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EFFECTS OF THE RORSAT NaK DROPS ON THE LONGTERM EVOLUTION OF THE SPACE DEBRIS POPULATIONA. Rossiy, C. Pardiniy, L. Anselmoy, A. Cordelliz, P. Farinella �y CNUCE/CNR, Via S. Maria 36, 56126 Pisa, Italyz Consorzio Pisa Ricerche, Piazza D'Ancona 1, 56127 Pisa, Italy� Dipartimento di Matematica, Universit�a di Pisa, Via Buonarroti 2, 56127 Pisa, ItalyAbstractRecently the Haystack radar observations led tothe detection of a previously unrecognized spacedebris family, with circular orbits between 600 and1000 km of altitude and inclinations around 65�.Due to their orbital and physical properties, suchparticles were tentatively identi�ed by NASA asdroplets of liquid sodium-potassium (NaK) coolantleaked from some of the nuclear powered radarocean reconnaissance satellites launched by the for-mer Soviet Union.In this paper we investigate the e�ects of the ob-served NaK droplets on the long term evolution ofthe debris population around the Earth. Moreover,the outcome of a possible future accidental loss ofsealing in the secondary cooling loop of two speci�csatellites is analyzed as well.Because the NaK droplets are not able to inducecatastrophic fragmentations of large targets, theydo not alter signi�cantly the future debris environ-ment, as far as the possible onset of a collisionalchain reaction is concerned. From this point ofview, launch and mitigation policies, especially re-garding satellite constellations in low Earth orbit,play the dominant role. On the other hand, theNaK droplets cause a signi�cant and long-lastingincrease of the rate of cratering events in the 850-1000 km altitude range.The e�ects of a new leakage at the lower altitudeof Cosmos 1900 would be signi�cant, but short-lived. However, at the altitude of Cosmos 1932,where most of the RORSATs are stored, the ad-verse e�ects on the space environment would lastfor several decades, concealing for a while the longterm growth of centimetric particles due to colli-sional processes.�Copyright c
1997 by the International AstronauticalFederation. All rights reserved.

IntroductionIn the last few years the Haystack radar observa-tions led to the detection of a previously unrecog-nized space debris population, with circular orbitsbetween 600 and 1000 km of altitude (maximumconcentration between 850 and 1000 km) and in-clinations around 65� [1]. There are 50,000-70,000such particles larger than 8 mm and a few hundredslarger than 3 cm. The radar signatures of theseobjects are characteristic of conductive spheres atevery measured wavelength and their ballistic co-e�cients are consistent with mass densities around1 g/cm3. Due to their orbital and physical prop-erties, these particles were tentatively identi�ed byNASA's Johnson Space Center as droplets of liq-uid sodium-potassium (NaK) coolant leaked fromone or more of the nuclear powered radar oceanreconnaissance satellites (RORSATs) launched bythe former Soviet Union.Following extensive analyses in the USA and Rus-sia, that hypothesis is now strongly supported bymost of the experts who have analyzed the experi-mental and theoretical evidence available. The ori-gin of this unusual source of space debris can betraced back to the Cosmos 954 malfunction, thatled, in January 1978, to the radioactive contam-ination of a sparsely inhabited area of NorthernCanada. To prevent the occurrence of a similarmishap in the future, the Soviets redesigned theRORSATs, developing a way to eject the fuel corefrom the reactor at the end of the mission [2]. Thiswould ensure the complete burning of the nakedfuel core during an accidental reentry in the Earth'satmosphere, as e�ectively demonstrated �ve yearslater by Cosmos 1402.But the design change a�ected also the nomi-nal missions (16 up to the program termination in1988). At the conclusion of each successful 
ight1



