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Abstract

The ice plumes emanating from the geyser vents at Enceladus’ south pole offer an enticing route for direct access to acquire pristine
astrobiological samples. Unlike traditional landing scenarios where the location of the landing target is known a priori, we propose that
one or more penetrators explore the plume environment via lateral maneuvers during the descent to Enceladus’ surface to infer the loca-
tion of promising landing sites by autonomously measuring the plume ice/vapour concentration at multiple locations within the plume.
This offers the prospect of targeting the vent sources of the plumes for direct access to subsurface material prior to its ejection. We exam-
ine four types of ‘‘viffing” (vector-in-forward flight) descent profiles and the impulsive velocity increment (DV ) required for the lateral
maneuvers: (i) a ballistic descent trajectory with a minimal DV cost represents the reference trajectory that implements no lateral search
maneuvers; (ii) a planar descent with a decaying lateral oscillation which has an intermediate DV cost and a small search area; (iii) a
nested series of decreasing sized box trajectories offering intermediate DV costs of varying degrees depending on the specific parameters;
and, (iv) a quasi-spiral trajectory of decreasing radius which imposes the highest DV cost but with the largest lateral search area. Com-
putations and simulations determined that the proposed viffing maneuvers are feasible and permit accurate targeting of Enceladian gey-
ser vents at modest cost in DV . We also briefly assessed the problem of mapping the Enceladian plume during the descent, which will
ultimately be necessary for viffing.
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1. Introduction

Enceladus is a moon of Saturn with a 500 km diameter
covered by a global ice surface. The Cassini spacecraft
through several flybys from 2005 to 2010 confirmed that
there are liquid water reservoirs beneath its ice crust
(Krupp et al., 2012). Water ice particles and water vapour
are emitted from cryovolcanism at the south pole area
(marked by fissures known as ‘‘tiger stripes”) (Geissler,
2015). Most of the ice particles fall as snow from the
plumes onto the surface, making Enceladus one of the most
reflective bodies of the solar system (Jost et al., 2018).
These cryo-eruptions also supply material to replenish
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Saturn’s E-ring (Porco, 2006). The existence of subsurface
liquid water reservoirs imply submarine hydrothermal
activity at a rocky core (Domagal-Goldman et al., 2016)
and suggest the possibility of biological activity (Porco
et al., 2017). The water-ice plumes originating at the tiger
stripes provide enticing opportunities to sample the subsur-
face ocean in a near-pristine state (Witze, 2014). Conse-
quently, Enceladus is regarded as one of the best
locations in the solar system to investigate the prospect
for extraterrestrial life (Hargitai and Kereszturi, 2015).

Enceladus is believed to possess a subglacial ocean in
contact with a silicate core representing a potential habitat
for chemosynthetic life (German, 2004). Internal heating is
generated by the synchronously rotating satellite in low
eccentric orbit around Saturn. Thermal energy may also
be generated through serpentinization
(2Mg2SiO4 þ 3H2O ! MgðOHÞ2 þMg3Si2O5ðOHÞ4) of
ferromagnesian silicate minerals (olivine and pyroxene) in
the rocky core thereby driving hydrothermal vents
(Vance et al., 2007; Góbi and Kereszturi, 2017). It has been
postulated that microbes may reside in the subsurface
ocean similar to those in terrestrial hydrothermal vents.
There is possible evidence of fossilized microorganisms
on Earth from submarine hydrothermal vent deposits dat-
ing back between 3.77 and 4.28 billion years ago in
Nuvvuagittuq Greenstone, Quebec (Dodd et al., 2017).
Viable microorganisms may have been extracted from
Antarctic sediments dating back to the Pliocene-
Quaternary, approximately 2.5 million years ago
(Gilichinsky et al., 1992). These microorganism fossils are
0̧.5 mm long by̧ 10 lm wide hematite filaments reminiscent
of Fe-oxidizing bacteria associated with 50–200 lm car-
bonate rosettes with embedded C-13 depleted graphite
inclusions. These deposits are quite different from the dis-
puted ‘‘conical” stromatolite deposits of postulated photo-
synthetic cyanobacteria in the 3.7 billion year old Isua
supracrustal belt in Greenland (Allwood et al., 2018).

On Enceladus, evidence of life from the subsurface
ocean, if it exists, may be ejected into space via the ice
plumes which erupt from the four ice fissures (tiger stripes)
at the south pole area (Barge and White, 2017). The plumes
contain molecular hydrogen (possibly derived from
hydrothermal activity), carbon dioxide and organic mate-
rial including complex organic molecular masses exceeding
200 amu (Postberg et al., 2018). It is reckoned that the
organics may come from an organic film below the ice that
originated from rising gases released from the silicate core
(Postberg et al., 2011). However, any ejected microbes in
the plumes would be altered by their exposure to space –
this places a premium on landing as close to the tiger stripe
fissures as possible.

The geysers emanating from Enceladus’ tiger stripes
area and the fresh material that falls back onto the surface
(Jost et al., 2018) are considered the foremost locations to
acquire pristine organic samples (Postberg et al., 2011).
Missions that focus on examining the material in the icy
Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
in Space Research, https://doi.org/10.1016/j.asr.2019.12.029
plumes (Coustenis et al., 2009; Konstantinidis et al.,
2015) would be a boon for scientific research (Kereszturi,
2018; Porco et al., 2017). Much of the technology devel-
oped for exploring Enceladus may be applied to other icy
targets e.g., Europa (McKay, 2008) and Titan.

