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Abstract 

 

On 19 February 2007, a Briz-M rocket body (satellite number 28944) with a 

large amount of hypergolic fuel in its tanks suffered a massive fragmentation 

over Australia. This study analyzes the velocity perturbations of 105 

fragments which were cataloged through 1 January 2011 in the parent 

satellite’s frame of reference. Slightly more fragments (54%) were ejected 

upwards as opposed to downwards (46%). 59% of the fragments were ejected 

backwards versus 41% which were ejected forwards. Significantly, 66% of the 

fragments were ejected to the left as against 34% ejected to the right from the 

perspective of the parent satellite looking vertically downwards. The average 

values of the velocity perturbations of all fragments and those of the largest 

remnant in the three orthogonal directions were all negative with the exception 

of that of the largest fragment in the down-range direction which was positive. 

The histogram of the velocity perturbations in the down-range direction was 

Gaussian but those in the radial and cross-range directions had numerous 

fragments outside the main Gaussian envelope in the far negative ranges of the 

scale. The scatter-plots of the velocity perturbations in all three mutually 

perpendicular planes (one horizontal and two vertical) defined by the three 

directions betrayed comet-like configurations with a distinct core and a long 

narrow tail. The same is true in the three-dimensional scatter-plot with the tail 

in the leftward and downward directions from the perspective of the parent 

satellite’s frame of reference. It is suggested that the hypergolic fuel remaining 

in the tanks fuel must have leaked prior to its combustion which likely 

provided the medium in which the comet-like structure was produced. 

 

 

INTRODUCTION 

On 28 February 2006, a Proton launch vehicle carrying the Arabsat-4A 
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communications satellite was lifted into a low-altitude parking orbit [1]. But the 

fourth stage Briz-M rocket (International designator 2006-044C; U.S. satellite catalog 

number 28944) failed in its second burn and was stranded in a useless orbit with 

around 8 metric tons of propellants on board [1]. On 19 February 2007, the Briz-M 

rocket stage suffered a massive explosion similar to several other Briz-M explosions 

which were to follow in the coming years. The fragmentation occurred at an altitude 

of 7,640 km around 1721 GMT above Australia at 31oS latitude and 135oE longitude 

[2]. Prior to the fragmentation, Briz-M was in a fairly eccentric 495 km by 14,705 km 

orbit with an inclination of 51.5o [1]. 

 The fragmentation of the Briz-M upper stage produced over 1,000 fragments but 

process of developing their orbital elements sets was long delayed due to the massive 

quantities of fragments of prior satellite breakups [1]. It took about four years for the 

first 100 orbital elements sets to be cataloged. In this study, we have considered the 

105 fragments which were cataloged through 1 January 2011 [3]. We have calculated 

the velocity perturbations of these fragments (ejection velocities from the parent 

satellite) from the orbital elements sets and analyzed their magnitudes, directions and 

distributions. We have used the method prescribed by Badhwar, et al. [4], which has 

been successfully utilized to analyze the Solwind ASAT experiment [5], Delta 180 

collision experiment [6], the Spot 1 Ariane rocket fragmentation [7], the collision of 

Iridium 33 and Cosmos 2251 satellites [8], the Fengyun-1C ASAT experiment [9] and 

the recent Briz-M (38746) rocket fragmentation [10]. 

 

 

METHOD OF ANALYSIS 

It is most convenient to use the parent satellite’s frame of reference at the instant of 

the fragmentation [4]. In a vertical plane, the velocity of the satellite �⃗� consists of a 

down-range component 𝑣𝑑 and a vertical component 𝑣𝑟. In terms of the gravitational 

parameter μ, the semi major axis a, eccentricity e and the radial distance from the 

center of the Earth r, one has:  

 𝑣 = √𝜇 (
2

𝑟
−

1

𝑎
)  (1) 

 𝑣𝑑 =
1

𝑟
√𝜇𝑎(1 − 𝑒2)  (2) 

 and 𝑣𝑟 = ±
1

𝑎
√𝜇𝑎𝑒2 −

𝜇

𝑎
(𝑟 − 𝑎)2  (3) 

 In Eq. (3), the + sign corresponds to the ascending mode of the satellite (true 

anomaly𝜈 < 𝜋), whereas the – sign corresponds to the descending mode (𝜈 > 𝜋).  