at low altitude, the nuclear reactor section wasboosted up to an 800-900 km graveyard orbit - likebefore the Cosmos 954 accident - but with the im-portant di�erence that the fuel core was ejectedthere in any case. The fuel core separation wasaccompanied by a loss of sealing in the primary re-actor coolant loop, containing 13 kg of liquid NaK[3][4]. Therefore, a leakage of NaK droplets mighthave, and most probably did, occurred. The sec-ondary reactor coolant loop, with 26 kg of liquidNaK, was designed to maintain, instead, its sealing[3][4].The purpose of the study described in this paperis to investigate the e�ects, if any, of the observedNaK droplets on the long term evolution of the de-bris population around the Earth. The outcome ofa possible accidental loss of sealing in the secondarycooling loop for two speci�c cases is analyzed aswell. Current environmentBesides the 8000-9000 objects larger than 10-20cm tracked by the US Space Command sensors, thespace around the Earth is populated by a very largenumber of uncatalogued debris, produced over theyears and continually replenished by space activi-ties. Millimetric and centimetric particles are par-ticularly interesting because they can severely dam-age critical spacecraft sub-systems. Most of the ex-perimental data available in that size range comesfrom dedicated campaigns of radar measurementscarried out since 1990.To understand the origin and distribution of thearti�cial debris in the 0.1-10 cm size range, a com-prehensive analysis and modeling e�ort has beencarried out at CNUCE. A dedicated software sys-tem, CLDSIM, was developed, implemented andcontinually upgraded to simulate the generationand orbital propagation of debris clouds producedby explosions and collisions, using several modeland parameter options [5]. Recently, the possibil-ity of simulating the leakage of NaK droplets wasintroduced as well.Using CLDSIM, 140 spacecraft and upper stagesfragmentations and 16 NaK liquid metal leaks fromthe post-Cosmos 954 RORSATs in orbit were in-dependently simulated with the most appropriatemodels and parameters and the resulting debrisclouds were propagated - including all the relevantperturbations - to a chosen reference epoch (Jan-uary 1st, 1997). At this point the population ob-tained was merged with a revised list of the USSpace Command catalogued objects, propagated tothe same epoch.

The resulting population, the 1997.0 CNUCE Or-bital Debris Reference Model (CODRM-97), in-cludes all the simulated particles larger than 0.9mm that are still in orbit (more than 52 millions).The total mass obtained is 3431 metric tons, whilethe overall cross-sectional area is 37,569m2; 99.94%of the mass and 99.79% of the cross-sectional areaare concentrated in the catalogued population.Below 2000 km there are, on average, about72,000 debris larger than 1 cm, including about14,000 NaK drops. Fig. 1 shows the spatial den-sity as a function of altitude (below 2000 km) forobjects larger than 5 mm: the contribution of theRORSAT NaK droplets is evident.
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Fig. 1. CODRM-97: spatial density distribution oforbital debris larger than 0.5 cm, with and without theNaK RORSAT droplets.CODRM-97, with and without the NaK dropscontribution, was used to set the initial orbital de-bris environment for the simulations presented inthis paper. Tra�c ModelTo simulate for several decades the evolution ofthe debris population it is necessary to de�ne anappropriate tra�c model. Due to policy, �nancialand technological changes, it is practically impossi-ble to foresee the evolving trend of the internationalspace activities for �fty years or more: at most, aplausible forecast for the next 10 or 20 years canbe extrapolated to the following decades.The hypotheses adopted in this study are quiteconservative. For the routine space activity we as-sumed a constant launch rate (78 per year), with anorbital distribution of payloads and upper stages inagreement with what was observed in the last �veyears. The payload mass was assumed to increase2



by only 5% over the next 50 years.Several commercial constellations in low Earthorbit (LEO) were considered as well, in addition tothe routine launch activity. In between 1997 and2015, the insertion of the following constellations inLEO was assumed: Iridium, Globalstar, Odyssey,Orbcom, Ellipso, Concordia, Ico, Ecco, Teledesic,M-Star and Celestri. Three more constellations,similar to M-Star, were supposed to be launchedbetween 2020 and 2040. The operational life ofthe constellations was set to range from 20 to 40years, taking into account the deployment of newgenerations of spacecraft.During their operational lifetime, the deorbitingof old satellites was assumed for 7 constellations outof 14; but at the end of the operational phase theremaining spacecraft were left in orbit. All rocketstages used to build the constellations (generally,depending on orbit and mass, more than one pay-load per rocket was assumed to be launched) wereleft in space in any case, but passivated in order toprevent explosions.Our tra�c model included also, starting in 1998,the assembly in orbit of the International SpaceStation. Such a facility, or a replacement, wassupposed to stay aloft for the overall duration ofthe simulations (50 years), serviced by 8 dedicated
ights per year.Explosions and CollisionsOther important sources of space objects are ex-plosions and collisions. The full details of the mod-els used in our simulations are described in [6]. Forthe study presented here we adopted an explosionpattern (exploding objects, occurrence rates, cali-bration factors, orbits) based mainly, but not only,on the record of the last �ve years. The total aver-age explosion rate adopted was 4 per year (2.1 highenergy and 1.9 low energy events), decreasing to 3.5per year by 2005 and to zero by 2010. Therefore, itwas supposed that the generalized introduction ofmeasures to prevent accidental and intentional ex-plosions in space will take place in the near future.To compute the e�ects of collisions with ourmodel [6], we adopted, for the �rst time, two dif-ferent catastrophic disruption thresholds for space-craft and rocket bodies: 40,000 J/kg and 60,000J/kg, respectively.SimulationsTo investigate the e�ects of the RORSAT NaKdroplets on the long term evolution of the orbit-ing debris, we performed twenty 50-year simula-tions starting in 1997, 10 with (\RORSAT") and

