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Abstract: In 2017, SITAEL designed and experimentally validated a fully-integrated 
Air-Breathing Electric Propulsion (RAM-EP) system in a representative environment. The 
principle of operation of a RAM-EP system is to allow for thrust generation in the upper 
atmosphere of Earth without any need for on-board propellant. This is achieved by using the 
same atmospheric particles colliding with the spacecraft as propellant, while using the 
superior specific impulse of electric propulsion to compensate the drag. This paper presents a 
preliminary system analysis of the whole RAM-EP concept. A simplified model is introduced 
to assess the performance of a RAM-EP platform as a function of a set of design variables, 
and an optimization algorithm is used to find the combination of parameters maximizing the 
thrust over drag ratio at three different operating altitudes. The thrust law associated to the 
selected configuration is then implemented into an orbital propagator, the output of which 
suggests the feasibility of the concept. Lastly, we present the RAM-EP development road-map, 
showing the main technological milestones to be achieved to shape a flight-representative 
RAM-EP design, including technological solutions and potential mission scenario that 
highlights the disruptive nature of the RAM-EP concept in very low orbit missions. 

I.Introduction 
A key factor for effective space utilization is the capability of the adopted propulsion system to maximize both 

thruster performance and propellant efficiency. This ensures both longer mission durations and the possibility to 
reduce the individual mission costs. In the recent years, one of the most innovative challenge is represented by the 
capability of a spacecraft to fly extremely closer to Earth’s surface, in a range between 160 km and 250 km. The 
exploitation of the so-called “Very Low Earth Orbit” (VLEO) would provide a new set of potentially market-disruptive 
mission opportunities. Low altitude orbits would enable a further improvement of the resolution for observation 
missions, the opening of a new market niche based on ultra-high-speed telecommunication application as well as new 
scientific opportunities for the investigation of both the upper layers of the atmosphere and Earth’s gravitational field. 
Despite all the possible advantages, the main criticalities for spacecraft operating at such a lower altitude is the drag 
generated by the upper layers of the atmosphere. Below 250 km, the drag needs to be continuously compensated in 
order to avoid a rapid decay of the orbit.  
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The RAM-EP concept, also known as air-breathing electric propulsion, offers a disruptive approach to overcome 
the challenge posed by VLEO missions. A RAM-EP system is composed of an intake and an electric thruster. The 
intake is used to collect the atmospheric gas molecules and direct them to the thruster/accelerator, possibly increasing 
the pressure in a compression stage. The collected residual atmosphere is then ionized by the thruster, accelerated and 
expelled at high exhaust velocity to generate thrust. A power system, likely a combination of solar arrays and batteries, 
provides the required electric power. As a result, the adoption of RAM-EP device would provide thrust generation in 
VLEO without any on-board propellant. This would allow to mitigate the limitations on the spacecraft lifetime 
imposed by the drag, reducing, at the same time, its total wet mass.  

Due to the strong attractiveness of the air-breathing electric propulsion concept, the feasibility of using an 
atmospheric gas as propellant for electric propulsion (EP) engines has been investigated by multiple research groups. 
Even if these activities did not demonstrate the actual capability of EP systems to operate in air-breathing mode, the 
achievement of stable operation of EP devices with directly injected oxygen-nitrogen mixtures was a necessary first 
step towards demonstrating the feasibility of the RAM-EP concept. This was successfully achieved by several research 
groups1-8. However, it is worth noting that a number of efforts concerned electrothermal or inductive thrusters, which 
manage to accelerate the gas without the need of an oxidation-sensitive cathode neutralizer. Nevertheless, the specific 
impulses produced by these devices at the state-of-the-art falls short of the required exhaust speed to fully counteract 
the drag in an air-breathing concept9. 
Only in recent years, the full air-breathing EP concept became more realistic and somewhat appealing, as several 
theoretical and experimental investigations are being undertaken in Europe, Japan, US and Russia to develop a feasible 
Air-Breathing EP technology. A brief review of some recent RAM-EP concepts is shown in Table 1. 
 

Table 1 Recently proposed RAM-EP Concepts. 

Author Ref. Air-breathing Thruster concept 
ESA 11 No. 4 Astrium RIT-10 Gridded Ion Engine 
JAXA 12-13 ABIE, Air-Breathing Ion Engine with ECR ionization 
SITAEL 9 Double stage Hall thruster 
IRS 14 Inductive Plasma Thruster 
Busek Co. Inc. 15 MABHET, (Martian Atmosphere Breathing) Hall Effect Thruster 
TsAGI 16 ABEP, Air-breathing Ion engine 

 
All the recently proposed Air-Breathing EP concepts share the same order-of-magnitude in terms of mass, frontal 

area, orbit, altitude, lifetime, thrust density, power, and collector efficiency. These values are consistent with the 2007 
ESA study11, which set some reference values for a RAM-EP demonstration mission to be performed in the near 
future. 

JAXA’s studies12 focused on an Air-Breathing Ion Engine (ABIE), consisting of an air intake, a discharge chamber, 
grids, and a neutralizer. In the ABIE propulsion system, the atmospheric gases are used as propellant for an Electron 
Cyclotron Resonance (ECR). A S/C orbiting in SSO circular polar orbit of h = 170 km for at least 2 years has been 
proposed. For such a mission profile, the propulsion system should deliver a thrust to power ratio between 10 ÷ 14 
mN/kW. A subsequent study13 verified that at an altitude of 200 km the compression ratio of the incoming airflow 
obtained by the intake is enough to ignite the plasma inside the ECR.  

In US the main research on Air-Breathing EP was conducted by Busek for application in Martian atmosphere. 
Busek showed15 the feasibility of MABHET. BUSEK actually tested an unmodified Hall thruster (designed to operate 
with xenon) with a gas mixture reproducing the Mars atmosphere, in which the main chemical species is CO2. The 
measured specific thrust was in the 19 ÷ 30 mN/kW range. Assuming a S/C frontal area of 0.15 m2 and a drag 
coefficient equal to 3, the thruster may actually be able to compensate the Martian drag with a collector efficiency at 
least equal to 35%. Compression of the incoming air flow is required to achieve better performance of the thruster, 
nevertheless a compression system still has to be evaluated. Due to the different chemical composition, the report 
states that MABHET may work better in Mars atmosphere than in Earth’s. 