We are investigating the prospect of deploying scientific
instruments within Enceladus’ subsurface using one or
more penetrators (Kereszturi and Keszthelyi, 2013). A
planetary penetrator is a cylindrical spacecraft designed
to impact and penetrate into a solid target using its kinetic
energy (Lorenz, 2011; Anderson et al., 1996). It is an effi-
cient mechanism for delivering scientific instruments
beneath the surface of the target body (Gowen et al.,
2011), making penetrators the most suitable vehicle for
the subsurface exploration of Enceladus. Penetrators have
the advantage of low mass yet tolerate hard impacts with
minimal fuel consumption, when compared to a traditional
lander mission (Raus et al., 2012). In our case, it is desir-
able for the Enceladus penetrator to map the plume contin-
uously to target the plume source (Grygorczuk et al., 2011).
Therefore, the trajectory profile is crucial for the collection
of informative data about the plume — it is this aspect that
is addressed here.

We analyze a flyby orbit of Enceladus and compare the
impact trajectories based on a single plume model. We use
simulation assumptions including calculations of Ence-
ladus’ sphere of influence, the impact velocity of the pene-
trator, and a single-plume regression model. We define and
simulate four types of viffing descent and impact trajecto-
ries, including a ballistic trajectory (which acts as the refer-
ence trajectory), a planar decaying oscillation trajectory, a
hybrid trajectory of nested boxes, and a quasi-spiral
trajectory.

2. Simulation model assumptions

Enceladus is a moon of 1:08� 1020 kg mass with an
average radius of 252:1 km (and a slightly smaller
248:33 km polar radius). Its orbit around Saturn has a
semi-major axis of 237948 km and an eccentricity of
0:0047. Enceladus’ gravitational field is dwarfed by
Saturn’s gravitational field, which perturbs the spacecraft
orbiting around Enceladus resulting in extra orbital
maneuvers to maintain stable orbits. We calculated the
Enceladus gravitational field, the impact velocity of a pen-
etrator, and the descent profiles through the icy plume. In
order to target one of these sources, a mother spacecraft,
like Cassini, would be required to release a penetrator
and its propulsion system during its flyby of Enceladus.
After interception with the plume, the penetrator would
separate from the propulsion system at a suitable altitude,
and then explore the plume environment. These operations
would be guided by an online source localization algorithm
to finally impact the source. We define the longitudinal
descent profile as free fall from Enceladus’ sphere of
influence. We show that the proposed free fall strategy
sers on Enceladus by viffing descent through the icy plumes, Advances
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guarantees an effective impact depth with minimal fuel
consumption.

2.1. The sphere of influence

The sphere of influence (SOI) is defined as an oblate-
spheroid-shaped region around a celestial body within
which the primary gravitational influence on an orbiting
object is that body. Outside the SOI, other celestial bodies’
gravitational fields also affect a spacecraft’s orbit. The
radius of the sphere of influence, rSOI , assuming a spherical
gravitating body is given by

rSOI � a
m
M

� �2=5

ð1Þ

where a is the semi-major axis of the orbit of a small body
with mass m around a large body with mass M. According
to Eq. (1), Saturn’s radius of its SOI around the Sun is

54:6� 106 km, which encompasses Enceladus within
Saturn’s gravitational dominion. The radius of Enceladus’
SOI around Saturn is 456:22 km, which means that within
an altitude of 208 km from Enceladus’ surface, Saturn’s
gravity can be ignored. This defines the highest altitude
for the release of an Enceladus penetrator. At any higher
altitude, Saturn’s gravity would perturb the trajectory of
the penetrator.

The penetrator would free fall from the SOI to attain its
required impact velocity but employs lateral thrusting to
map the plume as it descends. If the freefall impact velocity
is insufficient to penetrate to the desired depth into the sur-
face ice (nominally 0:2to1 m), extra thrust would be
required. We also impose a terminal velocity constraint
of 100 to 300 m s�1 to ensure that there is no significant
physical and thermal distortion to the ice sheath created
by the impactor. This protects the pristineness of the icy
environment to ensure that there is no corruption to scien-
tific instrument data. We demonstrate that a penetrator
free falling from SOI would satisfy our velocity constraint.

The free fall impact velocity may be determined from
the law of conservation of mechanical energy ignoring
any external forces except gravity,

1

2
mv2f �

1

2
mv20 ¼ m

Z rf

r0

gdr ð2Þ

where m is the mass of a penetrator, vf is the impact veloc-
ity, v0 is the initial velocity, rf ¼ 248:33 km = polar radius
of Enceladus, and r0 ¼ 456 km = SOI radius. The acceler-
ation due to gravity (g) is calculated by Newton’s law of
universal gravitation,

g ¼ GM
r2

ð3Þ

where M ¼ 1:08022� 1020 kg kg is the mass of Enceladus,
and the universal gravitation constant

G ¼ 6:67� 10�11 m3 kg�1 s�2. Assuming no external forces,
an object free falling from the SOI with initial zero velocity
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v0 results in an impact velocity of vf ¼ 162:08 m s�1. This
lies within the upper bound of the impact velocity con-
straint. The free fall strategy eliminates the need for fuel
consumption in accelerating or decelerating the penetrator.
For a 12 kg penetrator with a 0:2 m diameter and a 0:2 m
conical nose, the impact depth D is given by the Sandia
equation (Young, 1997),