10 without (\NO RORSAT") the anomalous popu-lation of liquid particles. SDM, a powerful softwaretool developed in Pisa for the semi-deterministicstudy of the evolution of orbital debris [6], was usedto obtain the results presented below. The modeloptions and the input �les were set according tothe assumptions described in the previous sections.The area/mass relationship chosen for the debriswas the classical one adopted by NASA, i.e.:m = � 62:013A1:13 if m � 8:04� 10�5kg2030:33A1:5 if m < 8:04� 10�5kg
where m is the mass in kg and A is the area in m2.On average, after 50 years, the millimetric popu-lation in the RORSAT case resulted to be larger byabout 7% with respect to the NO RORSAT case.However, as shown in Fig. 2, due to the stochasticnature of explosions and collisions and the strongin
uence of single breakup events, the actual evo-lution of small particles is clearly predictable onlyto about a factor of two, and not much a�ectedby the NaK droplets. In other words, the di�er-ence observed between single runs using the sameinitial conditions was much larger than the aver-age di�erence between simulations including or notthe NaK drops. This can also be seen in Fig. 3,where the cumulative number of collisions betweenobjects larger than 1 cm km is shown.
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Fig. 2. Number of orbital debris larger than 0.9 mm.The maximum and minimum outcomes, out of 10 inde-pendent simulations, are shown for both the RORSATand the NO RORSAT cases.3
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droplets, as expected, do not play any role here(the small di�erence apparent in Fig. 5 just re-
ects the residual stochastic e�ect of explosions):they are not able to break a large target up andtherefore to generate a signi�cant number of 10 cmfragments. For this reason the RORSAT drops can-not a�ect the circumterrestrial environment in sucha way to trigger the onset of a collisional chain re-action [7],[8].
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Where the index is lower than 1, the density inthe chosen altitude shell is still lower than the criti-cal density, for which collisional processes alone areable to replace, on the average, the objects removedby air drag. But where the index is larger than 1,a collisional chain reaction may occur in the longterm, even though all launches and explosions werestopped at once.
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Fig. 7. Number of orbital debris larger than 1 cm inthe 850-1000 km altitude range. The averaged values,out of 10 independent simulations, are shown for boththe RORSAT and the NO RORSAT cases.
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Fig. 8. Expected collision rate between objects largerthan 1 cm in the 850-1000 km altitude range. The av-eraged values, out of 10 independent simulations, areshown for both the RORSAT and the NO RORSATcases.At present there are two regions of the near{Earth space where the critical density index islarger than 1: between 950 and 1000 km and be-tween 1400 and 1700 km. The worsening of the

situation predicted 50 years in the future is mainlydue to the satellite constellations in low Earth orbitand the routine space activity. The NaK drops, in-stead, in spite of their huge number and impressivecontribution to the present debris population (seeFig. 1) do not a�ect signi�cantly the overall evolu-tion of the arti�cial particles larger than 1 mm inEarth orbit and have negligible long term e�ects.On the other hand, these bodies represent a seri-ous operational concern for spacecraft in the 850-1000 km altitude range. As shown in Figs. 7 and 8,the collision probability with centimetric particleshas been signi�cantly increased there, and will re-main so for several decades in the future. 50 yearsin the future, the NaK drops will still be a promi-nent feature of the spatial density distribution ofcentimetric debris (Fig. 9).
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Fig. 9. Spatial density of orbital debris larger than1 cm after 50 years (2047). The averaged values, outof 10 independent simulations, are shown for both theRORSAT and the NO RORSAT cases.New RORSAT LeaksFrom the evolution of the debris population,modeled by SDM using CODRM-97 as initial con-ditions, it is possible to compute the probabilityof impact of a particle larger than 1 cm with theradiator pipes of the RORSATs still in orbit. Thisprobability is about 5:6�10�5 per satellite and peryear, corresponding to an 8% overall impact prob-ability over a 50-year period. Therefore, the possi-bility that one of the RORSATs still in a graveyardorbit might be punctured by a centimetric debris,leaking into space the NaK metallic 
uid containedin the secondary cooling circuit (26 kg), is far fromremote.For this reason we decided to include in our anal-5



