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ABSTRACT
As French National Space Agency, CNES is in charge of monitoring safety requirements for people and property related to space operation as defined in French Space Operation Act (FSOA). To evaluate these requirements, and in particular to be able to assess the compliance with safety threshold, CNES has developed its own tools, DEBRISK and ELECTRA. DEBRISK software computes the ablation of the satellite and its components all along the reentry trajectory. This object-oriented code combines models for aerodynamic, aerothermodynamic and heat transfer. It supplies a list of surviving objects with their physical on-ground characteristics. This list is then used as an input for the ELECTRA software. ELECTRA software is designed to estimate human casualty risk during launch and controlled or uncontrolled re-entry. Using Monte-Carlo simulations, dispersion of various parameters as for example characteristics of surviving fragments and population grids, Electra computes the probability of incurring at least one victim on ground, the expected value of the number of victims and the impact risk per country. Among the four computation modes of Electra, the RF mode (final re-entry) is dedicated to the computation of risk a few hours or days before the un-controlled reentry of a space object. 
One particular case of use of ELECTRA and DEBRISK occurred in 2018, when the Chinese space station Tiangon-1 re-entered the atmosphere and felt in the South Pacific Ocean on April 2nd. With 8,5 tons, this uncontrolled reentry was of large interest, nevertheless not concerned by the French Space Operation Act. In the frame of this high risk reentry, CNES made use of its flight dynamics technical expertise, the observation means activated through national and international cooperation and a variety of tools, both operational and expertise tools, as ELECTRA and DEBRISK, to predict the reentry date and location as well as the on-ground casualty risk evolution inferred by this high risk reentry.
First, this paper presents how the Tiangon-1 space station was modelled and how the ablation phenomena, induced by the atmospheric reentry, was computed using DEBRISK tool. Second, this paper deals with the risk computation using ELECTRA tool via its final reentry (RF) mode. The orbital parameters used as inputs for these tools were provided by OCC (Orbit Computation Center) division in CNES who’s in charge of operational orbit determination and to operationally estimate the reentry point and date of reentries considered as high risk. The evolution of the orbit and the reentry prediction is presented in parallel with the evolution of the risk assessment.

DEBRISK TOOL
DEBRISK is CNES tool to evaluate fragments survivability during the re-entry of a satellite in the Earth atmosphere. The tool has been developed in JAVA since 2011. The DEBRISK approach assumes that the satellite is composed of a collection of independent objects modelled by simple forms (sphere, box, cylinder or plates). The most common satellites materials are available to characterize the fragments but new materials can be added for a better modelling of the ablation. 
The trajectories of the satellite and its fragments are computed using CNES flight dynamics library PATRIUS [1]. First, it’s a simple integration of the equation of motion from the starting point until the fragmentation altitude chosen by the user, typically around 78 km. At this altitude, the satellite breaks up and all the fragments are released. In advanced mode, the ablation of the satellite can be computed allowing a break-up of the satellite above the fragmentation altitude and the release of the fragments at this altitude.
From the fragmentation altitude, the computation is independent for each fragment. The simulation takes into account:
· The aerodynamic modelling to determine the drag coefficient used for trajectory computation. We assume that the objects have a random tumbling attitude.
· The thermal modelling to estimate the heat transfer to the surface of the object and compute the temperature of the fragment. When the melting temperature is reached, ablation of the object begins.
· The ablation modelling to estimate the amount of material ablated and compute new mass and dimensions at each time steps.
· The propagation of the trajectory taking into account the ablation rate for the mass calculation.
The fragments contained in the satellite can themselves include other “child-fragments”. Those child fragments are released when the parent-fragment is completely ablated. The simulation of those objects is then similar to the description given above.
In advanced mode, the heat conduction between object can be activated on condition that conduction coefficients are known. With this option, fragments are warmed by their parent object before their release. Then, those objects are released with a temperature higher than the standard initial temperature of 300K.
For each fragment, Debrisk provide various information on the survivability of the object, among others:
· demise altitude in case of total ablation of the fragment. 
· impact energy, remaining mass, casualty area, … for objects which reach the ground.