 Upon fragmentation, the velocity of a fragment has the components 𝑣𝑟 + 𝑑𝑣𝑟, 

𝑣𝑑 + 𝑑𝑣𝑑 and 𝑑𝑣𝑥, where the velocity perturbation components of the fragment are in 

the three orthogonal directions (radial, down-range and cross-range) are given by [4]:  

 𝑑𝑣𝑟 = ±√𝜇 (
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Velocity Perturbations Analysis of the Briz-M Rocket (Arabsat-4A) Explosion 3 

 

 

where 

 𝜁 = ±𝑐𝑜𝑠−1 𝑐𝑜𝑠𝑖𝑐𝑜𝑠𝑖′+√(𝑐𝑜𝑠2𝜆−𝑐𝑜𝑠2𝑖)(𝑐𝑜𝑠2𝜆−𝑐𝑜𝑠2𝑖′)

𝑐𝑜𝑠2𝜆
  (7) 

is the plane change angle of the fragment’s orbit from the parent’s orbit. In Eqs. (4) – 

(6), 𝑎′is the semi major axis and 𝑒′ the eccentricity of the fragment’s orbit, while in 

Eq. (7), 𝑖 and 𝑖′ are the inclinations of the parent’s and fragment’s orbits respectively, 

and 𝜆 the latitude of the fragmentation point. In Eq. (4), the + sign corresponds to the 

ascending mode of the fragment (true anomaly 𝜈′ < 𝜋), whereas the – sign 

corresponds to the descending mode (𝜈′ > 𝜋). In Eq. (7), the + sign corresponds to 

𝑖′ > 𝑖 and the – sign corresponds to 𝑖′ < 𝑖 on the northbound orbits with the opposite 

sense on the southbound orbits. 

 The true anomaly 𝜈′ of the fragment at the time of the breakup, which dictates the 

sign of 𝑣𝑟 + 𝑑𝑣𝑟 in Eq. (6), is determined from the argument of latitude 𝑢′ and the 

argument of perigee 𝜔′ at the time of fragmentation as 

 𝜈′ = 𝑢′ − 𝜔′  (8) 

 The argument of latitude 𝑢′ is given by 

 𝑢′ = 𝑠𝑖𝑛−1 (
𝑠𝑖𝑛𝜆

𝑠𝑖𝑛𝑖′
)  (9) 

for northbound motion of the fragment at the time of fragmentation, or by 

 𝑢′ = 𝜋 − 𝑠𝑖𝑛−1 (
𝑠𝑖𝑛𝜆

𝑠𝑖𝑛𝑖′
)  (10) 

for southbound motion.  

 

 

RESULTS 

Prior to the fragmentation, the Briz-M rocket body had an inclination of 𝑖 =51.5172o, 

eccentricity 𝑒 =.5083362 and mean motion 𝑛 = 5.25304411 [3] and hence a period of 

𝑃 = 274.126767 min and semi-major axis of a = 13, 978.5244 km. This translates to 

an apogee height of 14,706.1694 km and a perigee height of 494.5894 km. The true 

anomaly of the satellite ν is determined from the polar equation of the orbit 

 𝑟 =
𝑎(1−𝑒2)

2

1+𝑒𝑐𝑜𝑠𝜈
 (11)  

where r is the radial distance from the center of the Earth. The altitude of 

fragmentation of 7,640 km yields a true anomaly of 𝜈 = 120.8278o which puts the 

satellite in the ascending mode. Eqs. (1) – (3) furnish: 𝑣 = 5.32485 km/s; 𝑣𝑑 =
4.58556 km/s; and 𝑣𝑟 = 2.70678 km/s. The slope angle of the parent satellite is 

given by 

 𝛼 = 𝑡𝑎𝑛−1 𝑣𝑟

𝑣𝑑
  (12) 

or, α = 30.5527o, confirming that the satellite was in ascending mode. 

 The velocity perturbations of the 105 fragments cataloged through 1 January 

2011, including the largest remnant, are calculated using Eqs. (4) – (10). Table I lists 

the fragment counts in all quarters of space from the perspective of the Briz-M at the 

instant of fragmentation as defined by the velocity perturbations of the fragments. The 

eight octants are defined as follows: (1) Octant I: 𝑑𝑣𝑑 > 0, 𝑑𝑣𝑥 > 0, 𝑑𝑣𝑟 > 0 ; (2) 

Octant II: 𝑑𝑣𝑑 < 0, 𝑑𝑣𝑥 > 0, 𝑑𝑣𝑟 > 0 ; (3) Octant III: 𝑑𝑣𝑑 < 0, 𝑑𝑣𝑥 < 0, 𝑑𝑣𝑟 > 0 ; 

