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Abstract. A maneuver where a spacecraft passes close to Mercury and uses the gravity of this 

body combined with an impulse applied at the periapsis, with different magnitudes and 

directions, is presented. The main objective of this maneuver is the fuel economy in space 

missions. Using this maneuver, it is possible to insert the spacecraft into an orbit captured 

around the Sun or Mercury. Trajectories escaping the Solar System are also obtained and 

mapped. Maps of the spacecraft energy variation relative to the Sun and the types of orbits 

resulting from the maneuver are presented, based in numerical integrations. The results show 

that applying the impulse out of the direction of motion can optimize the maneuver due to the 

effect of the combination of the impulse and the gravity. 

1.  Introduction 

Mercury is the smallest and most internal planet in the Solar System. It has an equatorial radius of 

approximately 2440 km, 0.055 times the Earth's mass and an orbital period around 88 days. It is 

approximately 57,910,000 km away from the Sun and, among all the planets of the solar system, it is 

the one with the largest eccentricity, in the order of 0.2056 [1]. 

Missions such as Mariner 10 and Messenger were sent for observations of Mercury [2-5]. Along 

the way, Swing-By maneuvers were made to help the approach of the probes to the destination and 

then to insert them into the planet's orbit. Mariner 10 was the first probe to use the gravity assisted 

maneuver with a celestial body in a mission. Both probes had close encounters with the planet for 

observations and data collection. 

Swing-By maneuvers or gravity assisted maneuvers are techniques that use a close approach of a 

spacecraft with a celestial body to give or to remove energy of the spacecraft. The powered Swing-By 

maneuver combines the gravity of the celestial body with the application of an impulse during the 

close encounter to change the trajectory of the spacecraft, and it is recommended in situations where 

only the gravity part the maneuver is not sufficient to meet the mission needs. 

There are works about this subject available in the literature. Prado (1996) [6] studied the powered 

Swing-By maneuver and its efficiency for systems in circular orbits. In 1999, Casalino et al. [7] made 

an analytical extension of Prado's work, considering the impulse applied in different positions of the 

orbit. The detailed result for the case with the impulse applied in the periapsis of the orbit of the 

spacecraft, including an analysis of the maximum gain and loss of energy, was presented in [8]. 

http://creativecommons.org/licenses/by/3.0
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Ferreira et al. (2017a) [9] made a study detailed showing the effects of the eccentricity of the orbit of 

the primary bodies of the system in the maneuver. A numerical map of the energy gain due to the 

powered Swing-By maneuver, for the circular case and assuming different magnitudes, directions and 

positions of the impulse, was present in [10]. 

The present paper is an application of this maneuver, for the Sol-Mercury system, based in the 

study made in references [9] and [10]. The Sun-Mercury system is chosen because it has high 

eccentricity and the fact that it is the focus of many studies and missions. The main reason to perform 

the present study, and not only using the results shown in references [9-10], is that important aspects, 

like the occurrence of collisions and escapes, are highly dependent on the particular system. The exact 

values of the mass and dimensions of the primaries has strong effects in the behavior of the 

trajectories, and general results like the ones shown in references [9-10] give only a first view of the 

problem. Therefore, the present publication looks in detail the Sun-Mercury case, skipping general 

description and studies already published in the cited papers. 

2.  Statement of the problem 

The work was developed by numerically integrating the equations of motion of the spacecraft, based 

in the Elliptical Restricted Three-Body Problem (ERTBP) [11]. The advantage of this model is the 

increase of the accuracy in the results, since it does not depend on approximations made by the 

“patched-conics” or circular models. It also helps to identify trajectories resulting in captures and 

collisions. We consider 𝑀1 the Sun, 𝑀2 Mercury and 𝑀3 the spacecraft with negligible mass and that 

moves under the gravitational forces of the two primaries. The equations of motion [11] are given by
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 , where 𝑥1, 𝑦1 are the Sun positions 

coordinates, 𝑥2, 𝑦2 represents the Mercury position coordinates; 𝜇 is the mass parameter of 𝑀2; 𝑟1is 

the distance between the spacecraft and the Sun and 𝑟2 is the distance between the spacecraft and  

Mercury. 

 

Figure 1 – Geometry of the powered Swing-By maneuver. 