ELECTRA TOOL
ELECTRA development began in 2007 to meet the requirement for precise quantification of the risks involved in the launch and the re-entry of a spacecraft. Since 2015 and version V4.0, ELECTRA is developed in JAVA. ELECTRA is used operationally to monitor the risk associated to each launch from Guyana Space Centre. The tool supported ATV-CC for risk analysis during the controlled re-entry. It’s also used to estimate uncontrolled re-entry risk of all French LEO missions in the frame of the FSOA. Electra and Debrisk can be provided to space operator for the preparation of assessment of conformity to the French Space Operations Act.
ELECTRA calculates the probability of incurring at least one victim and the expected value of the number of victims in four situations involving the re-entry of a spacecraft in the atmosphere:
· Uncontrolled re-entry (RA mode) of a space object (satellite or launcher part). Typically, the natural re-entry of a LEO satellite within the 25 years limits of the French regulation. As it is impossible to predict the “exact” location of the debris impacts, the potential fallout zone corresponds to the area of the Earth’s surface between latitudes +/-i (i being the inclination of the orbit).

· Launch failure (RL mode): in case of a premature stop of the rocket propulsion, ELECTRA calculates the trajectory of the intact vehicle from the failure instant until its fragmentation and then the trajectories of each fragment to the ground. This computation is done for each considered propulsion failure combined with several sources of dispersion to estimate the risk with a Monte-Carlo process.


· Controlled re-entry (RC mode): in case of a failure during de-orbit manoeuvers, ELECTRA computes the risk with a method similar to the one used in RL mode.

· Final orbit (RF mode): This new “short-term” re-entry context aims to estimate the risk a few hours or days before the uncontrolled reentry of a space object. A few days before the possible re-entry, conditions are distributed on a limited amount of orbits and can be characterized by a set of possible state vectors at a given altitude. Then, every point is considered as a probable point of re-entry and is processed in a similar way as what is done for each failure case for launching risk computation. This mode was used for the study of Tiangon-1 re-entry presented in this paper.

Details on RF mode
1.1.1. Determination of probable points of re-entry
A specific tool in ELECTRA generates a set of possible state vectors at a given altitude, taking into account uncertainties on the space object itself and on environmental conditions. These probable re-entry points are deduced from initial conditions representing last orbits of the space object few hours or days before its uncontrolled re-entry. These points are obtained by a variation of the ballistic coefficient between a maximal and a minimal dispersed value. A probability of occurrence is joined to each of these points. Notice that this set of points does not represent an orbit itself even if it looks like. 
Probable re-entry points are all located at an identical geodetic altitude of re-entry (85 km for example) [Figure 1]. They are characterized by date, position, velocity and ballistic coefficient and associated to an occurrence probability assuming a uniform or a Gaussian repartition of the ballistic coefficient dispersion. The computation method is designed to have circle-equidistant re-entry points to be sure not to forget some intermediate points leading to a potential impact on a heavy inhabited area. Indeed, a full random distribution could lead to consecutive points separated by several hundreds of kilometers. 
As this way of determining this set of entry points maybe time consuming, it is possible to do it in two steps: first with numerical propagations, then using interpolation method.
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[bookmark: _Ref528578345]Figure 1 : Probable risk between two re-entry points

1.1.2. Computation of risk
Once impact points have been computed with a sufficient number of simulations with respect to the level of confidence objective, ELECTRA calculates the probability of incurring at least one victim, and the expected value of the number of victims exactly in the same manner as for the RL and RC modes, i.e. using a Monte Carlo method.

TIANGON-1 RE-ENTRY CONTEXT
The Chinese space station Tiangon-1 was put into orbit on September 29th, 2011 at an altitude of about 370km. Two taikonauts’ crews stay on board in 2012 and 2013. In 2016, the Chinese control centre lost the link with the space station. Tiangon-1 then became an uncontrolled object whose altitude gradually decayed due to atmospheric drag until its natural re-entry in the atmosphere on Avril 2nd, 2018 at 00h16 TU.
The space station is quite small compared to other space station or even the ATV spacecraft. The Russian space station MIR weighed 124T, ISS is 400 T while Tiangon 1 is “only” 8.5 T for a volume of about 15 m3.
The monitoring of Tiangon-1 re-entry involved CNES experts on fragmentation and risk assessment as well as the OCC division who’s in charge of operational orbit determination and to operationally estimate the reentry point and date of reentries considered as high risk.

TIANGON-1 MODELling AND ABLATION
Modelling
To compute the risk for population with Electra tool, the list of surviving fragments computed by Debrisk is required. The Chinese space station Tiangon-1 had to be modelled using the simple shapes available in Debrisk. However, very few official information was available for this spacecraft. So the model has been constructed based on the internal knowledge that CNES has on the ATV vehicle by analogy and scaling and in available information grab on Internet.
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[bookmark: _Ref528578704]Figure 2 : Similarities between vehicles