D ¼ 0:0000046SNðmAÞ0:6ðV � 30:5Þ lnð50þ 0:29m2Þ
N ¼ 0:25 Ln

d þ 0:56
ð4Þ

where S ¼ 2:75� 0:5 denotes the penetrability of a com-
pletely frozen shell of ice, N is the performance of the pen-
etrator nose of diameter d and length Ln, m = mass of a
penetrator, and A = cross-section of the penetrator. Thus,
the terminal velocity constraint will generate a penetration
depth of 0:22 to 0:85 m. The ideal penetration depth is
determined by two opposing constraints: neither too deep
nor too shallow. The depth of penetration into should be
as shallow as possible to recover samples from the plume
deposits with minimum exposure to space during ejection
and surface residence. Simultaneously, the impact depth
should be sufficiently deep to acquire stable subsurface
samples at the venting source and maximize anchorage
for good mechanical coupling to the ice shell.
2.2. Free fall time

The duration of flight is an important parameter for
developing lateral profiles. If the acceleration due to grav-
ity was constant, the time of free fall t from altitude h can
be solved simply by:

h ¼ v0t þ 1

2
gt2: ð5Þ

However, g ¼ GM
r2 varies from r0 with g ¼ 0:035 m s�2 to rf

with g ¼ 0:116 m s�2, i.e. acceleration scenario in which t is
difficult to solve even using the dynamic equation _v ¼ GM

r2 .

Although t does not have a closed-form solution, it is pos-
sible to divide the whole height to I segments assuming that
g equals to the constant �gi within each segment i, from ri to
riþ1. The duration ti of the ith segment is given by a closed-
form solution:

ti ¼ vi � vi�1

�g
; ð6Þ

where vi and vi�1 are the final velocities of the ith and
i� 1th segments determined by the law of conservation
of energy. If a represents the changing rate of g from ri�1

to ri; g is regarded as a constant if the inequality in Eq.
(7) holds:

ri 6
ri�1

1þ a
: ð7Þ

The following algorithm approximates the duration of free
fall:
sers on Enceladus by viffing descent through the icy plumes, Advances
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Input: r0; rf ;G;M ; v0
Ouput:tf
1: Initial i ¼ 1; t ¼ 0; ti ¼ 0; a
2: whileti > tf do

3: ri ¼ ri�1

1þa
4: ifri 6 ri�1then

5: ri ¼ ri�1

6: end if

7: vi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2i�1 þ 2GM 1

ri
� 1

ri�1

� ��1
r

8: �ri ¼ ri�1�ri
2

9: �gi ¼ GM
�ri2

10: ti ¼ vi�vi�1

�gi
11: i ¼ iþ 1
12: t ¼ t þ ti
13: end while

14: return t
When a ! 0, the estimate residual et ! 0, as verified by
the simulations in Section 4.
Table 1
Cassini’s Enceladus flybys during 2008 to 2012 showing time, closest
distance above the south pole area, and the type of the encounter.

Flyby Time Closest Distance (km) Type

E0 2005.048 1260 Equatorial north
E1 2005.068 497 Equatorial north
E2 2005.195 166 High latitude
E3 2008.072 48 High latitude
E4 2008.224 49 High latitude
E5 2008.283 25 High latitude
E6 2008.305 169 High latitude
E7 2009.306 99 Equatorial south
E8 2009.325 1680 Equatorial south
E9 2010.118 99 Equatorial south
E10 2010.138 434 Equatorial south
E11 2010.225 2550 Equatorial south
E12 2010.334 48 Equatorial south
E13 2010.355 48 Equatorial south

Fig. 1. Cassini’s E5 and E6 flybys of Enceladus (Krupp et al., 2012). The x
and y axes represent the distance from Enceladus’ centre of mass, while the
colour contour represents the plume flow field. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
2.3. Icy plume modelling

Cassini flew by Enceladus 14 times from 2005 to 2010
summarized by a graphical representation of Cassini’s E5
and E6 trajectories in Fig. 1 and Table 1 (Krupp et al.,
2012). The lowest altitude of the flybys was 50 km over
the south polar area.

From Cassini’s scientific data on water vapour
plumes, the average emission velocity of the ejecta of
the plume at the surface is measured as 412 m s�1, well
above the 240 m s�1 escape velocity from Enceladus’
gravitational influence (Hansen, 2006). This implies that
the ejected particles will escape from Enceladus’ gravity.
The amount of ejected material escaping from Enceladus
at a radial distance of ¸2000 km has been estimated at
93 kg s�1 consistent with the measurements of Cassini
(Waite, 2006).

Saur et al. (2008) developed a single-plume regression
model using Cassini data. The single-plume model defines
the plume density at a longitude of 292:5� given by:

C ¼ C0

RE

hþ RE

� �2

exp � H
HH

� �2
" #

exp
h
Hd

� �
; ð8Þ

where h = altitude, H = angular distance from the plume

centre, C0 ¼ 2:7� 109 cm3 = density at the centre of the
plume on the Enceladus’ surface, RE ¼ 248329 m = radius
of Enceladus, HH ¼ 12� = angular width of the plume, and
Hd ¼ 3792 km = four times the radius of Enceladian Hill
sphere. The model predicts that the height of the plume
must exceed 750 km, implying that the radius of SOI lies
only 1/3 the height of the plume.
Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the geysers on Enceladus by viffing descent through the icy plumes, Advances
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Table 2
Keplerian elements of the assumed flyby orbit including semi-major axis
(from the mass centre), eccentricity, inclination, right ascension of the
ascending node, argument of periapsis, and true anomaly. The initial orbit
is assumed to be a circular polar orbit.

Elements Value

Semi-major axis 2000 km
Eccentricity 0
Inclination 90�

Right ascension of ascending node 90�
Argument of periapsis determined by STK

True anomaly determined by STK
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3. Mission concept

3.1. Mission sequence

The following simulation model is performed using the
astrogator toolbox of Satellite Toolkit (STK) with an
Enceladus-centric reference frame. Before developing the
viffing trajectories, we proposed a mission sequence shown
in Fig. 2a and b.