Russian organizations, mainly TsAGI, investigated an air-breathing electric propulsion concept based on 
radiofrequency ion engines in the so-called ABEP thruster unit16. Significant system studies and some experimental 
activities were also carried out on this concept to understand the potential performances of the thruster with the correct 
mixture of oxygen and nitrogen.  

In Europe, the Institut für Raumfahrtsysteme (IRS) and SITAEL are undertaking several research efforts on air-
breathing electric propulsion. IRS aims at developing an inductive air-breathing plasma thruster, the IPG6-S, in which 
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the incoming flow is ionized by resonance with an oscillating magnetic field produced by a radiofrequency antenna. 
The ionized atmospheric gas is then expected to be accelerated in a magnetic nozzle.  

On the other hand, SITAEL’s RAM-EP design is based on a double-stage EP device, in which electrostatic 
acceleration occurs in the second stage, virtually without any limit on the achievable specific impulse which can, in 
principle, be increased by simply increasing the acceleration voltage. The operational principle of the system is 
summarized in Figure 1a: the incoming atmospheric flow is gathered by the intake ducts and thermalized by the 
collector. Then, the flow is ejected from the RAM-EP thruster which ionizes the flow within the first stage and 
accelerates the ions in the second stage, thus producing thrust. 

 
a)                                                                                                     b) 

  

Figure 1. a) Rendering of SITAEL RAM-EP System and b) RAM-EP firing with 4.7 mg/s 1.27N2+O2 
gathered flow. Drag=26±1 mN, Thrust=6±1 mN (b). 

In 2017,  SITAEL achieved an important milestone in air-breathing electric propulsion history with the first 
ignition and stable operation of a full air-breathing system operated in a representative environment9,10. Figure 2 shows 
the test setup arranged for validating on-ground the RAM-EP concept. 

 
a)                                                                                                   b) 

 
 

Figure 2.  a) RAM-EP concept validation test setup in SITAEL’s IV4 vacuum facility and (b) VLEO flow 
simulator, consisting of SITAEL’s 5kW thrust Hall thruster (HT5K) firing with 4.7 mg/s of 1.27N2+O2 

mixture and placed 500mm far from the RAM-EP system intake inlet.  

As the fully-integrated RAM-EP system was able to produce 6 mN of thrust while operating with the atmospheric 
flow provided by a VLEO-representative source and gathered by the intake, the functionality of the RAM-EP concept 
was proven (see Figure 1b). However, since a drag of 26±1 mN was measured, the RAM-EP system is not currently 
capable of providing a net positive thrust: the acceleration stage showed performance below expectations and further 
development is required to improve ion acceleration.  
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On the other hand, the first stage showed a good capability to ionize the gas provided by the atmospheric flow 
source. Since the effective ionization of the atmospheric propellant represents the main RAM-EP concept challenge, 
this result showed that double-stage Hall thrusters are a promising technology for air-breathing applications.  

In the following Sections, we present a preliminary system and mission analysis aimed at investigating the 
feasibility of a fully RAM-EP propelled VLEO satellite. Section II summarizes the analyses concerning the 
atmospheric model introduced in order to provide representative data of the main gas species in the altitude range of 
interest. In Section III, a simplified RAM-EP performance model is described highlighting the role of the relevant 
thruster parameters and the relations among them. All the parameters considered at both subsystem and system level 
are also defined. This analysis was necessary due to the high level of complexity in the understanding of the relation 
among different parameters involved either in the performance model of the thruster or in the design of the spacecraft 
itself. In Section IV, the results obtained for the three different optimal solutions derived are presented and compared. 
A preliminary mission analysis was performed for an in-orbit validation mission scenario. Section V presents the 
mission profile introduced and analyzed with VLEO-MAGNETO, a simulation tool developed by Politecnico di 
Torino. In this section, the main results concern the propagation of the trajectory in compliance with the mission 
requirements and constrains introduced. Lastly, Section VI describes the ongoing development programs, highlighting 
the roadmap toward an in-orbit demonstration of SITAEL’s air-breathing system. 

II.Atmospheric model 
The analysis of the atmospheric environment is fundamental to assess the feasibility of a RAM-EP satellite, as the 
atmospheric flow properties are not only influenced by altitude, but also by orbital-Sun relative position and solar and 
geomagnetic activity. Hence, the NRLMSISE-00 atmospheric model was implemented in VLEO-MAGNETO orbital 
propagator. As shown in Figure 3, the model accepts as inputs the simulation time, orbit position and altitude, together 
with the NASA-NOAA database of atmospheric weather indices. The following indexes are included: the daily 
averaged F10.7 index, the 81 days centrally averaged 𝐹"#.%	index, the daily and weekly magnetic indexes 𝐴(. As an 
output, the atmospheric model provides the number densities of the main constituent species 𝑛*,,, 𝑛*,,-, 𝑛*,.-, as 
well as the flow temperature 𝑇*	and orbital velocity 𝑢*.  
 

 
Figure 3. Block diagram of the coupled atmospheric-propagator models. The blue squares represent the 

input, while the orange squares represent the model outputs. 

This atmospheric model was used to assess representative values of atmospheric flow properties vs altitude. Reference 
atmospheric conditions were derived by considering a latitude-longitude-altitude (LLA) propagation of a dawn-dusk 
6 a.m. sun-synchronous circular orbit for three different time periods, having a one-month duration with a resolution 
of one minute. The selection of these periods corresponds to the last complete semi solar cycle, so to include low (L), 
medium (M) and high (H) solar activity (respectively: December 2008, February 2011 and April 2014), see Figure 4.  
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Figure 4. Sunspot spot number vs year, 23th and 24th solar cycles. 