Indeed, the modelling is based on the similarity of the mechanical properties and therefore the important similarities between the different vehicles of Figure 2. For a first approximation, we have interpolated the unknown elements of Tiangon-1 by a similar and adapted selection of the equipment of the ATV. 
The module consists of three sections: the aft service module, a transition section and the habitation orbital module. The vehicle is 10.4 meters long and has a main diameter of 3.35 meters. It has a liftoff mass of 8,506 kilograms and provides 15 cubic meters of pressurized volume. The transition section is a small conical section 1 meter in length and 2.5 meters in diameter for the small side. Large side is 3.35 meters equal to the diameter of the habitation module. This space is believed to be holding steel alloy gas tanks filled with oxygen and nitrogen needed for the environmental system of the spacecraft. Water storage tanks are also located in this area.
The two solar arrays consist of four panels and are about 3.1x10 meters in dimension. With its arrays deployed, Tiangon-1 has a span of 23 meters. Silver-zinc batteries are located in the aft section. 
Based on those data, Tiangon-1 is modelled as an aluminium cylinder with 10.4m in length, 1.7 m in radius and a thickness of 5 mm. All the sub-equipment inside the vehicle are modelled by a set of simple geometric elements considering safety margin. This set consists of 183 independent objects representing a total mass of 8.5 T.
Ablation computation
The ablation computation for Tiangon-1 was performed with Debrisk tool V2.10 in advanced mode. The simulation included the MSIS86/CIRA88 atmosphere model and J2 component of Earth potential. We didn’t consider satellite ablation or thermal conduction between objects. We used standard parameters for the fragmentation altitude fixed at 78 km and the birth temperature of fragments set at 300 K.
The initial conditions were computed by OCC (see section 5). From the orbit derived from the TLE of March, 19th, OCC extrapolated the orbit until 72h, 48h, 24h and 12h before the impact predicted at this time. Debrisk computation was performed with those 4 sets of orbital parameters. For every case, there were 90 surviving fragments with a total casualty area between 127 and 129 m2 [Table 1].

[bookmark: _Ref528578878]Table 1: Total CA computed by Debrisk for various initial conditions.
	Orbit computed from 2018/03/19 TLE 
	T-72h
	T-48h
	T-24h
	T-12h

	Casualty area (m2)
	129.03 
	127.87
	129.50
	128.93


Thus, the list of surviving debris didn’t change in the last days before the impact. It appeared unnecessary to update the fragments list each time a new orbit was computed. An ultimate ablation computation was performed using March 26th orbital data. The number of surviving fragments was still 90 and the total casualty area was 129.09 m2. This list of fragments was used for the risk computation in the last hours before impact from March, 30th.

OPERATIONAL ORBIT DETERMINATION 
Medium-term prediction : using TLE data
All the studies related to Tiangon-1 re-entry used orbital parameters provided by OCC. At medium term before the re-entry date, the only data we had were the TLE distributed by USSTRATCOM through SpaceTrack website. 
The CNES tool OPERA computes, from a TLE history, an approximate re-entry date with an associated uncertainty. OCC used TLE data to estimate a theoretical impact date T for the space station and then generate orbital parameters at T-72h, T-48h, T-24h and T-12h. Those orbital conditions were used in the weeks before re-entry to adjust and optimized the configuration of Debrisk and Electra tools.
Short term prediction: using orbit determination
From March 26th, OCC received RADAR data from GRAVES, SATAM, DGA, TIRA, JAXA, US, MDFR to perform orbit determination. Through close collaboration with COSMOS (part of French Air Force), the main data at our disposal came from GRAVES and SATAM radars. Other data were available from other organisations in EUSST (European Space Surveillance and Tracking) context and thanks to agreements with other countries. The first orbit determination by OCC was performed on March 26th. Then, an orbit and impact date estimation were computed every day from March 26th until actual re-entry on April 1st.
Once the orbit was computed, the trajectory of the station was extrapolated to determine the date of re-entry. Then, we applied an uncertainty on the estimated atmospheric drag coefficient in order to deduce the re-entry window.
One of the difficulties was to successfully integrate different sensor data in the orbit restitution. Indeed, it was necessary to suppress too erroneous data, to re-sample the data not to favor a sensor compared to the others and, if necessary, to calibrate the sensors and estimate bias.
Table 2 summarizes, for each computation date, the re-entry date with its associated re-entry window, if any.
	TLE date
	Impact date estimate

	2018/03/19
	2018/04/03 19:39

	2018/03/20
	2018/04/03 01:06

	Orbit determination date
	Impact date estimate nominal, 
[ minimum – maximum estimate]

	2018/03/26 14h30
	2018/04/01 01:51:41
[2018/03/31 08:07, 2018/04/02 02:17]

	2018/03/27 14h00
	2018/04/01 06:37:11
[2018/03/31 15:34, 2018/04/02 03:41]