During an Enceladus flyby, a Cassini-like mother space-
craft is assumed to release a penetrator propulsion system
at an arbitrary Enceladus-centric distance of¸500 km mod-
elled by STK. The flyby orbit (the green line in Fig. 2b) of
the mother spacecraft is simulated as a 2000 km circular
polar orbit around Enceladus, shown in Table 2. The right
ascension of ascending node is 90�, while the argument of
periapsis and the true anomaly of the orbit are both deter-
mined by STK.

The penetrator propulsion system has a̧ 153:5 m s�1 ini-
tial velocity deorbits from the mother spacecraft’s flyby
orbit deploying the penetrator into the SOI altitude and
shedding its initial velocity (the red line in Fig. 2b). Ideally,
Fig. 2. Mission sequence flowchart and schematic graph. A mother spacecraft r
The penetrator propulsion system deploys a penetrator into the sphere of influe
propulsion system (red line in (b)). After release, the penetrator free falls and s
plume source during the descent (blue line in (b)). Finally, the penetrator i
interpretation of the references to colour in this figure legend, the reader is re
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this will give the penetrator a 0 m s�1 initial velocity verti-
cally to give the penetrator as much time as possible to con-
duct its lateral maneuvers. Thus, the penetrator propulsion
system requires 153:50 m s�1 DV for a braking burn which
dominates the total DV requirement compared to the sub-
sequent descent maneuvers. Simultaneously, the penetrator
must perform a de-spinning maneuver to give the penetra-
tor a 0 rad s�1 rolling angular velocity to permit it to
engage in lateral maneuvers. Once inserted into the SOI,
the two-body force (between the penetrator and Enceladus)
eleases a penetrator propulsion system on its flyby orbit (green line in (b)).
nce (SOI) of Enceladus and shed its initial velocity before separation of the
earches the plume environment through lateral maneuvers, and locates the
mpacts into the plume source to conduct the scientific operations. (For
ferred to the web version of this article.)

sers on Enceladus by viffing descent through the icy plumes, Advances
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Fig. 3. Conceptual design of Enceladus penetrator of the cancelled
TandEM (Titan and Enceladus Mission) (Coustenis et al., 2009). Payload
instruments (e.g. descent detectors and scientific instruments) are mounted
on the front, which would be deployed into the icy shell.
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is the only gravitational force applicable. An Enceladus
inertial coordinate system is adopted during the descent.
In the descent phase (the blue line in Fig. 2b), the penetra-
tor measures the plume concentration continuously to
model its structure and thereby locate the source. It
impacts the Enceladus ice shell in or near a plume source
vent as determined by its estimation source location.

To ensure the 12 kg impact mass, we assume that all
propellant has been consumed prior to and during the des-
cent. The penetrator free falls to attain the desired impact
velocity no vertical maneuvers are required. STK computes
the required initial fuel mass with thruster parameters
shown in Table 3.

Once in the plume, the penetrator must locate of the
source by measuring the plume concentration during the
descent. It is assumed that the penetrator use a Humicap,
an off-the-shelf humidity detector, to measure water
vapour concentration and a quartz microbalance or surface
acoustic wave sensor to measure the impact of ice particles.
This provides a measure of ice/vapour density within the
plume. Hence, the penetrator builds a plume source likeli-
hood map (SLIM) to estimate the source location used to
guide the penetrator to the target area.

Following impact and penetration into the ice, the scien-
tific mission commences. Scientific payload instruments are
assumed mounted on the front of the penetrator which
would be deployed once delivered into the ice subsurface.
The penetrator may analyze the morphological and miner-
alogical characterization of the ice, detect and quantify
evolved gases on heating and characterize organic compo-
nents (using miniaturized Raman spectroscopy and/or
Nanopore technology) for 7 days. The penetrator must
nominally survive in a low power state for another 3 days
to transmit its data to the mother spacecraft on its subse-
quent flyby.
3.2. Enceladus penetrator

Before developing lateral maneuvers, we consider a
dynamic model of the penetrator implemented in our sim-
ulations. Planetary penetrators are missile-shaped spinning
probes designed to penetrate solid surfaces at impact.
Fig. 3 shows a typical design. The 6-DOF dynamic model
of a penetrator is outlined in Appendix A(Zipfel, 2007).

According to the dynamic model, the attitude dynamics
and the trajectory dynamics are coupled because of
continuous rolling motion. Theoretically, only one pair of
Table 3
Simulated thruster parameters including thruster tank pressure, tank
temperature, fuel density, and engine Isp.

Parameter Value

Tank Pressure 500 Pa
Tank Temperature 293:15 K

Fuel Density 1000 kg m�3

Isp 300 s

Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
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thrusters can control all 6-DOF dynamics of the penetra-
tor. However, the rolling motion not only imposes a com-
plex non-linear segment into the dynamics but it also
reduces the maneuverability of the penetrator because of
the gyroscopic stiffness of the spin. Therefore, the penetra-
tor must de-spin. The penetrator employs a group of 4
orthogonal thrusters to provide trajectory maneuvers
through the centre of mass and another group of 4 thrus-
ters to provide three-axis attitude stabilization torques.
These thruster sets decouple the attitude control loop from
the trajectory control loop so that the magnitude of the
attitude torques are negligible in comparison with the tra-
jectory thrust magnitudes. Therefore, the penetrator can
be regarded as a point mass governed by the trajectory
dynamic equations in the simulations.