(4) Octant IV: 𝑑𝑣𝑑 > 0, 𝑑𝑣𝑥 < 0, 𝑑𝑣𝑟 > 0 ; (5) Octant V: 𝑑𝑣𝑑 > 0, 𝑑𝑣𝑥 > 0, 𝑑𝑣𝑟 < 0 
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; (6) Octant VI: 𝑑𝑣𝑑 < 0, 𝑑𝑣𝑥 > 0, 𝑑𝑣𝑟 < 0 ; (7) Octant VII: 𝑑𝑣𝑑 < 0, 𝑑𝑣𝑥 <
0, 𝑑𝑣𝑟 < 0 ; and (8) Octant VIII: 𝑑𝑣𝑑 > 0, 𝑑𝑣𝑥 < 0, 𝑑𝑣𝑟 < 0 .Slightly more 

fragments (54%) were ejected upwards as opposed to downwards (46%). 59% of the 

fragments were ejected backwards versus 41% which were ejected forwards. 

Significantly, 66% of the fragments were ejected to the left as against 34% ejected to 

the right from the perspective of the parent satellite looking vertically downwards. 

The largest number of fragments was found in Octant II (25) and the fewest number 

(4) in the adjacent Octant III, both above the horizontal plane. 

 Table II shows the range (maximum and minimum values) of the velocity 

perturbations of all fragments in the three orthogonal directions as well as their 

average values. Also shown in the table are the velocity perturbations received by the 

largest remnant, which inherits the serial number of the parent satellite. The 𝑑𝑣𝑑’s 

have the smallest range, from -158.58 m/s to 170.59 m/s. The 𝑑𝑣𝑥 values had an 

intermediate range (from -598.25 m/s to 137.53 m/s) whereas the 𝑑𝑣𝑟 values had the 

greatest range (between -747.48 m/s and 405.96 m/s). The average velocity 

perturbations were all negative, with the smallest value in the down-range direction 

and the largest value in the cross-range direction. The largest fragment received alarge 

velocity perturbation in the positive downrange direction and large velocity 

perturbations in the negative radial and cross-range directions. 

 Figure 1 shows the histograms of the velocity perturbations components (𝑑𝑣𝑟 , 𝑑𝑣𝑑 

and 𝑑𝑣𝑥) of the Briz-M fragments in the three orthogonal directions in the parent 

satellite’s frame of reference as well as the histogram of 𝑑𝑣. They were fitted with 

Gaussian-type of distribution curves. The numbers of fragments in the positive and 

negative regions are shown in the figure. The locations of the largest remnant within 

the histograms are also indicated. The histogram of 𝑑𝑣𝑑 distribution was most purely 

Gaussian with the largest remnant lying outside the envelope. The 𝑑𝑣𝑟 and 𝑑𝑣𝑥 

distributions were slightly different. The main groups of fragments in both were 

roughly Gaussian with significant numbers of fragments outside the envelopes in the 

far negative regions. The 𝑑𝑣 distribution was partially Gaussian with many fragments 

falling far outside the main envelope – a consequence of the 𝑑𝑣𝑟 and 𝑑𝑣𝑥 

distributions. 

 Figure 2 shows the scatter-plots of the velocity perturbations components of the 

Briz-M fragments in the horizontal plane (upper left panel) and two mutually 

perpendicular vertical planes containing the momentum of the parent (upper right 

panel) and the orbital angular momentum of the parent (lower panel). The numbers of 

fragments in each quadrant are marked as well as the locations of the largest 

fragment. All three plot exhibit comet-like structures with a distinct concentration of 

fragments forming a ‘core’ and an elongated ‘tail’. The tail is a consequence of the 

fragments with large negative 𝑑𝑣𝑟 and 𝑑𝑣𝑥 values mentioned earlier, which dictate its 

direction in the three scatter-plots. Such a comet-like structure was earlier found in the 

fragments of the Briz-M rocket body (38746) which was to fragment later in October 

2012 [10]. Comet-like structures are normally formed in the passage of solid objects 

through a fluid medium. Since the density of air at the Briz-M altitude (7,640 km) is 

virtually nil, it is suggested that the hypergolic fuel remaining in the tanks must have 

leaked prior to its combustion which likely provided the medium in which the comet-
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like structure was created. 