Figure 5 shows the output atmospheric flow properties vs altitude as computed during each propagation period. 
The averaged value among these periods was used as reference atmospheric composition to construct a function 

 
[𝑛*,,, 𝑛*,,-, 𝑛*,.-, 𝑇*, 𝑢*] = H(h)       (1)  

 
to be used during the optimization process described in Section IV. 

 
a) b)  

 
c) d) 

 
Figure 5. a) atomic oxygen number density; b) molecular oxygen number density; c) molecular nitrogen 

number density and d) flow temperature vs altitude. 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

6 

III.Performance model 
A simplified RAM-EP system performance model was used to define three different preliminary platform 

configurations. This simplified model provides some useful algebraic relations to estimate the thrust generated by a 
RAM-EP propulsion system and the overall drag acting on the whole RAM-EP spacecraft. The model aims at 
assessing the optimum operational altitude range for air-breathing systems and at providing a starting point for the 
design of a RAM-EP spacecraft capable of full-drag compensation, and it is generally applicable to any air-breathing 
electrostatic device and passive, free-molecular intake. However, it is assumed that a dedicated ionization stage (such 
as the one designed and experimentally demonstrated by SITAEL9,10) is placed downstream of the intake collector 
and upstream of the electrostatic accelerator.  

A. Thruster performance 
The thrust produced by an electrostatic device, to be used as acceleration stage in our RAM-EP concept, is 

expressed as: 
 

𝑇 = 𝛾 · :
;
𝐼= · >

-;?@ABC
:

  (2)  

                                                                      
where 𝑒 is the electron charge, 𝑀 is the molecular mass of the propellant, 𝑉GH is the applied discharge voltage, 𝐼= is 
the ion beam current, 𝜂J is the voltage utilization efficiency, and 𝛾 is a correction factor, considering additional 
phenomena such as double ionization and beam divergence. A value of 	𝛾 equal to 0.915 is usually reported for steady 
HET operation with xenon17 whereas 𝜂J has typical reported values between 0.9 and 117.  
However, considering that a RAM-EP thruster would operate in air-breathing mode, Eq. (2) should be modified by 
considering the momentum of the inlet air flow: 
 

 𝑇 = 𝛾 · :
;
𝐼= · >

-;?@ABC
:BKL

− �̇� · 𝑢* (3)  

 
where 𝑀GPQ represents the atmospheric propellant molecular mass weighted on the concentration of the main 
constituent species (namely, O, O2 and N2), �̇� is the mass flow rate accepted into the thruster and 𝑢* is the flow far-
field velocity (in our case, considered equal to orbital velocity ∼7.8 km/s). 
By introducing the mass utilization efficiency 𝜂Q, defined as the ratio between the ionized mass flowrate and the inlet 
mass flow rate, Eq. (3) is rearranged as: 
 

 𝑇 = �̇� · S𝛾 · 𝜂Q · >
-;?@ABC
:BKL

− 𝑢*T (4)  

 
In the hypothesis of an ionization stage having a constant cross-sectional area 𝐴UV, the achievable mass utilization 

efficiency is derived from neutral continuity:  
 

𝜂Q = 1 − exp [− \
]^
_    (5)  

                                                             
where 𝐿 is a reference ionization length and 𝜆b is the ionization mean free path, which is expressed as: 
 

𝜆b =
JKc,d

efgh^JKc,fi
    (6)  

 
where 𝑣Pk,e is the injection velocity of the neutral particles, 𝑛; is the electron density in the ionization stage and 
< 𝜎b𝑣Pk,; > is the electron-impact ionization rate. 

Considering that the acceleration channel area will be considerably lower than the ionization stage area, a reference 
length equal to 2 · 𝐿UV is assumed, being 𝐿UV the ionization stage length. In this assumption, we consider the average 
neutral particle to not be able to enter the acceleration stage but to bounce back at the end of the ionization stage.  
In order to estimate reasonable values of the ionization mean free path, we assume the following: 

1) Electron number density equal to 𝑛e/10, being 𝑛e is the neutral number density at the ionization stage inlet; 
2) Ionization rate < 𝜎b𝑣Pk,; > calculated as:  
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< 𝜎b𝑣Pk >= 𝜎b	(25𝑒𝑉)𝑣Pk,;(25𝑒𝑉) · >
A^C
s##

     (7)  

 
where the term under square root represents the fraction of discharge voltage dedicated to the ionization stage 𝑉bH 
normalized with respect to a reference ionization voltage of 300V. An effective ionization rate < 𝜎b𝑣Pk,; > is 
calculated by assuming a reference electron temperature of 25 eV. The employed ionization cross section is the 
average of the cross sections at 25 eV of the main constituent species (see Table 2)  weighted on their expected 
concentration at the ionization stage inlet. 

Table 2 Ionization Cross Sections of the main atmospheric constituent species at 200 km of altitude. 

Species 𝝈𝒊 at 25 eV [Å2] Ref. 

O 0.49 18 

N2 0.64 19 

O2 0.54 20 

 
The discharge power of the whole RAM-EP thruster, including both ionization and acceleration stages, is then 

estimated as follows: 
 

𝑃w = 𝑒 · (𝑉bH + 𝑉GH) ·
?L?y
?z

· Q̇
:BKL

     (8)  
 
where 𝜂U is the current utilization efficiency. Typical values above 0.75 are usually reported for Hall and Ion 
thrusters17. In this analysis, a constant value of 𝜂U = 0.75 is assumed.  

In addition, our model estimates the ionization stage auxiliary power consumption, which in some cases may be 
comparable to the discharge power. The auxiliary power is estimated from the ionization stage geometrical parameters 
and required magnetic field intensity by following an approach equivalent to the one presented in Ref. 21. 

In the following section, we present the intake performance model used to estimate the flow properties at the 
ionization stage inlet, which are required to calculate the thrust produced and the power consumed by our RAM-EP, 
double-stage thruster.  