We assume that a detachable penetrator propulsion sys-
tem is separated from the penetrator before the descent.
The penetrator nose points in the nadir direction without
spinning so its attitude is maintained by three-axis attitude
stabilization while the viffing maneuvers are implemented
by the trajectory control system.
4. Lateral trajectory strategies

Traditional viffing employs vectoring of thrust engines
to alter the direction of thrust on a vertical/short take-off
and landing (V/STOL) aircraft such as the Harrier jump-
jet (Gal-Or, 1990). Thus, the vectored torques and con-
trolled aerodynamics greatly improve the lateral maneuver-
ability of the aircraft (Gal-Or, 1990). Viffing has a wide
range of applications in military V/STOL aircraft such as
dogfighting faster aircraft and rolling landings on aircraft
carriers (Ikaza, 2000), but they are unsuitable for direct
space applications where aerodynamics are absent
(Flamm et al., 2007). Hence, penetrator viffing maneuvers
sers on Enceladus by viffing descent through the icy plumes, Advances
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are implemented by lateral thrusters which provides thrust
that passes through the vehicle’s centre of mass but not
torques.

From the perspective of guidance and control, there are
two ways to perform viffing maneuvers. One is to devise a
trajectory online and track its progress until impact while
the second is to generate a sequence of waypoints which
define the turning points of the trajectory to chart the tra-
jectory. The greater the demands imposed on the accuracy
of trajectory tracking, the greater the fuel consumed since
trajectory tracking requires frequent closed-loop control
efforts. For Enceladus plume mapping missions, the pur-
pose of trajectory tracking is to guide the vehicle for data
measurement rather than achieving a minimum trajectory
flight from orbit to target. Trajectory tracking is thus not
an appropriate approach for plume mapping particularly
given the constraints imposed by propellant consumption.
However, the waypoint method has no accurate tracking
requirements which is more fuel efficient for plume map-
ping missions. The onboard computer calculates a
sequence of waypoints based on the flight status and the
estimated target location and then corrects these waypoints
after updating the estimated target. Although a waypoint
strategy covering a larger search area yields a better estima-
tion, fuel consumption is also increased when the estima-
tion error decreases. Therefore, fuel consumption - DV
costs - becomes the primary evaluation standard of a
trajectory.

In order to examine different viffing profiles, we simu-
lated four types of waypoint trajectories: a ballistic trajec-
tory, a planar descent trajectory, a trajectory of nested
boxes and a quasi-spiral trajectory. The following simula-
tions illustrates that the ballistic trajectory requires the
minimal DV costs with no lateral search; the planar trajec-
tory search in a viffing plane imposes intermediate DV
costs; the trajectory of nested boxes also offers intermediate
DV costs but varying degrees depending on the search
space, and the quasi-spiral trajectory imposes the highest
DV costs with the largest search area.

4.1. Ballistic trajectory

The ballistic trajectory is a direct impact strategy
whereby the penetrator impacts the estimated plume source
without any search maneuvers - it constitutes our reference
trajectory. No exploration is employed during the descent
which can be open loop or closed loop. Although we
assume open loop reference trajectories here, lateral
maneuvers could potentially be employed with infrared
cameras sensitive to hot spots to eliminate source localiza-
tion error visually. Compared with other viffing trajectories
that we shall present, fuel consumption for the ballistic
strategy is minimal even with minor error corrections.
The amount of data measured using onboard detectors is
also minimal since no lateral searches are employed so that
plume mapping efficiency is poor. Consequently, the accu-
racy of plume source localization will be highly error prone
Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
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and the value of the impact site will be diminished (Fig. 4,
Table 4). We assume that the plume source is located at
Enceladus’ south pole and that the release point of the pen-
etrator is directly above the source, making the ballistic tra-
jectory almost a straight line. The plume source location
may be randomly located but this imposes the same DV
costs.

The discrepancy between the simulated free fall time
(3171 s) and the theoretical computation (3173 s) is due
to STK’s gravity field model being more accurate than
the simplistic equations of Eq. (3) for the variation of g.

4.2. Planar trajectory

The planar viffing trajectory is generated by a sequence
of waypoints defining 180� lateral turning points in a single
vertical plane based on iterative estimates of plume source
location (Fig. 5a). The waypoints are distributed on both
sides of the target following a planar decaying oscillation
in the vertical plane that converges to the plume source.
The penetrator must estimate the plume source location
from its current location within the plume and determine
the remaining waypoints to the plume source. According
to Russell et al. (2003), both the search area and the num-
ber of maneuvers affect the accuracy of source localization.
A larger search area provides global information about the
plume while number of maneuvers provides local informa-
tion. We define FE as the fuel efficiency for plume mapping
given by

FE ¼
LN
DV for planar viffing
DN
DV for boxes viffing and quasi� spiral

(

where N is the number of maneuvers, and L and D are the
largest searching distance for planar viffing and the largest
area for boxes viffing and quasi-spiral viffing respectively

Planar viffing enables the penetrator to explore the
plume in a vertical plane with the largest lateral distance
initially of 90 km decreasing with altitude. Compared with
the ballistic trajectory, planar viffing requires more fuel
because of the large lateral maneuvers. However, the
search area, and most importantly, the number of mea-
sured data points, is expanded by these maneuvers which
improves the accuracy of plume mapping and source local-
ization. Simulation results (Table 5) indicate that planar
viffing’s fuel consumption and fuel efficiency (FE ¼ 0:738)
are both modest compared with other viffing strategies.
However, the plume data in the cross sections outside the
viffing plane are still under-sampled compared with the tra-
jectory of nested boxes suggesting that localization accu-
racy may be more limited.

4.3. Viffing trajectory of nested boxes

To sample the area outside a single viffing plane, we set a
sequence of waypoints scattered around the plume source
through all vertical planes which we refer to as a ‘box tra-
sers on Enceladus by viffing descent through the icy plumes, Advances
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Table 4
Maneuver summary of the ballistic trajectory with time, mission segments,
DV costs of each maneuver and fuel consumptions with mission segments
including interplanetary maneouvre, targeting the sphere of influence
(SOI) and the descent itself.