	2018/03/29 14h00
	2018/04/01 04:49
[2018/03/31 17:29, 2018/04/02 22:06]

	2018/03/30 9h00
	2018/04/01 19:04
[2018/04/01 09:22, 2018/04/02 09:56]

	2018/03/31 08h26
	2018/04/02 00:06
[2018/04/01 17:38, 2018/04/02 10:10]

	2018/04/01 07h51
	2018/04/02 01:49
[2018/04/01 23:00, 2018/04/02 06:08]

	2018/04/01 15h04
	2018/04/02 01:24
[2018/04/01 23:47, 2018/04/02 03:46]


[bookmark: _Ref528579072]Table 2 : Orbit determination date and estimation of impact date

RISK COMPUTATION 
Uncontrolled re-entry risk
The Final re-entry mode (RF mode) of Electra presented in section 2.1 is useful only with an initial orbit 2 or 3 days before the estimated re-entry date. Indeed, with an initial orbit earlier than 3 days before impact, this method needs a very long computation time, very large date files and results in a repartition of impact point quasi-uniform on Earth between the latitudes [-i°, +i°], i° being the inclination of the orbit. It much more efficient to use the uncontrolled re-entry mode (RA mode) dedicated to this kind of situation.
To compute the risk, Electra uses population files in GPWv4-UN adjusted format, the fourth version of the Gridded Population of the World [2][3] provided by CIESIN (Columbia University). For Tiangon-1 re-entry, the population grid for 2018, with 1° resolution, was generated using an extrapolation method developed for CNES by the University of Strasbourg (SERTIT laboratory: the Image Processing and Remote sensing service).
Uncontrolled re-entry risk was computed for an inclination of 42.6° estimated in the orbit determination form March 26th and with the list of fragments generated using this orbit.  
Electra computes a total casualty area of 129 m2 for a mass of 2.34T of surviving fragments, identical to Debrisk computation as expected. The probability of having at least one victim was 2.51x10-3 with a similar value for the expected value of the number of victims. The repartition of the risk on latitude bands is presented in Figure 3. 
Although Tiangon-1 re-entry was not concerned by the French regulation, one can note that the estimated probability is significantly over the 1x10-4 limit of the French law and international recommendations. This substantial risk might explain partly the large interest of all spatial community and general public for this special re-entry.
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[bookmark: _Ref528588503]Figure 3: Risk by latitude band for natural re-entry

Risk with the final re-entry mode
In the weeks before re-entry, we used the orbit resulting from TLE data to set the most efficient configuration of Electra tools. Indeed, the computation of re-entry points using Electra dedicated tool can be very long, up to several tens of hours, while the risk computation is faster. A full day of computation is not compatible with the operational monitoring of a real re-entry.  Thus, we looked for the best configuration with a reasonable computation time with sufficient accuracy for the risk estimate.
With default configuration, possible re-entry points at 85 km are computed for a dispersion of +/- 20% of the ballistic coefficient. Re-entry points are computed to be evenly distributed every 100 km with an acceptable error of +/- 100m. Then using an interpolation method, 9 additional re-entry points are inserted in each 100km intervals, so that the final set of re-entry points is distributed every 10km. The results file contains 46 511 points and is close of 11 Go leading to difficulty to work with it.
Then, we estimate the risk with Electra RF mode using only computed re-entry points separated by 100km or including the interpolated re-entry points separated by 10 km. The risk computation was done with 1 or 10 Monte-Carlo simulations, including dispersion on fragmentation altitude and atmosphere density. Those tests shown that it was not necessary to perform more than 1 simulation nor to use re-entry points separated by 10km. Indeed, the number of re-entry points was large enough to reach probability convergence.
To optimize the computation of re-entry points of Electra, we performed various test to increase the distance between the computed re-entry points and relax the required precision on those points. The interpolation method was then very fast to add extra points in the intervals. With the various sets of re-entry points, we compute the risk with Electra RF mode and we compare the total risk and the risk for each country.
The reference case was composed of re-entry points separated by 100km, with 100m precision, no interpolated point and 10 Monte-Carlo simulation for the risk computation. We relaxed the distance of computed re-entry point from 100 km to 1000 km including 200km and 500 km cases. The required precision was relaxed from 100m to 1 000m including à 500m step. Tests were performed with 1 2 or 10 Monte-Carlo simulations. Interpolation was used to compute extra re-entry points so that the distance between re-entry points in the complete set was always 100km.
From those tests, the appropriate configuration to compute the re-entry points was:
· 1000 km between computed re-entry points 
· 1km precision
· Interpolation to compute extra re-entry point every 100 km.
With those parameters, there was only 1.3% difference on the total risk compared to the reference risk but the computation time was divided by a factor of 7 or 15 depending on the initial conditions (orbit Timpact -24h or Timpact – 12h)
The other parameters used in Electra for the computation of re-entry points and the risk are: GRIM4 8x8 Earth potential model, MSISI2000 for atmospheric model, only one draw for dispersed parameters, dispersion of ballistic coefficient of each fragments, no dispersion of fragmentation altitude no atmospheric density.
Monitoring of actual re-entry
The first risk estimates with Electra RF mode was done with the orbit determination of March 30th. Before that date, the uncertainty on re-entry points was too large for the RF mode to be used.
For each orbit determination performed by OCC from March 30th, Table 3 and Figure 4, to Figure 7 present Electra results: 
· probability of having at least one victim Pc, 
· expected value of victim Ec, 
· impacts map. 