B. Intake performance 
Figure 6 shows the working principle of a passive intake operating in free molecular flow regime. It is based on 

the fact that the motion of each well-collimated, collected particle becomes random after the first impact with the 
intake walls. Given that a proper intake geometry is selected, it becomes difficult for a particle to escape back through 
the intake inlet, since it will experience a very large number of wall collisions that will tend to bring it to the collector. 

In practice, the performance of a passive intake is identified by two parameters: 
• The compression ratio ν, defined as the ratio between the flow number density at the intake outlet and the flow 

number density at the intake inlet; 
• The collection efficiency 𝜂|, defined as the ratio between the mass flow rate accepted into the thruster and the 

incident mass flow rate at the intake inlet.  
Both compression ratio and collection efficiency are weakly dependent on flow composition and are mostly 

dependent on the inlet-flow mean free path and on the intake geometry, which greatly influence the so-called 
transmission probability. This factor expresses the probability that a particle entering a duct is not reflected/diffused 
backward but it is instead conducted towards the duct end.  
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Figure 6. Working principle of a passive intake operating in free molecular flow regime. 

 
In our model, we implemented the solution derived by Pond22, who carried out the analytical calculation of the 

transmission probability of a rarefied gas entering a circular tube of any aspect ratio with an axial velocity collimated 
towards the duct axis. In particular, he showed that the transmission probability is a function of the duct aspect ratio 
𝐿/𝑟 and of the flow speed ratio 𝑆 only, i.e.: 

 
𝜏 = 𝜏(𝑆, 𝐿/𝑟)      (9)  

 
where S is defined as the ratio between the free stream collimated velocity and the most probable thermal velocity of 
the gas. Figure 7a shows the resulting transmission probability against the speed ratio for different duct aspect ratios.  
 

a) b) 
  

 

 

Figure 7. a) Transmission probability vs speed ratio and duct aspect ratio; b) and visualization of continuity 
equation in the collector control volume. 

As Figure 7b shows, the following transmission probability are computed: 
• The intake beam transmission probability 𝜏=, defined as the probability that a particle collimated at orbital 

velocity towards the duct axis has to reach the thermalization volume. It is calculated as follows:  
 

𝜏= = 𝜏(𝑆*, 𝐿b/𝒓𝒅𝒖𝒄𝒕)      (10)  
 

where 𝐿b	is the intake length and 𝑟w�|P is the mean radius of each intake duct;  
• The intake back-flow transmission probability 𝜏|, defined as the probability that a thermalized particle has to 

escape from the collector back to the external environment through the intake ducts. It is calculated as 
follows: 

𝜏| = 𝜏(0, 𝐿b/𝒓𝒅𝒖𝒄𝒕)      (11)  
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• The thruster transmission probability 𝜏P, defined as the probability that a thermalized particle in the collector 

has to reach the thruster end.  We set the thruster transmission probability equal to the RAM-EP thruster mass 
utilization efficiency. Thus, we assume that each ionized particle is able to be pumped from the ionization 
into the acceleration stage, where it is accelerated to produce thrust. 

The resulting values of collection efficiency and compression ratio can then be calculated by applying the steady-
state neutral continuity equation in the RAM-EP thermalization volume according to Figure 7b: 

 

�
𝜂| =

�K
∗��

�K
∗��y

𝜈 = -����
JKc,d��K

∗��y�

      (12)  

 
where 𝑣Pk,e is the most probable neutral thermal velocity, calculated at the assumed intake wall temperature of 300K 
and 𝜏P∗ is the reduced thruster transmission probability, defined as:  

 
𝜏P∗ =

�^C
�^
· 𝜂Q      (13)  

 
In our model, an iterative cycle is used to match with a tolerance of ±1% the mass utilization efficiency obtained 

from the thruster performance model with the one used to estimate the intake compression ratio and collection 
efficiency. In order to assess how the flow composition changes throughout the intake, the transmission probabilities 
and resulting compression ratio and collection efficiency are calculated for each of the main constituent species 𝑠, i.e., 
O, O2 and N2.  

In particular, the flow properties at the ionization stage inlet are calculated as follows: 
 

⎩
⎪⎪
⎨

⎪⎪
⎧

𝑛e = ∑𝜈H · 𝑛*,H
𝑣Pk,e =

"
ed
∑𝜈H · 𝑛*,H · 𝑣Pk,H

𝑀GPQ = "
ed
∑ 𝜈H · 𝑛*,H · 𝑀H

h| =
"
ed
∑hH · 𝑛*,H

�̇� = h| · 𝜌*𝑢*𝐴b

      (14)  

 
The relations presented above allows to estimate the thrust produced by a RAM-EP system according to the thruster 
performance model presented in the previous Section. In the following Section, additional considerations at platform 
level are made in order to assess the drag acting on the whole RAM-EP spacecraft. 

C. RAM-EP Spacecraft 
In order to formulate a reasonable drag expression, some assumptions concerning the RAM-EP spacecraft shape 

and payload integration must be made. In this preliminary analysis, we assume the following: 
• The RAM-EP spacecraft has a cylindrical shape, having a base area equal to the total intake area 𝐴b plus a 

margin on diameter of 2 cm, and a length equal to 𝐿V/� ; 
• The payload is integrated behind the intake and all around the RAM-EP ionization and acceleration stages; 
• The solar panels are assumed to be aligned towards the flight direction (as in the GOCE spacecraft) and to 

extend over all the spacecraft length 𝐿V/�; 
• The solar panel thickness 𝜏V/�	is assumed to be equal to 2 cm; 
• The effective intake area contributing to drag is equal to: 

 
𝐴;��,b = (1 − 𝜂|) · 𝐴b      (15)  

 
which means that all the atmospheric particles not accepted into the thruster contribute to the drag. 

 
 
The total power budget of the RAM-EP spacecraft is then computed by considering the following contributions: 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

10 

• RAM-EP discharge power, calculated according to Eq. (8); 
• RAM-EP ionization stage magnet power, calculated so to obtain an average magnetic field intensity according 

to the set requirement; 
• PPU power consumption, set equal to one tenth of the discharge power. 

