fabricated in white V4 resin via a Form 3L 3D resin printer 
from Formlabs.

• The outer layer of the 3D-printed channel (noted 4 in Fig.  5) 
is used to cool the crevasse analogue to different temperatures, 
while the water reservoir is heated to maintain appropriate con-
ditions depending on the hypothesis under investigation (see 
Section 2.1.2).

• Sensor ports (noted 5 and 6 on Fig.  5, also see Section 2.2) are 
connected to the appropriate interfaces (Section 2.1.1) at key 
locations within the channel (5 mm, 60 mm, 140 mm and 240 mm 
from the channel’s inlet), enabling the recording of static pressure 
and temperature of the flow. These measurements are taken while 
the CLAM is placed inside PISCES, and the chamber pressure is 
lowered to simulate icy moons’ environments.

A view of a CLAM setup connected to PISCES following an experi-
mental run is shown in Fig.  6. The thermocouples (see Section 2.2.1) 
and differential pressure lines (see Section 2.2.2) are visible, connected 
to the feedthroughs described in Section 2.1.1, located on the right side 
of the figure.

For this experiment, aluminium pellets were pre-cooled to 215 K
(as outlined in Section 2.1.2) and poured around the inner 7.5 mm 
channel, marked as (3) in Fig.  5. In the top left of the image, the bottom 
end of the cold finger is still partially covered in residual ice, formed 
from condensed vapour released during the experiment and not fully 
removed by the pumping system.

Fig.  7(a) presents the temperature readings obtained from testing a 
CLAM experiment within PISCES and 7(b) presents the pressure read-
ings . Additionally, the integration of a Pitot probe (Kimo/Sauermann 
TPL-03-200-T model) at the vent location enables the measurement of 
gas flow velocity. These results correspond to an experiment conducted 
on a straight, vertically walled crevasse cooled to 215 K.

4. Conclusion and prospects

The Plumes and Ices Simulation Chamber for Enceladus and other 
moonS, PISCES for short, is the latest addition to the expanding family 
of experimental rigs used for planetary sciences. Developed at the 
Faculty of Aerospace Engineering at Delft University of Technology, 
PISCES has been designed and is used to support the Planetary Explo-
ration group in advancing research on icy moons. With its innovative 
blend of dimensions, vacuum capabilities, thermal management and 
extensive sensor integration, PISCES is uniquely capable of providing 
a laboratory controlled environment to study large-scale processes 
observed on icy moons. 

https://optics-focus.com/
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Fig. 5. 3D model of a CLAM on the left and middle, with the reservoir (1), a splash-screen (2), the channel (3) with holes integrated for thermocouples and 
pressure sensors (5), and the outer shell (4). On the right is an AI-generated rendition of the analogue for better understanding. The coloured legend on the left 
indicates the location of the sensors matching the temperature and pressure profiles given in Fig.  7(b).
Fig. 6. Photo of a CLAM setup cooled with aluminium pellet to 215 K and 
hooked to PISCES.
6 
As we show in this article, PISCES is currently capable of producing 
pressure (down to 3 × 10−5 mbar) and temperature (down to 80 K) 
matching conditions found on icy moons of the Solar System. The CLAM 
experimental setup takes advantage of those environmental conditions 
inside PISCES to help investigate the relationship between sub-surface 
terrain properties and plume parameters.

In addition to the flagship CLAM experiments, PISCES is planned to 
be adapted for a variety of experimental setups, expanding its role in 
the study of icy moons.

To investigate surface properties of ices and analyse their composi-
tion, PISCES will operate in synergy with a Fourier Transform Infrared 
(FT-IR) spectrometer platform, specifically the Invenio system from 
Bruker.5

Depending on the experiment, transmittance and reflectance mea-
surements will be conducted through PISCES’ wide portholes, with 
the translation stages ensuring precise alignment between the sample 
matrix and the external optical measuring apparatus.

With this addition, PISCES would enable the study of ice surface 
properties under icy moon analogous conditions. These elements are 
critical considerations in the design of upcoming space missions target-
ing icy moons with lander concepts (Harmon et al., 2023). Research 
can also extend into materials science, particularly the study of space 
weathering of materials exposed to plume activity.

These research directions are part of ongoing projects, and their 
results will be documented in future publications.

As interest in icy celestial bodies continues to grow, driven by large-
class missions, both current and future, PISCES is poised to become 
an essential tool for optimising mission planning, selecting and test-
ing scientific instruments, and maximising the scientific return from 
upcoming explorations.

5 https://www.bruker.com/en/products-and-solutions/infrared-and-
raman/ft-ir-research-spectrometers/invenio-ft-ir-spectrometer.html last 
accessed April 23, 2025

https://www.bruker.com/en/products-and-solutions/infrared-and-raman/ft-ir-research-spectrometers/invenio-ft-ir-spectrometer.html
https://www.bruker.com/en/products-and-solutions/infrared-and-raman/ft-ir-research-spectrometers/invenio-ft-ir-spectrometer.html
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(a) Temperature evolution 

(b) Pressure evolution 

Fig. 7. Temperature (a) and Pressure (b) evolution at the vent (240 mm), 
inside the channel (140 mm and 60 mm), at the inlet (5 mm) and in the 
reservoir. Distance in mm is given from the bottom of the 3D printed channel.
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Appendix A. Data acquisition

The analogue data coming from the thermocouples are routed 
through a 16-channel NI 9213 CompactDAQ temperature input module. 
Meanwhile, the analogue voltage output of the absolute and differ-
ential pressure sensors is routed to the workstation acquisition card 
through three National Instruments (NI) 9201 CompactDAQ voltage 
input module with 8 channels each. All data are sampled at 100 Hz and, 
for the pressures, transformed from volts into absolute and differential 
pressure values in a custom LabVIEW virtual instrument program using 
Eqs.  (1)–(3).