ysis such an accidental event. As test cases weconsidered the two most probable potential leakagesources: the satellites Cosmos 1900 and 1932 [3].The main di�erence between the two cases is themuch lower altitude of Cosmos 1900, due to prob-lems arisen at the end of its operational life thatprevented the insertion into the standard storageorbit.In both cases it was assumed that the radiatorpuncture and the consequent leakage of 26 kg ofNaK liquid occurred in 2025. The events were sim-ulated with SDM assuming a size distribution forthe released droplets of the formN(d) = A�dmaxd �c ;where N(d) is the number of objects with diameterlarger than d, dmax is the diameter of the largestdrops and the value of A is derived from mass con-servation (for a given value of the total mass loss).The exponent c of the power law was calibrated fol-lowing the radar measurements presented in [9] andthe droplets were assumed to be released with a ve-locity of a few meters per second from the parentobject.As before, such events were unable to signi�-cantly a�ect the overall long term evolution of thedebris population in Earth orbit, but the environ-mental impact in the altitude shells interested bythe leaks were far from negligible.
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A leakage from Cosmos 1932, that is located inthe altitude shell where most of the RORSATs are,would have long lasting e�ects, as shown in Figs.10 and 11. In the 850{1000 km altitude range thenumber of centimetric particles could be increasedby 15-20%, with a corresponding growth of the ex-pected collision rate. At those altitudes air drag isnot e�ective in removing space debris and the en-vironment might remain upset for several decades.

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

E
xp

e
ct

e
d
 c

o
lli

si
o
n
 o

cc
u
re

n
ce

 r
a
te

 [
yr

^(
-1

)]

Time [years]

’RORSAT’
’COSMOS_1932’

Fig. 11. Expected collision rate between objectslarger than 1 cm in the 850-1000 km altitude range. Theaveraged values, out of 10 independent simulations, areshown for the RORSAT case, with and without an ad-ditional NaK leakage from the secondary cooling loopof Cosmos 1932 in 2025.
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At the altitude of Cosmos 1900 the picture wouldbe quite di�erent, as shown in Figs. 12 and 13. Theimmediate e�ect of a leakage would be signi�cant(+40% at 1 cm), abruptly reversing a decreasingtrend in the centimetric population following theend of in-orbit explosions in 2010. But in just adecade the air drag would be able to restore theprevious conditions and afterwards the evolution ofcentimetric particles would be driven by collisionalprocesses. The appearance of such collisional de-bris would be \masked" at the altitude of Cosmos1932 for a long time (Fig. 10).
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Fig. 13. Expected collision rate between objectslarger than 1 cm in the 550-700 km altitude range. Theaveraged values, out of 10 independent simulations, areshown for the RORSAT case, with and without an ad-ditional NaK leakage from the secondary cooling loopof Cosmos 1900 in 2025.ConclusionsWe have performed extensive numerical simula-tions on the e�ects of the newly discovered popu-lation of RORSAT NaK drops on the evolution oforbital debris. In particular, we have compared theresults of a number of simulations using an initialpopulation including such droplets (CODRM-97)with those obtained by disregarding them.Since the largest observed diameter of the dropsis about 4.5 cm, in normal conditions they are notcapable of producing catastrophic fragmentationsof large targets and therefore do not alter signi�-cantly the future debris environment, as far as thepossible onset of a collisional chain reaction is con-cerned. Launch and mitigation policies, especiallyregarding satellite constellations in low Earth orbit,play the dominant role.On the other hand, the RORSAT NaK dropletscause a signi�cant increase of the rate of cratering
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