Two estimates of the impact date are also presented in table 3: the first date is computed by OCC with operational tools while the second date is computed with PSIMU, CNES tool for trajectory propagation based on Patrius library [1]. The differences between those two estimates (about 1h) can be explained by the use of different atmospheric models in the tools.
	Orbit determination date
	Impact date estimate

	2018/03/30 9h00
	OCC : 2018/04/01 19:04

	
	Ballistic coef (kg/m2)
	Pc
	Ec

	
	149.27
	2.835e-03
	2.904e-03

	Orbit determination date
	Impact date estimate

	2018/03/31 08h26
	OCC : 2018/04/02 00:06
PSIMU : 2018/04/01 23 :24

	
	Ballistic coef (kg/m2)
	Pc
	Ec

	
	157.75
	3.643e-03
	3.732e-03

	Orbit determination date
	Impact date estimate

	2018/04/01 07h51
	OCC : 2018/04/02 01:49
PSIMU : 2018/04/01 00 :35

	
	Ballistic coef (kg/m2)
	Pc
	Ec

	
	163.4
	3.237e-03
	3.305e-03

	Orbit determination date
	Impact date estimate

	2018/04/01 15h04
	OCC : 2018/04/02 01:24
PSIMU : 2018/04/01 00 :19

	
	Ballistic coef (kg/m2)
	Pc
	Ec

	
	159.81
	2.813e-03
	2.884e-03


[bookmark: _Ref528588714]Table 3: Impact date estimate and risk computation
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[bookmark: _Ref528588846]Figure 4: Impact Map from March 30th orbit determination
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Figure 5 : Impact Map from March 31st orbit determination
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Figure 6 : Impact Map from April 1st, 7h51orbit determination
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[bookmark: _Ref528588853]Figure 7 : Impact Map from April 1st, 15h04 orbit determination

Figure 4 shows that 58h before re-entry, the possible impacts still cover nearly all the Earth surface in the [ i°, +i°] latitude band. The number of possible impacts decreases in the following maps. But with the last orbit determination about 9h before impact, the possible impacts are still distributed on about 2 orbits tracks. 
The impact date was estimated using PSIMU. To compute the fall-out area, we used RC mode of Electra: we simulated a controlled re-entry with the last orbit determination, the estimated impact date and assuming no manoeuvers. The fall-out area is presented in fig 7. This maps indicated a fall-out area located in the South Pacific Ocean Uninhabited Area (SPOUA), which is the usual targeted area for controlled re-entries of spacecrafts. It’s lucky for Earth population safety that this natural re-entry finished exactly in the place which would have been targeted if control of Tiangon-1 had been possible

[image: ]
[bookmark: _Ref528590716]Figure 8 : Fall-out area computed by Electra

Electra’s results, with orbital data computed via operational means, are very similar to Jspoc one’s as they estimated that Tiangon-1 crashed in South Pacific Ocean on 2018 March, 2nd at 0h16 UTC [Figure 8]. This estimation is 3 minutes earlier than the last PSIMU estimation.

CONCLUSION
To assess the conformity of space operations to the French regulation, CNES have developed DEBRISK and ELECTRA tools. For the re-entry of the Chinese space station Tiangon-1, those tools combined with OCC operational means were used operationally together for the 1st time to monitor the re-entry. The model of the station relies on CNES expertise. DEBRISK was used to simulate the ablation of a spacecraft during the re-entry into the atmosphere and asses the surviving fragments. OCC determined daily the orbital parameters based on RADAR observations. With an appropriate configuration of Electra’s RF mode, the risk for population, globally and for each country, was computed efficiently every day after each orbit determination by OCC. The combinations of those methods and means allowed a good monitoring of the re-entry and predictions on impact date and localisation similar to those of other agencies.
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