This allows to preliminarily size the solar arrays of a RAM-EP spacecraft, and to estimate the resulting drag. 
The solar array area is calculated by: 

 
𝐴V/� =

�K�K
?yf��·?�^df·(ʘ

      (16)  
 
where 𝑝ʘ	is the solar power flux in Earth orbit (∼1370 W/m2) and 𝜂|;  	and 𝜂 be;	are respectively the solar cell and 
line transmission efficiencies, having recommended values of 0.29 and 0.8523.  

Finally, we write the total drag acting on the spacecraft as: 
 

D = "
-
· 𝐶£𝐴� · 𝜌*𝑢*-       (17)  

  
where 𝐶£ is the drag coefficient and 𝐴� the spacecraft frontal area. The product 𝐶£𝐴� is calculated by using the 
analytical model developed by Schaaf and Chambré24 for free-molecular flows and contaminated surfaces: 
 

𝐶£𝐴� = ∫𝐶£(𝜃)𝑑𝐴      (18)  
 

In particular, the expression of drag coefficient vs angle of attack 𝜃 (to be integrated over all the S/C external 
surfaces) is computed by:  

 

𝐶£(𝜃) = sin(𝜃) [1 + erf(𝑆*𝜃)	] ¬(2 − 𝜎e)[sin- 𝜃 +
"

-V�_ + 𝜎P cos- 𝜃 +
hd°±²(³)
-V�

>´µ¶
µ�	
· +

																																												exp[−(𝑆*𝜃)-]	 ¬
(-¸hd) °±² ³

√´V�
+ hK º»° ³

√´V�
+ hd°±²(³)

-V� >´µ¶
µ�	
·      

(19)  

 
where 𝜎e and 𝜎P are respectively the normal and tangential accommodation coefficients, having the same 
recommended value of 0.925, and 𝑇* and 𝑇¼ are respectively the atmospheric flow temperature and wall temperature. 
A wall temperature of 300K is assumed for a S/C orbiting in VLEO. 

In our model, the contribution to the drag of each constituent species is calculated according to the methodology 
described above. The total drag is just the sum of the contribution of each species, namely O, O2 and N2. 

IV.RAM-EP system concept optimization process 
To assess preliminary system and mission requirements for a RAM-EP system in-orbit demonstration mission, we 

implemented the performance model presented above in an optimization algorithm. The set optimization variables, 
constraints and objective are discussed below. 

A. Optimization variables 
We define the following optimization variables: 
1. The operating altitude ℎ	 ∈ [140	250]	𝑘𝑚, from which the average atmospheric flow properties 𝑛*,,, 𝑛*,,-, 

𝑛*,.-, 𝑇* and 𝑢* are obtained according to the results presented in Figure 5; 
2. The ionization stage inlet area 𝐴bH 	∈ [0	0.07]	𝑚-. Its upper limit, corresponding to an ionization stage 

diameter of 30	𝑐𝑚, was set as a technology constraint based on SITAEL’s heritage; 
3. The ionization stage length 𝐿bH ∈ Ã0	𝐿�GbÄbeÅÆ	𝑚. Its upper limit is set consistently with VEGA launcher fairing 

capability: 𝐿�GbÄbeÅ = 5	𝑚; 
4. The intake total inlet area 𝐴b ∈ Ç0	

´
È
Ø�GbÄbeÅ-

	
Ê𝑚-. Its upper limit is set consistently with VEGA launcher 

fairing capability: Ø�GbÄbeÅ = 3	𝑚; 
5. The intake length 𝐿b ∈ Ã0	𝐿�GbÄbeÅÆ	𝑚. 
6. The number of intake ducts 𝑁b ∈ [0	300	]. From this parameter, the intake duct aspect ratio is easily derived 

and used to compute the intake beam and back-flow transmission probabilities; 
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7. The total RAM-EP thruster operating voltage 𝑉w ∈ [0	600	]	𝑉, defined as the sum of the voltage applied to 
the ionization stage and the one applied to the acceleration stage. Its upper limit was set as a technology 
constraint based on SITAEL’s heritage; 

8. The voltage utilization ratio, 𝑟A ∈ [0	1	]	 defined as the fraction of discharge voltage applied to the acceleration 
stage. 

B. Optimization objective and constraints 
      We choose to optimize the RAM-EP spacecraft so to provide the highest thrust over drag ratio. This translates into 
finding the combination of optimization variables resulting into the global minimum of the function 
 

𝐷/𝑇	 = f(h, 𝐴bH, 𝐿bH, 𝐴b, 𝐿b, 𝑁b, 𝑉w, 𝑟A)      (20)  
 
subjected to the constraints of producing a positive thrust and of having a total spacecraft length 𝐿V/�  lower than 
𝐿�GbÄbeÅ . In our case,  𝐿V/�  is set equal to the sum of intake, collector and ionization stage length, where the collector 
length is computed by assuming it to be shaped as a truncated cone having a half-angle of 45°: 
 

𝐿V/� = 𝐿b + Î𝐴b/𝜋 − Î𝐴bH/𝜋 + 𝐿bH ≤ 	𝐿�GbÄbeÅ      (21)  
 

The solution was obtained by using a pattern-search optimization algorithm. 

C. Optimization results 
The optimization resulted into a maximum thrust over drag ratio of 1.4 at an operational altitude of 210 km. In 

order to have useful insights on the scaling of RAM-EP systems at different altitudes, we repeated the optimization at 
constrained altitudes of 180 and 195 km. The resulting satellite high-level specifications for the three cases (global 
optimum at 210 km, local optima at 195km and 180km) are reported in Table 3. 

 

Table 3. Optimum RAM-EP spacecraft configuration for altitudes of 210 km, 195 km and 180 km. 