Figure 1 shows the geometry of the powered Swing-By maneuver. It starts from the periapsis of the 

trajectory of the spacecraft around Mercury, defined by the initial conditions: 𝜓, the approach angle; 

𝑉𝑖𝑛𝑓−, the approach speed given by 𝑉𝑖𝑛𝑓− = √𝑉𝑝−
2 − 2𝜇/𝑟𝑝; and 𝑟𝑝, the periapsis radius. The 

equations were numerically integrated reversely in time [12-15], without the impulse, until it reaches a 
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distance where the effect of 𝑀2 on the spacecraft can be neglected and the movement between the 

spacecraft and the Sun is considered Keplerian. Then, the two-body energy is calculated. Returning 

the spacecraft to the periapsis of the orbit, the impulse is applied according to the magnitude (𝛿𝑉) and 

direction (𝛼) defined, and the trajectory is propagated forward in time until it reaches the distance 

where the spacecraft-Sun movement is considered Keplerian. The new orbit is then obtained. Based on 

the parameters before and after the maneuver, the variations generated by the maneuver can be 

obtained by subtracting directly the quantities involved, therefore mapping the variations of the 

desired quantities as a function of all variables. In this work the energy variation and the type of the 

orbit of the spacecraft is analyzed, considering Mercury in the periapsis and in the apoapsis of its orbit 

around the Sun. 

3.  Results 

The eccentricity of Mercury has been considered and its main effect is that the velocity of Mercury 

(𝑉2) around the Sun is not constant. It varies according to its position, being faster in the periapsis and 

slower in the apoapsis of its orbit. The energy variation measured with respect to the main body of the 

system is analyzed. For positive variation values, the second orbit after the impulse increased its 

energy compared to the first orbit. If the variation is negative, the spacecraft loses energy in the second 

orbit compared to the same first orbit. 

     The results are obtained for the initial conditions: 𝜇 = 1.65 × 10−7, 𝑟𝑝 = 1.1 Mercury’s radius, 

𝑉𝑖𝑛𝑓− = 1.0 canonical units,𝜓 = 90° and 𝜓 = 270°. Figure 2 shows the energy variations, 

considering Mercury positioned in the periapsis of its orbit at the time of the Swing-By. Figure 2(a) 

considers 𝜓 = 270°, and, in this case, the gravity works for the energy gain. Note that the maximum 

energy variations occur for 𝛼 between -45° and 0°. If the goal is to gain energy, it is more consistent to 

send the spacecraft towards the secondary body, to enhance the effect of gravity. Figure 2(b), made for 

𝜓 = 90°, has the gravity working for the energy loss. The maximum energy variations have 𝛼 

positive, to move the spacecraft away from the body and to minimize the effect of gravity. In general, 

the magnitude of the energy variation increases with the magnitude of the impulse. For impulses 

with1.5 c.u. and 2.0 c.u., there were cases of captures or collisions of the spacecraft. This type of 

analyses needs to be made for each system of primaries involved, because the results are highly 

dependent on the particular physical characteristics of the system under study. The minimum energy 

variation occurs for retrograde impulses. 

  

a) 𝜓 = 270° b) 𝜓 = 90° 

Figure 2 – Energy variation for 𝜈 = 0°. 

     Figure 3 shows the solutions when Mercury is positioned in the apoapsis of its orbit at the time of 

the Swing-By. The main difference compared to Fig. 2 is the magnitude of the energy variation. Note 
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that, even 𝑀2 being in a position which does not favor energy gains, the combination impulse-gravity 

assist are more significant, providing greater energy variations. The direction to apply the impulse, in 

this case, is further from the direction of the spacecraft’s motion. 

  

a) 𝜓 = 270° b) 𝜓 = 90° 

Figure 3 – Energy variation for 𝜈 = 180°. 

 Note that the results presented in Figures 2 and 3 confirm the study presented in [9], made for a 

system similar to the Earth-Moon, but they add the particularities of the specific system, like their 

sizes and masses. Similar behaviors are noted in the energy variations. The difference in the 

magnitude of the energy variation and in the amount of captures and collisions are due to different 

size, mass and distance of the systems, as already explained. 

 The effect of the maneuver in the type of the orbit of the spacecraft is also presented. The 

descriptions are obtained from the analysis of energy (ellipse or hyperbola) and angular momentum 

(direct or retrograde) of the spacecraft with respect to the main body of the system.  