Time Segment DV (m s�1) Fuel Used (kg)

00:00:00.000 Interplanetary 27.89 0.12
12:27:39.759 Target SOI 153.50 0.66
13:20:31.399 Impact Control 66.98 0.28

Summary 248.38 1.06

Fig. 5. Planar viffing trajectory with 6 waypoints within the plume. (a) side vie
colours. (For interpretation of the references to colour in this figure legend, th

Fig. 4. Simulation of the ballistic trajectory (green line). We assume that the plume source is located at Enceladus’ south pole with the release point of the
penetrator located directly above the source. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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jectory’ since it forms a series of nested boxes (Fig. 6a). By
performing a ‘box trajectory’, the penetrator searches the
plume with an initial largest lateral search radius of
90 km subsequently decreasing with altitude. Simulation
results of the ‘box trajectory’ (Table 6) illustrate the 360�

search excursion which extends the search area. Thus, the
accuracy of plume mapping and the fuel efficiency
(FE ¼ 21:9) are both improved.
w and (b) vertical view. Trajectory segments are distinguished by different
e reader is referred to the web version of this article.)
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Table 5
Maneuver summary of planar viffing including duration from release, waypoint positions and altitudes, penetrator velocity at the waypoints, DV costs and
fuel consumption. The waypoint positions and velocities are referred to inertial coordinates.

Duration Time (s) Waypoints Position (km) Waypoints Velocity (m s�1) Altitude (km) DV (m s�1) Fuel Used (kg)

0 (60,0,�434) (�130,0,40) 190 54.84 0.28
1117 (�30,0,�397) (80,0,70) 150 182.41 0.91
1812 (20,0,�347) (80,0,100) 100 214.99 1
2400 (�10,0,�288) (40,0,140) 40 142.75 0.63
2915 (0,0,�249) (0,0,161) 1 96.61 0.41
3171 (0,0,�248) (0,0,162) 0 38.31 0.16

Summary 729.92 3.38

Fig. 6. ‘Box trajectory’ of 6 waypoints above the plume area of Enceladus including (a) side view and (b) vertical view. Trajectory segments are
distinguished by different colours. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 6
Maneuver summary of ‘box trajectory’ including duration from release, waypoint positions and altitudes, penetrator velocity at waypoints, DV costs and
fuel consumption. The waypoint positions and velocities are with respect to inertial coordinates.

Duration Time (s) Waypoints Position (km) Waypoints Velocity (m s�1) Altitude (km) DV (m s�1) Fuel Used (kg)

0 (60,0,�434) (�100,�400,40) 190 54.85 0.26
1117 (0,�30,�397) (0,50,700) 150 144.91 0.67
1813 (�20, 0,�347) (40,20,100) 100 107.25 0.48
2411 (0, 10,�288) (0,40,140) 40 78.55 0.34
2910 (0,0,�249.33) (0,0,161) 1 69.21 0.289
3171 (0,0,�248) (0,0,162) 0 38.29 0.16

Summary 493.05 2.19
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4.4. Quasi-spiral trajectory

We have adopted biomimetic search strategies based on
animal behaviours that track ambient signals (Pyk et al.,
2006; L. et al., 2011; Gonzalez et al., 2004). Moths tend
to fly to any light source at night (phototaxis) for which
several hypotheses have been proposed (Wang, 2018).
The most favoured theory is that moths fly with a 90�

path angle to any ‘‘celestial” light source which is appro-
priate to the Sun and Moon under natural conditions but
this results in a logarithmic spiral trajectory around any
point source of light at night. The logarithmic spiral be
Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
in Space Research, https://doi.org/10.1016/j.asr.2019.12.029
it an equiangular spiral or a growth spiral is defined in
polar coordinates by:

r ¼ aebh; ð9Þ
as shown in Fig. 7a, or in a parametric form by,

xðtÞ ¼ rðtÞ cosðtÞ ¼ aebt cosðtÞ;
yðtÞ ¼ rðtÞ sinðtÞ ¼ aebt sinðtÞ ð10Þ

where a and b are both real numbers. The distance between
the turning points decreases in geometric progression in a
logarithmic spiral. Fig. 7b shows a schematic trajectory
sers on Enceladus by viffing descent through the icy plumes, Advances
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Fig. 7. Spiral descent profile: (a) vertical view in polar coordinates, and (b) side view in cartesian coordinates.
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with a logarithmic spiral laterally with a longitudinal free
fall.

In Enceladus plume mapping, the lateral logarithmic
spiral trajectory achieves a 360� search area with a geomet-
ric convergence. Such a trajectory can be generated
through a trajectory tracking algorithm. An onboard com-
puter first generates a reference trajectory above the esti-
mated source given by a spiral function, then it enforces
control of the penetrator to track the spiral. However, tra-
jectory tracking imposes high DV to be accurate. Also, the
Fig. 8. Quasi-spiral trajectory above the plume area of Enceladus. Trajectory
references to colour in this figure legend, the reader is referred to the web ver

Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
in Space Research, https://doi.org/10.1016/j.asr.2019.12.029
velocity vector on a logarithmic spiral trajectory is con-
stantly changing, implying a continuously consuming of
propellant.