    
Altitude 210 km 195 km 180 km 
S/C length 1.27 m 1.50 m 1.52 m 
S/C width  1.79 m 2.67 m 3.82 m 
S/A area* 2.3 m2 4.0 m2 5.8 m2 
S/A power 770 W 1350 W  1970 W 
Pd 480 W 1000 W 1570 W 
Vd 600 V 600 V 600 V 
T 6.9 mN 16.0 mN 25.8 mN 
D 4.9 mN 13.0 mN 22.4 mN 

*In our calculations, we assume the half-cylinder spacecraft body also to be covered by solar cells. 
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Figure 8 shows the effect of varying each RAM-EP spacecraft design parameter on the thrust over drag ratio.  
 

 
Figure 8. Influence of varying each design variable on the thrust over drag ratio. The markers correspond to 

the optimum solutions found for the 210 km, 195 km and 180 km altitude cases. 

 
By fixing the spacecraft design parameters as obtained from the optimization process, the performance model was 

used to obtain the thrust law associated to each of the three investigated RAM-EP spacecraft designs:  
 

[𝑇, 𝐷, 𝑃] = g(𝑛*,,, 𝑛*,,-, 𝑛*,.-, 𝑇*, 𝑢*)       (22)  
 
where T, D and P are, respectively, the produced thrust, the experienced drag and the ratio between the total power 
consumption and the maximum power available from the solar arrays. We implemented the thrust law associated to 
the 195 km solution into an orbital propagator, so to obtain useful information for defining preliminary mission 
scenarios for our RAM-EP concept. 
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V.RAM-EP concept: mission scenarios 
According the results presented above, a preliminary mission scenario for an In-orbit demonstration mission was 

investigated.  
At this stage, the main identified mission constraint concerns the need of providing power to the electric thruster 

only during sunlight condition. In order to minimize the eclipse period, a Sun-synchronous dawn-dusk orbit at 6 a.m. 
with an inclination of 96.7° was selected. Considering the performance achievable by the RAM-EP thruster, an altitude 
of 210 km was assumed for the nominal operative phase of the spacecraft. As a result, a design reference mission 
(DRM), shown in Figure 9 and including both launch and disposal phases, was developed. For this scenario, we 
considered a small class platform having a mass between 250 kg and 500 kg.  

 

 
Figure 9. Design Reference Mission for RAM-EP system in-orbit demonstration. 

 
This scenario consists of 8 main phases. Phase 1 considers the launch of the spacecraft on an SSO dawn-dusk orbit at 
6 a.m. with an inclination of 96.7°. After the separation from the upper stage of the launcher (Phase 2), the spacecraft 
enters in the commissioning phase where both subsystems’ status and operation are checked (Phase 3). This phase is 
followed by a descend phase where the altitude is decreased from 250 to 210 km without operating the RAM-EP 
thruster (Phase 4). At this point, the spacecraft maintains a constant altitude of 210 km by operating the thruster 
according to mission lifetime requirements. After that, a second descend phase is planned to reach the minimum 
operative altitude of 180 km. At this altitude, the RAM-EP thruster is still able to provide a thrust over drag ratio 
greater than one. As a consequence, while phase 6 considers the end of the mission though a semi-controlled re-entry, 
phase 7 includes the possibility to perform an orbit raising to reach again the nominal operative altitude of 210 km. 
This maneuver can be cyclically repeated in order to either sustain long eclipse period, where the thruster is not 
operated, or fulfil challenging mission requirement which require a lowering of the altitude. 

A. VLEO-MAGNETO Tool and Results from Trajectory Propagation 
For a detail analysis of the trajectory covered by a RAM-EP system, a mission simulation software developed by 

Politecnico di Torino was used. This tool, so-called “VLEO-MAGNETO”, is a multi-input/output software providing 
a flexible design environment for electric propulsion missions. This software was adapted to simulate a VLEO mission 
implementing the atmospheric model presented in Sec. II. The thruster performance was implemented according to 
Eq. (22). The introduced subroutine also allows to analyse the drag force generated by the assumed spacecraft 
configuration and the fraction of electric power available to the payload. The orbital propagator exploited in 
MAGNETO is a Runge-Kutta-Fehlmberg 7/8 with fixed time step. To avoid numerical singularities, the equations of 
motion is written in equinoctial elements.  

In addition, a control law was included in the software. It consists in a double integration variable check, of: 
thruster firing period and semi-major axis value. As eclipses are still not implemented into the propagator, we decided 
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to follow a conservative approach, representative of a worst-case eclipse-sunlight cycling. According to the control 
law, the thruster is allowed to operate for a maximum continuous firing duration of one hour, with minimum switching 
off periods of 30 minutes.  

Coupled with it, the semi-major value obtained from the integration is compared, at each integration step, with the 
target value given in input. If the value of the semi-major axis is greater than the target, the thruster is switched-off. 
Furthermore, the propagation sub-routine allows to select which orbital parameter is required to be controlled. The 
focus of this first simulation was mainly related to the feasibility to maintain an averaged value of the target semi-
major axis. A detail description of the weighted steering laws couple with the equations of motion is given in Ref. 26. 
The performed trajectory simulations consider the propagation from the starting orbit (dawn-dusk 6 a.m. sun-
synchronous circular orbit) for a period of one week. The date selected for these analyses was February 2011 for 
representing the trajectory during medium solar activity.  

Figure 10 to Figure 13 show the main results obtained from the simulation. 
 

 
Figure 10. Semi-major axis vs a propagation time of: a) one week and b) one day.  

 

 
Figure 11. Thrust profile during a propagation of one day. 
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Figure 12. Drag profile during a propagation of one day 

 
Figure 13. Propulsion system vs platform power fraction during a propagation of one day. 