The processed data are subsequently averaged every second and 
logged in a text file. Given the dynamics of the processes studied, 
this difference between sampling rate and logging rate allows for 
reasonable file size for hours-long experiments while still capturing 
transient fluctuations of the plume.

Appendix B. Differential pressure sensors’ precision and calibra-
tion

Recent breakthroughs in Micro Electro-Mechanical Systems (MEMS) 
have opened up new avenues for small form factor sensors with great 
accuracy and robustness. In the area of differential pressure sensors, 
various types of sensing technology can be employed:

• capacitive sensors: a diaphragm is attached to one of the capacitor 
plates of the circuit. The pressure variations cause the diaphragm 
to move, changing the distance between the two plates and result-
ing in variations in electrical capacitance in the circuit, affecting 
the voltage output from the sensor.

• piezoresistive strain gauge sensors: a diaphragm is attached to one 
of the resistors of a Wheatstone bridge circuit. Small changes in 
the electrical resistance of the circuit caused by the movement of 
the diaphragm is converted to output voltage variations.

• thermal flow-through sensors: the flow caused by the difference 
in pressure between the two ports of the sensor travels across a 
heated section in the sensor. Two temperature sensors gauge this 
heat flow rate and with careful calibration, infer the difference in 
pressure to which the sensor is exposed to.

While very promising in accuracy and robustness, the flow-through 
technology sensors are not suited for PISCES’ environmental conditions. 
The sensors detailed in 2.2.2 are piezoresistive strain gauge sensors.

B.1. Range and precision

As mentioned in Section Section 2.2.2, the AMS-6916-0010-D-H-DIL 
sensor has a gauge pressure difference between the two ports of the 
sensor that spans 0.15 𝑝𝑠𝑖 or ∼10.34 mbar while the NPA-500B-05WG 
sensor has a range of 5" of H2O or ∼12.45 mbar.

As per the manufacturer’s data for both sensors, they have a max-
imum total error band of 1.5% of their Full Scale Output (FSO). This 
refers to the algebraic difference between the output signal measured at 
the maximum (𝑃 ) and minimum (𝑃 ) limits of the pressure range.
𝑚𝑎𝑥 𝑚𝑖𝑛
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Fig. 8. Uncertainty in pressure measurement as a function of the sensors’ output.
B.2. Calibration and correction

To account for ‘‘zero-offset’’ fluctuations, the sensors are initialised 
a few minutes prior to the start of the pumps in PISCES, and the 𝑃𝑚𝑖𝑛
output (0 pressure difference between both ports) signal values are 
recorded. The values are a posteriori subtracted from the sensors’ out-
put during the experiment to recover the correct differential pressure 
readings.

As the voltage output of the differential pressure sensors is ratio-
metric to the supplied voltage following Eq.  (3), the output of the 5 𝑉
power supply is also logged throughout any experiments to allow the 
possibility to correct any fluctuations, spikes or drops in the supplied 
voltage from the sensors output.

B.3. Error propagation

For each sensor, we will compute the error on the measured pressure 
using the propagated uncertainty equation : 

(𝜎𝑃 )2 =
(

𝜕𝑃mbar
𝜕𝑉out

)2
(𝜎𝑉out )

2 +

(

𝜕𝑃mbar
𝜕𝑉supply

)2

(𝜎𝑉supply )
2 (4)

Substituting with Eq.  (3) yields the following partial derivatives: 
𝜕𝑃mbar
𝜕𝑉out

=
𝑃max

0.8 ⋅ 𝑉supply
(5)

and 
𝜕𝑃mbar
𝜕𝑉supply

=
−1.25 ⋅ 𝑃max ⋅ 𝑉out

(𝑉supply)2
(6)

With the knowledge of the total error band of the sensors from the 
manufacturer’s data and the measured standard deviation of the 5 V 
power supply, we can then estimate the uncertainty 𝜎𝑃  as a function of 
𝑉  for each sensors, as reported on Fig.  8.
out

8 
Since the sensors are meant to be combined and averaged per 
location, the resulting uncertainty for this combination is reflected 
in Eq.  (7): 

(𝜎𝑃𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 )
2 =

(𝜎𝐵𝑃𝑆
2

)2
+
(𝜎𝑁𝑃𝐴

2

)2
(7)

Finally, the total uncertainty will the quadratic combination of the 
statistical uncertainty determined from repeating the same experiments 
𝑁 times and the sensors’ uncertainty 𝜎𝑃  as summarised with Eq.  (8): 

(𝜎𝑃𝑇 𝑜𝑡𝑎𝑙 )
2 =

(𝜎𝑒𝑥𝑝
𝑁

)2
+ (𝜎𝑃𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 )

2 (8)

Data availability

Data will be made available on request.
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