We propose a quasi-spiral trajectory to compromise
between the DV costs and trajectory approximation accu-
racy by choosing a sequence of arbitrary waypoints on
the spiral trajectory, shown in Fig. 8 and Table 7. The
accuracy of approximation can be improved by increasing
number of waypoints with the incumbent extra costs of fuel
consumption. The fuel efficiency for plume mapping of the
segments are distinguished by different colours. (For interpretation of the
sion of this article.)
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Table 7
Maneuver summary of quasi-spiral trajectory with duration from release, waypoint positions and altitudes, penetrator velocity at waypoints, DV costs and
fuel consumption. The waypoint positions and velocities are referred to inertial coordinates.

Duration Time (s) Waypoints Positon (km) Waypoints Velocity (m s�1) Altitude (km) DV (m s�1) Fuel Used (kg)

0 (60,0,�450.4) (�49,�93,19.6) 206 81.76 0.50
561 (39,�39,�439) (�105,�30,34) 194 81.19 0.48
980 (0,�50,�423.4) (�101.6,56,49) 178 82.67 0.48
1350 (�32,�32,�406) (�31.5,124,62) 160 85.58 0.48
1666 (�40,0,�388) (67,113,74) 142 96.39 0.53
1922 (�25,25,�371) (97,20,85) 124 98.51 0.52
2143 (0,30,�347) (119,�79,99) 100 97.22 0.49
2400 (18,18,�331) (11,�92,109) 84 100.49 0.49
2551 (20,0,�309) (�76,�86,122) 61 109.15 0.52
2747 (10,�10,�292) (�91,5.6,132) 45 85.72 0.39
2871 (0,�10,�277) (�33,59.5,142) 29 92.47 0.41
2986 (�4,�4,�261) (43,43,152) 13 78.95 0.34
3094 (�1,�1,�251) (43,43,159) 0.1 77.78 0.33
3171 (0,0,�248) (0,0,162) 0 60.52 0.25

Summary 1228.40 6.22

Table 8
Maneuver summary of all types of viffing including free fall impact and 300 m/s impact with maneuver types, impact velocities, number of waypoints, DV
costs, fuel consumption and fuel efficiencies.

Types Impact Velocity (m s�1) Waypoint Number DV (m s�1) Fuel Used (kg) Fuel Efficiency

Ballistic 162 m/s 0 69.04 0.29 0
Ballistic 300 m/s 0 279.15 1.19 0
Planar 162 m/s 6 723.23 3.34 0.7
Planar 162 m/s 3 326.97 1.41 0.8
Planar 300 m/s 6 861.89 4.08 0.6
Planar 300 m/s 3 465.17 1.96 0.5
Boxing 162 m/s 6 487.83 2.16 22.1
Boxing 162 m/s 3 277.5 1.19 19.4
Boxing 300 m/s 6 631.35 2.87 17.1
Boxing 300 m/s 3 415.99 2.873 13
Spiral 162 m/s 14 1228.4 5.72 128.8
Spiral 300 m/s 14 1365.56 7.09 115.8
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proposed quasi-spiral viffing is FE ¼ 128:94 which is the
highest among all the viffing options.

The result in Table 7 indicate that the quasi-spiral trajec-
tory imposes the one of the highest DV costs but it samples
the largest plume data set implying the smallest source
localization error among all the viffing strategies. By per-
forming a quasi-spiral trajectory, the penetrator is able to
search a conical area whose vertex is the plume source with
the largest search radius of 90 km that subsequently
diminishes.

All types of viffing trajectories are summarized in Table 8
with an impact velocity of both 162 m s�1 (free fall) and
300 m s�1 (higher end of the terminal velocity constraint
achieved through additional vertical thrust during descent)
demonstrating that the quasi-spiral with free fall achieves
the highest fuel efficiency for plume mapping.
5. Discussion

We have analysed the problem of targeting sources of
water vapour plumes on Enceladus in the context of a life
detection mission. We simulated four different descent pro-
Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
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files that permit the plume to be mapped during the descent
in order to pinpoint desirable landing sites (nominally at
the plume vents). The simulation results suggest that the
quasi-spiral trajectory has the advantage of fuel efficiency
while offering the largest search area for plume measure-
ments and effective targeting.

We are pursuing several developments that may enhance
the concept including optimization of the waypoints and
methods of SLIM.
5.1. Optimization of waypoints sequence

The positions of the waypoints have a great influence on
fuel consumption. Thus, fuel consumption could be con-
served by optimizing the waypoint sequence. Maneuver
velocity vi;iþ1 between waypoint ðxi; yi; ziÞ and
ðxiþ1; yiþ1; ziþ1Þ is given by:
vi;iþ1 ¼ si;iþ1

ti;iþ1

ð11Þ
sers on Enceladus by viffing descent through the icy plumes, Advances
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where si;iþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xi�1Þ2 þ ðyi � yi�1Þ2

q
. Note that time

ti;iþ1 is governed by longitudinal motion in Algorithm 1.
Because the maneuver DV i at waypoint ðxiþ1; yiþ1Þ is
viþ1;iþ2 � vi;iþ1, solves the optimal sequence of waypoints
for minimal DV constrained by a reference trajectory func-
tion f ðxi; yiÞ modelling any viffing strategy. This optimiza-
tion problem has yet to be solved.