 
Figure 10 shows the semi-major axis variation during one week and one day propagation time, showing that its average 
value is not decaying in time. The thrust profile, depicted in Figure 11, highlights the RAM-EP ON/OFF cycles as 
defined by the thruster control law. The maximum switch-off period duration is of 2400 s, while the minimum 
continuous firing duration is of 600 s. The drag profile resulting from the propagation has an average value of 7.3 mN 
(see Figure 12). Finally, the RAM-EP platform power fraction required by the propulsion system is reported in Figure 
13, showing that an average value of 25% of the total electrical power available on-board the platform could be 
exploited by the other systems.  
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VI.Way Forward: SITAEL’s development roadmap 
 

In 2017, for the first time worldwide, SITAEL successfully demonstrated the RAM-EP concept in an on-ground VLEO 
representative environment. SITAEL’s RAM-EP system was able to produce 6 mN of thrust while operating with the 
flow generated by a Particle Flow Generator and gathered by the system intake. However, since a drag of 26±1 mN 
was measured, the first iteration of SITAEL’s RAM-EP system was not capable of providing a net positive thrust. 
Nevertheless, the successful completion of the ESA TRP “Assessment of Key Aerothermodynamics Element for a 
RAM-EP Concept” demonstrated that it is possible to obtain stable operation of an electric propulsion device fed only 
by atmospheric flow collected by an air-intake.  

SITAEL is already undertaking significant efforts to follow-up on this technological breakthrough and increase 
the technological readiness of the RAM-EP engine, ultimately targeting an in-orbit validation (IoV) of the technology. 
The first objective of the ongoing and future developments is to optimize the system design so to achieve full drag 
compensation, showing how air-breathing EP can represent a promising solution for LEO and VLEO missions. 
SITAEL’s roadmap for the development of the RAM-EP engine, and of the air-breathing EP system in general, is 
summarized in Figure 14.  

 

 
Figure 14. RAM-EP development roadmap including secured and to be secured projects and timeline. 

 
As shown above, the development goes through a series of projects intended to solve the currently outstanding 

technical limitation of the RAM-EP system while analyzing potential mission and system concepts in detail. On top 
of the already completed ESA TRP two additional projects are already ongoing and one project is in the negotiation 
phase.  

First, an ESA GSTP project led by the Von Karman institute for Fluid Dynamics (VKI) focusing on the aero-
thermodynamics of a RAM-EP intake. The project will go through the necessary design iterations to optimize the 
intake component and ensure that the correct combination of intake area, collection efficiency and compression ratio 
is produced. Moreover, the technological processes for the manufacturing of the intake will be consolidated and the 
core material selected to ensure the lifetime required by mission constrains. In this project, SITAEL is involved as the 
system expert to provide the Von Karman Institute with the requirements for the intake, while supporting the technical 
activities. 
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Second, “Close to the Earth” is an Italian national project with the goal of defining an operational envelope for the 
air-breathing concept by preliminarily designing a small (around 500 kg) spacecraft and by setting possible Earth 
Observation applications for a VLEO constellation. SITAEL is participating to the project together with other 
Companies and universities from the Apulia Region, under the coordination of the Distretto Tecnologico Aerospaziale 
(DTA, Aerospace Technology Industrial District). In a second batch of work, significant progress will be made on the 
plasma description, to better understand the operating conditions of the thruster and highlight potential improvements. 

Furthermore, in the roadmap to IoV, a specific program focusing on the technological development of the thruster 
is needed. This will be the focus of the SITAEL-led Horizon 2020 program AETHER, which was selected for funding 
by the European Commission and is currently in the negotiation phase, with a foreseen kick-off date by the end of 
2019. With the support of several international partners, the development activities foreseen in the AETHER project 
will have the objective of achieving the technological milestones needed to better shape a flight-representative RAM-
EP design. In accordance with the results obtained from system level trade-offs and mission analysis, the intake will 
be redesigned to provide the best combination of pressure ratio and collection efficiency. The thruster acceleration 
channel will be redesigned to guarantee a more effective acceleration of the ionized particles.  

The collector/ionization stage will be optimized in order to be compliant with any on-going design modification 
and possibly increase the thruster ionization efficiency. Moreover, the issues concerning the system material 
interaction with the incoming flow will be faced, since strong concerns are related to the chemical composition of the 
atmosphere in the altitude range of interest, which mainly consists of highly oxidizing species such as diatomic and 
monoatomic oxygen. This is particularly critical for the cathode: as a matter of fact, hollow cathode neutralizers, which 
are used in both conventional Ion and Hall thrusters, are incompatible with oxygen mixtures.  

Hence, alternative cathode technologies will be investigated, realized and tested. Both radio-frequency cathodes 
and alternative emitter materials compatible with atmospheric discharges (such as electride compounds) will be deeply 
investigated. Trade-off analysis will be performed to also evaluate the possibility of using a small xenon tank for 
feeding the cathode only. 

Moreover, potential alternative technologies for the acceleration stage, such as gridded ion thrusters, will be 
considered and investigated. Finally, the optimized complete air-breathing system will be verified in a full-scale test. 
In particular, one of the outputs of the AETHER project will be to develop a flow source as much as possible 
representative of VLEO, and to develop theoretical and advanced diagnostic tools to properly assess the degree of 
representativeness of the generated flow. 

After successful completion of the aforementioned projects, in the 2024 period, the RAM-EP concept will have 
reached a level of design maturity sufficient to pursue a more ambitious project, targeting the production of a flight-
ready air-breathing system to directly embark on an in-orbit validation mission. As a provider of small satellites, 
SITAEL is already pursuing this path internally while interacting with all relevant players to make this vision reality. 

This will finally prove the capabilities of the RAM-EP system to extend the lifetime of low earth orbit platforms 
without the need of on-board propellant, and to unlock the untapped potential of VLEO orbits for commercial 
exploitation and scientific missions. 

       Acknowledgments 
The authors wish to express their gratitude to Ugo Cesari, Carlo Tellini, Nicola Giusti, Ivan Andreani and Massimo 

D’Urso for their valuable assistance in preparing and performing the RAM-EP concept validation test campaign.  
Thanks to Jasmine Rimani for her support during the mission analysis. Fruitful discussions with Damien Lequang 

and the VKI team are sincerely acknowledged.  