 Figure 3 is a three-dimensional scatter-plot of the velocity perturbations 

components of the Briz-M fragments in the parent’s frame of reference in the down-

range, cross-range and radial directions, giving a bird’s eye-view perspective of the 

disintegration. A distinct core formed by the majority of the fragments is evident as is 

a tail in the negative 𝑑𝑣𝑟 and 𝑑𝑣𝑥 directions. Prior to the fragmentation, Briz-M was 

moving in the vertical 𝑑𝑣𝑟 - 𝑑𝑣𝑑 plane making a slope angle of 30.55o with the 𝑑𝑣𝑑 

axis. However, the tail is not in a direction opposite to this as expected, but is instead 

in the negative 𝑑𝑣𝑟 and 𝑑𝑣𝑥 directions as stated. Also, the largest remnant sets itself 

part from the rest, but in an unexpected direction. 

 Figure 4 gives another three-dimensional perspective of the fragmentation, where 

the fragment counts in each of the eight octants defined by 𝑑𝑣𝑟 , 𝑑𝑣𝑑 and 𝑑𝑣𝑥, are 

marked. The largest number of fragments (25) were found in Octant II whereas the 

smallest number of fragments (4) were found in the adjacent Octant III, both above 

the horizontal plane. Generally speaking, more fragments were ejected in the positive 

𝑑𝑣𝑥 direction and fewer fragments were ejected in the forward (positive 𝑑𝑣𝑑) 

direction. But no definitive pattern with respect to the tail was found. 

 

Table I. Briz-M fragment counts in various quarters of space 

 

Fragments in regions of space 𝑑𝑣𝑑 𝑑𝑣𝑥 𝑑𝑣𝑟 Count 

Fragments in all space all all all 105 

Fragments ejected upwards all all + 57 

Fragments ejected downwards all all – 48 

Fragments ejected forwards + all all 43 

Fragments ejected backwards – all all 62 

Fragments ejected to the left* all + all 69 

Fragments ejected to the right* all – all 36 

Fragments ejected in Octant I + + + 22 

Fragments ejected in Octant II – + + 25 

Fragments ejected in Octant III – – + 4 

Fragments ejected in Octant IV + – + 6 

Fragments ejected in Octant V + + – 7 

Fragments ejected in Octant VI – + – 15 

Fragments ejected in Octant VII – – – 18 

Fragments ejected in Octant VIII + – – 8 

*looking downwards from the parent satellite at fragmentation 

 

Table II. Velocity perturbations of the average fragment and largest remnant (in m/s) 

 

 𝑑𝑣𝑑 𝑑𝑣𝑥 𝑑𝑣𝑟 𝑑𝑣 

Maximum among all fragments 170.59 137.53 405.96 839.54 

Minimum among all fragments -158.58 -598.25 -747.48 22.08 

Average of all fragments -7.51 -41.08 -35.56 164.35 
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Largest fragment 134.95 -89.33 -114.83 198.44 

 
 

Fig. 1. Frequency distributions of 𝑑𝑣𝑟 (upper left), 𝑑𝑣𝑑 (upper right), 𝑑𝑣𝑥 (lower left) 

and𝑑𝑣 (lower right) of the Briz-M fragments with their corresponding distribution 

functions. The numbers of fragments in the positive and negative directions are 

marked. 
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Fig. 2. Scatter-plots of the velocity perturbations components of the Briz-M fragments 

in the horizontal plane(upper left) and two mutually perpendicular vertical planes 

containing the momentum of the parent (upper right) and the orbital angular 

momentum of the parent (lower panel). The numbers of fragments in each quadrant 

are shown. 
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Fig. 3. Three-dimensional scatter-plot of the velocity perturbations components of the 

Briz-M fragments in the radial, down-range and cross-range directions in the parent 

satellite’s frame of reference at fragmentation. The largest remnant of the rocket is 

located. 

 

 
Fig. 4. Fragment counts in octants of space in Briz-M’s frame of reference prior to 

breakup defined by the down-range (𝑑𝑣𝑑), cross-range (𝑑𝑣𝑥) and radial (𝑑𝑣𝑟) 
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directions. The direction of Briz-M at fragmentation is shown. 

DISCUSSION 

The most intriguing feature in the Briz-M (28944) fragmentation is the comet-like 

structure displayed by its fragments. Such a feature was earlier found in the fragments 

of another Briz-M rocket (38746) which exploded five years later [10]. It is still early 

to ascertain whether this feature is peculiar to Briz-M rocket breakups. The Proton-

M/Briz-M launch system used to deliver payload to geo-synchronous orbits have to 

under-take tortuous journeys to accomplish their task. In fact two other Briz-M 

breakups occurred in 2010: Briz-M (35698) and Briz-M (32709) fragmented on 21 

June 2010 and 13 October 2010, respectively [11, 12]. Debris analysis of these 

fragmentation needs to be done in order to answer this question. 
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