Problem 1.

min
Xn

0

si;iþ1

ti;iþ1

s:t: si;iþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xi�1Þ2 þ ðyi � yi�1Þ2

q
;

f ðxi; yiÞ ¼ 0:
5.2. Source likelihood map algorithm

SLIM methods using the data accumulated by viffing
maneuvers becomes the most crucial problem for the pro-
posed mission conception. There have been studies in 2D
plume mapping techniques using wheeled robot on the
ground, but 3D plume mapping methods using spacecraft
such as penetrators have not been addressed to our knowl-
edge. In 2D scenarios, the commonest methods are biolog-
ically inspired behaviour-based approaches including
gradient-based strategies (Grasso et al., 2000) and infotaxis
strategies (Vergassola et al., 2007). We are investigating
methods for estimating the source location using a hidden
Markov model with sequential Monte Carlo (SMC) tech-
niques (Farrell et al., 2003; Li et al., 2011). Unfortunately,
the time computational complexity of SMC is still an
obstacle for online mapping using spacecraft onboard com-
puters. Notwithstanding that, plume source separation -
the identification of a single source from mixed plume sig-
nals from multiple plume sources - is another unsolved
problem because the material from multiple jets are mixed
together.

Finally, active attitude control of the 6-DOF dynamics
of a penetrator during descent has not been addressed
but is a necessary component of the descent and landing
system.

5.3. Applications for other planetary missions

Planetary penetrator missions that permit in-situ explo-
ration of a descent volume around the target area and flex-
ibly determine the impact site autonomously may also be
attractive for other planetary missions. On the rich organic
chemistry world of Titan (Coates et al., 2007), the use of
one or more penetrators would greatly enhance the scien-
tific returns for a landing mission by providing a means
to measure the atmospheric chemistry and locate specific
sites of interest identified during the descent. Similar to
Enceladus, water plumes from the icy crust of Europa
(Jia et al., 2018), down to depths of ¸1 cm to 20 cm
Please cite this article as: Y. Sun, A. Ellery and X. Huang, Targeting the gey
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(Nordheim et al., 2018) represent another possible site for
penetrator missions that may be used for bio-signature tar-
geting. The proposed lateral maneuver profiles may also be
applicable to sample acquisition missions on comets or
asteroids surveying and targeting the surface for targets
of interest (Völk et al., 2018).

6. Conclusion

In order to investigate the potential astrobiological envi-
ronment of Enceladus, we propose a method that impacts
into the ice crust at plume vents with penetrators employ-
ing a biomimetic plume sniffing approach. We believe that
this approach, although discussed in terms of a penetrator
mission, is directly applicable to any life detection mission
to Enceladus. By penetrating the ice crust and deploy the
scientific instruments into it directly, the proposed method
also offers the greatest chance of accessing pristine samples
from the subsurface ocean for astrobiological investigation.
In addition, the biomimetic plume sniffing method enables
the penetrator to map the plume and locate its source
autonomously during the descent, even when the prior
knowledge of the source location is insufficient. This pro-
vides the prospect of developing autonomous landing sys-
tems where the landing target is unknown before the
descent phase.

Appendix A. The 6 degrees of freedom dynamic equa-
tions of a penetrator is given by Eq. (12) 6-DOF dynamic
equations of a penetrator is given by:
m dV
dt ¼ P cos a cos bþ T d

p sin _ctcðKdz sin b� Kdy sin a cos bÞ
mV dh

dt ¼ P sin a� mg þ T d
p sin _ctcKdy cos a

�mV dwV
dt ¼ P cos a sin bþ T d

p sin _ctcKdy sin a sin b� Kdzcosb
dx
dt ¼ V coswV

dy
dt ¼ V sin h
dz
dt ¼ �V sinwV

J x
dxx
dt ¼ �ðJ z � JyÞxzxy

J y
dxy

dt ¼ T a
p sinðcc þ _ctcÞ sinð _ctcÞðxF � xGÞ � ðJx � J zÞxxxz

þJ zxz _c

J z
dxz
dt ¼ � T a

p cosðcc þ _ctcÞ sinð _ctcÞðxF � xGÞ � ðJy � JxÞxyxz

þJyxy _c
dc
dt ¼ xx � xy tan#
dw
dt ¼ 1

cos#
xy

d#
dt ¼ xz

dm
dt ¼ mc

ð12Þ
Here, V = velocity, h = flight path angle, wV = flight

path azimuth angle, ða; b; cV Þ = trajectory angles in velocity
system, ðx; y; zÞ = inertial coordinates, ðc;w; #Þ = attitude
angles, ðxx;xy ;xzÞ = angular velocities vector, ðJx; Jy ; J zÞ
sers on Enceladus by viffing descent through the icy plumes, Advances

https://doi.org/10.1016/j.asr.2019.12.029


Y. Sun et al. / Advances in Space Research xxx (2020) xxx–xxx 13
= moment of inertia, P = main thrust,T d = control thrust,
T a = control torque, tc = roll period, xG = distance from
the nose to centre of mass, xF = distance from nose to cen-
tre of force, m = mass, Ky ¼ sinðcc þ _ctcÞ and
Kz ¼ � cosðcc þ _ctcÞ. The first 6 equations of Eq. (12) gov-
ern the trajectory dynamics with a periodic control force T d

being coupled with rolling motion; 7th - 12th equations
represent the attitude dynamics controlled by T a via
T a
p sinð _ctcÞðxF � xGÞ. The last equation denotes the dynamic

of mass consumption due to propellant burning. The pen-
etrator controls its attitude and trajectory using a pair of
thrusters based on the dynamic equations (T d ¼ T c), which
simplifies the model. However, the rolling motion not only
introduces a complex nonlinear segment into the dynamics
but it also imposes coupling between the attitude control
loop with the trajectory control loop, rendering complica-
tions to the design of the control system. It is also difficult
to maneuver laterally during the flight due to the gyro-
scopic stiffness imparted by the spin. Therefore, one or
more thrusters are required (T d – T c) to decouple the atti-
tude dynamics from the trajectory dynamics and permit the
ability to turn in mid-flight. (Gao et al., 2007).
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Kostiuk, T., Krupp, N., Küppers, M., Lammer, H., Lara, L.M.,
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