References 
1.G. Cifali, T. Misuri, P. Rossetti, M. Andrenucci, D. Valentian, D. Feili and B. Lotz, “Experimental Characterization of 
HET and RIT with Atmospheric Propellants”, IEPC-2011-224, 2011. 

2.Semenkin, A. V., Chislov G. O., “Study of anode layer thruster operation with gas mixtures”, IEPC 95-78, 1995. 
3.Garciullo et al. “Ion plume investigation of a Hall Effect Thruster operating with Xe/N2 and Xe/air mixtures”, Submitted 
to: J. Phys. D: Appl. Phys. 

4.F. Romano et al., “Performance Evaluation of a Novel Inductive Atmosphere-Breathing EP System”, IEPC-2017-184, 
2017. 

5.D. E. Clemens, “Performance Evaluation of the Microwave Electrothermal Thruster Using Nitrogen, Simulated Hydrazine, 
and Ammonia”, PhD Dissertation, 2008. 

6.Shabshelowitz, “Performance of a Helicon Hall Thruster Operating with Xenon, Argon, and Nitrogen”, Journal Of 
Propulsion And Power Vol. 30, No. 3, 2014. doi: 10.2514/1.B35041. 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

18 

7.A.I. Erofeev, A.P. Nikiforov, G.A. Popov, M.O. Suvorov, S.A. Syrin, S.A. Khartov, “Air-Breathing Ramjet Electric 
Propulsion for Controlling Low-Orbit Spacecraft Motion to Compensate for Aerodynamic Drag”, Solar System Research, 
2017, Volume 51, Issue 7, pp 639-645. doi: 10.1134/S0038094617070048. 

8.C. Charles, R.W. Boswell, R. Laine, P. MacLellan, “An experimental investigation of alternative propellants for the helicon 
double layer thruster”. Journal of Physics D: Applied Physics 1.17 (2008): 175213. doi: 10.1088/0022-3727/41/17/175213. 

9.T. Andreussi, E. Ferrato, A. Piragino, G. Cifali, A. Rossodivita, M. Andrenucci, “Development and Experimental 
Validation of a Hall Effect Thruster RAM-EP Concept”, Space Propulsion conference 2018, SP2018_00431, 2018. 

10.T. Andreussi, E. Ferrato, A. Piragino, V. Giannetti, M. Andrenucci, C.A. Paissoni, “Development Status and Way Forward 
of SITAEL Air-breathing Electric Propulsion Engine”, AIAA Propulsion and Energy Forum Exposition, August 2019, 
Indianapolis (US), doi: 10.2514/6.2019-3995. 

11.D. Di Cara, J. G. del Amo, A. Santovincenzo, B. C. Dominguez, M. Arcioni, A. Caldwell, I. Roma, “RAM electric 
propulsion for low earth orbit operation: an ESA study”, IEPC-2007-162, Florence, 2007. 

12.K. Nishiyama, Air-breathing Ion Engine Concept, 54th International Astronautical Congress of the International 
Astronautical Federation, 2003. doi: 10.2514/6.IAC-03-S.4.02. 

13.Y. Hisamoto, K. Nishiyama, H. Kuninaka, “Design of air intake for air-breathing ion engine”, 63th International 
Astronautical Congress, 2012. 

14.F. Romano et al., “Performance Evaluation of a Novel Inductive Atmosphere-Breathing EP System”, IEPC-2017-184, 2017 
15.K. Hohman, Atmospheric Breathing Electric Thruster for Planetary Exploration, Busek Co. Inc., Final Report, 2012. 
16.A.I. Erofeev, A.P. Nikiforov, G.A. Popov, M.O. Suvorov, S.A. Syrin, S.A. Khartov, “Air-Breathing Ramjet Electric 

Propulsion for Controlling Low-Orbit Spacecraft Motion to Compensate for Aerodynamic Drag”, Solar System Research, 
2017, Volume 51, Issue 7, pp 639-645.  

17.M. Goebel and Ira Katz, “Fundamentals of Electric Propulsion: Ion and Hall Thrusters”, JPL CalTech, 2008. 
doi:10.1002/9780470436448. 

18.W.R. Thompson, M.B. Shah, H.B. Gilbody, J. Phys. B 28, 1321, 012708, 1995. doi: 10.1088/0953-4075/28/7/023. 
19.B. G. Lindsay and M. A. Mangan, “Photon and Electron Interactions with Atoms, Molecules and Ions”, Vol. 17C, 2003. 

doi: 10.1007/10874891_2. 
20.Byoung-Hoon, “Determination of Electron Collision Cross-Sections for the Oxygen Molecule by Using an Electron Swarm 

Study”, Joongbu University, 2003. 
21.M. Reza, E. Ferrato, F. Faraji, T. Andreussi, M. Andrenucci, “Magnetic Circuit Optimization for Hall Thruster Design”, 

IEPC-2019, University of Vienna, IEPC-2019-A459, 2019. 
22.H.L. Pond, “The Effect of the Entrance Velocity on the Flow of a Rarefied Gas through a Tube”, Journal of the Aerospace 

Sciences, 29(8):917{920, 1962. 
23.J.R. Wertz, Wiley J. Larson, “Space Mission Analysis and Design”, Space Technology Library, El Segundo, CA, 1999. 

doi: 10.1007/978-94-011-2692-2. 
24.Schaaf and Chambré, “Flow of Rarefied Gases”, Princeton University Press, 1961. 
25.S. Varma, “Control of satellites usin   g environmental forces: aerodynamic drag / solar radiation pressure”, PhD thesis, 

Ryerson University, pp. 104-105, 2011. 
26.J. Rimani, C.A. Paissoni, N. Viola, J. Gonzales del Amo, G. Saccoccia, “Multidisciplinary Mission and System Design 

Tool for a Reusable Electric Propulsion Space Tug”, 11th IAA Symposium on the Future of Space Exploration: Moon, Mars 
and Beyond: Becoming and Interplanetary Civilization, Turin, 2019. 