Table 1: Orbits descriptions 

After: 

Before: Direct ellipse 
Retrograde 

ellipse 
Direct hyperbole 

Retrograde 

hyperbole 

Direct ellipse A E I M 

Retrograde 

ellipse 
B F J N 

Direct hyperbole C G K O 

Retrograde 

hyperbole 
D H L P 

Each notation has a color to facilitate the visualization of the figures (Table 1). The notation “Y” 

(red) represents orbits where the spacecraft collide with Mercury and “Z” (black) are trajectories 

where the spacecraft remained orbiting Mercury until the final integration time. The orbits of types 

“A”, “B”, “E” and “F” are closed orbits that remain closed after the impulse. They may or may not 

have their directions of movement modified. The orbits of type “C”, “D”, “G” and “H” are orbits 

where the spacecraft was captured by the main body after the impulse. They start with an open orbit 

(hyperbole) that becomes an ellipse. Since types “I”, “J”, “M” and “N” represent orbits where the 

spacecraft escaped from the main body. Initially, it was in an elliptical orbit and, after the maneuver, it 

went into a hyperbolic orbit. Cases “I” and “N” maintained the direction of movement. Finally, the 

orbits of type “K”, “L”, “O” and “P” are open orbits that remained open, in a hyperbole, after the 
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maneuver. The results show maps of the orbits having impulses ranging from 0 to 2 c.u. on the 

horizontal axis and, in the vertical axis, the angle defining the direction of the impulse, ranging from -

180° to 180°. 

  

a) 𝜓 = 270° b) 𝜓 = 90° 

Figure 4 – Type of the orbits for 𝜈 = 0°. 

Figure 4(a) shows cases where the spacecraft escaped from the main body after the maneuver 

(“I”), being 𝛼 approximately between -90° and 90°. In these cases the impulses are prograde. This 

behavior is consistent considering that 𝜓 =  270° is the region of energy gains due to gravity part of 

the maneuver. The gaining of more energy results in larger velocities, therefore the greater the chance 

to generate an escape for the spacecraft. The few cases where the spacecraft collided with the body 

(“Y”) are for 𝛿𝑉 > 1.0 c.u. and with an impulse with a component opposite to the movement of the 

spacecraft and the other component in the direction of the secondary body. There are also orbits of 

type “A”, which are direct ellipses, and type “E”, which are ellipses that change the direction of 

movement after the maneuver; and finally trajectories of type “Z”, which makes the spacecraft to be 

captured by Mercury.  

 For the case 𝜓 =  90°, the gravity works to reduce energy, increasing the chances of capture. 

Figure 4(b) shows trajectories where the spacecraft was captured by main body after the maneuver 

(“C” and “G”). Note that the orbits resulting in capture have retrograde impulses (𝛼 > 90° and 𝛼 <
−90°), which decelerates the spacecraft and works in favor of the gravity to decrease energy. The 

orbits of type “G” are captures with direction of the movement inverted after the maneuver. Some 

cases of collisions with 𝑀2 (“Y”) also occurred, as well as orbits of types “K” and “O”. In orbits of 

type “K”, the spacecraft remained in the same type of trajectory after the maneuver. They occur for 

impulse direction greater than -90° to just over 90°, and for all magnitudes of the impulse.  
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a) 𝜓 = 270° b) 𝜓 = 90° 

Figure 5 – Type of the orbits for 𝜈 = 180°. 

 In Figure 5, the main change was the position of Mercury, which is now in the apoapsis of its orbit 

around the Sun. Figure 5(a) has the same orbit type as Figure 4(a), but the impulse configuration for 

these orbits has some differences. The region with direct ellipse (“A”) is smaller, while the region with 

direct ellipse that has become retrograde (“E”) has increased. There were some cases of spacecraft 

collisions with Mercury (“Y”) and all others were escapes from the main body (“I”). Figure 5(b) 

shows trajectories where the spacecraft was captured by the main body after the maneuver (“C” and 

“G”). Some cases of collisions with Mercury and orbits of types “K” and “O” also occurred. In orbits 

of the type “K”, the spacecraft remained in the same type of trajectory after the maneuver and in the 

type “O” only the direction of movement was inverted.  

 Associating the energy variations with the types of orbits, we see that when 𝜓 = 270°, for both 

positions of Mercury in orbit, the trajectories with maximum energy variation, the spacecraft escaped 

from the Sun after the complete maneuver. When 𝜓 = 90°, in the trajectories with maximum energy 

variation, the spacecraft came from an open orbit with respect to the Sun and remained in an open 

orbit with the same direction of the first one after the maneuver. 

4.  Conclusions 

A study of the behavior of the spacecraft energy in a trajectory that performs a powered Swing-By 

maneuver was presented. Different initial conditions were simulated, considering Mercury in the 

periapsis and apoapsis of its orbit around the Sun and with the orientation of the Swing-By in the 

region of maximum gains and losses of energy due to the gravitational part of the maneuver. 

The results show the energy variation and the characteristic of the impulse for each solution. For 

some cases there are captures or collisions of the spacecraft by Mercury. The types of trajectories 
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performed by the spacecraft before and after the maneuver, with respect to the main body, were also 

presented. For the cases simulated here, there are trajectories where the spacecraft escaped from the 

main body and others where it was captured. Collisions with Mercury were also detected and they 

represent a danger for the mission. This type of risk can only be mapped by studying the specific 

system of primaries, since general results can only give an idea of the gains and losses of energy. 

In general, the solutions show that applying the impulse out of the direction of motion can optimize 

the maneuver due to the effect of the combination of the impulse and the gravity. 

Acknowledgements 

The authors wish to express their appreciation for the support provided by the National Council for the 

Improvement of Higher Education (CAPES), the National Institute for Space Research (INPE), the 

grants # 406841/2016-0 and 301338/2016-7 from the National Council for Scientific and 

Technological Development (CNPq), and the grants #2011/08171-3, 2016/14665-2, from Sao Paulo 

Research Foundation (FAPESP). 

References 

[1] NASA, JPL. Planets – Mercury: by the numbers. Site manager: Alice Wessen. Editor: Phillips 

Davis. Science Writer: Bill Dunford. Available  in: 

http://solarsystem.nasa.gov/planets/mercury/facts.  

[2] Dunne  J A, Burgess E 1978 The voyage of Mariner 10  National Aeronautics and Space 

Administration SP 424 

[3] McNutt Jr R L, Solomon S C, Grard R, Novara M, Mukai T 2004 An international program for 

mercury exploration: synergy of Messenger and Bepicolombo Adv. Space Res. 33  pp 2126–

2132 

[4] Mcnutt Jr  R L, Solomon S C, Gold R E, Leary J C 2006 The messenger mission to mercury: 

development history and early mission status Adv. Space Res. 38 pp 564–571 

[5] NASA, Messenger Trajectory, Developed by JHU/APL, 1999-2016, Available in: 

http://messenger.jhuapl.edu/the mission.  

[6] Prado A F B A 1996 Powered Swing-By J. Guid. Control Dynam. 19 5 pp 1142- 1147 

[7] Casalino L, Colasurdo G, Pastrone D 1999a Simple Strategy for Powered Swing-By  J. Guid. 

Control Dynam. 22 1 pp 156-159 

[8] Ferreira A F S, Prado A F B A, Winter, O C 2015 A numerical study of powered Swing-Bys 

around the Moon Adv. Space Res. 56 2 pp 252-272  

[9] Ferreira A F S, Prado A F B A, Winter O C, Santos D P S 2017a Effects of the eccentricity of 

the primaries in a powered Swing-By maneuver Adv. Space Res. 59 8 pp 2071-2087 Doi: 

10.1016/j.asr.2017.01.033 

[10]  Ferreira A F S, Prado A F B A, Winter O C 2017b A numerical mapping of energy gains in a 

powered Swing-By maneuver  Nonlinear Dynam. 89 pp 791-818  Doi: 10.1007/s11071-017-

3485-2.  

[11] Szebehely V 1967 Theory of Orbits (New York: Academic Press) 

[12] Vieira Neto E, Winter O C 2001 Time analysis for temporary gravitational capture: satellites of 

Uranus Astron J. 122 1 pp 440-448 

[13] Prado A F B A 2002 Numerical Study and Analytic Estimation of the Forces Acting in the 

Gravitatonal Capture J. Guid. Control Dynam. 25 2 pp 368-375 

[14] Neto E V, Prado A F B A 1998 Time-of-flight analyses for the gravitational capture maneuver 

J. Guid. Control Dynam. 21 1 pp 122-126 

[15] Machuy A L, Prado A F B A, Stuchi T J 2007 Numerical study of the time required for the 

gravitational capture in the bi-circular four-body problem Adv. Space Res. 40 1 pp 118-124 

http://solarsystem.nasa.gov/contactus
http://solarsystem.nasa.gov/contactus
http://solarsystem.nasa.gov/contactus
http://solarsystem.nasa.gov/contactus
http://lattes.cnpq.br/0960024575647258
http://lattes.cnpq.br/0960024575647258
http://dx.doi.org/10.1016/j.asr.2017.01.033
http://lattes.cnpq.br/7340081273816424
http://lattes.cnpq.br/7340081273816424
http://lattes.cnpq.br/7340081273816424

