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Abstract 
 

The NOAA-3 second stage Delta rocket was the first among several such rocket 
bodies to have exploded following the successful mission in placing its payload 
in orbit. The assessed cause of each of these explosions was the ignition of 
residual propellants left in the rocket bodies. In this study, we examine the 
NOAA-3 rocket body explosion by theory and computations. The Gabbard 
diagram of the fragments displayed the classic ‘X’ figure for nearly circular 
orbits. A larger number of fragments to the left indicated that the fragmentation 
took place near the apogee of the rocket body. The velocity perturbations of the 
fragments were calculated using the exact solutions found in the literature. The 
scatterplots of the velocity perturbation components in three mutually 
perpendicular planes indicated that the rocket body exploded in the Octant 
model of exploding tanks. The largest fragment or the main remnant acquired 
significant velocity perturbations. A group of six other fragments suffered large 
velocity perturbations in the diametrically opposite directions. This indicated 
recoil effects between the largest remnant and the group of six fragments. 
Differences in the magnitudes of the velocity components within the group of 
six further indicated that sequential fragmentation had taken place within the 
group. The angular distribution map of the fragments substantiates all of the 
above findings. 
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INTRODUCTION 

Within a span of eight years between 1973 and 1981, no fewer than seven Delta second 
stage rocket bodies (RB) had exploded in low-Earth orbit at various intervals following 
the successful performance of their missions. The NOAA-3 second stage RB 
(International Designator 1973-86B; U.S. Satellite Number 6921) was the first of these 
events which took place at 0904 GMT on 28 December 1973 over southern Pacific 
Ocean. The assessed cause of each of these explosions was the ignition of residual 
propellants left in the rocket bodies. Corrective actions were implemented in the 
aftermath of venting out the residual propellants upon completion of the mission. Initial 
studies of these explosions had been reported [1 – 3]. In this paper, we re-examine the 
NOAA-3 RB explosion by (1) examining the Gabbard diagram of the orbits of the 
fragments produced; and (2) calculating and analyzing the magnitudes and directions 
of the fragment velocities. The method of Badhwar, et al. [4] is used for the latter 
purpose. The event location and relevant data are taken from History of on-orbit 
Satellite Fragmentations [5]. The data for the orbital elements of the fragments are 
taken from Space-track.org [6]. 

 

GABBARD DIAGRAM OF THE FRAGMENTS 

The Gabbard diagram is one of the earliest tools to investigate a satellite fragmentation 
in orbit. It is a plot of the apogee and perigee heights, hA and hP, respectively, of the 
fragments as functions of their periods, P. The Gabbard diagram has distinguishing 
patterns depending upon the eccentricity of the fragmenting satellite’s orbit and its true 
anomaly at the point of fragmentation which therefore can shed information regarding 
the fragmentation. Various classes of Gabbard diagrams are found in the literature [7].  

The three orthogonal components of the velocity perturbation of a fragment in the 
radial, down-range and cross-range directions of the parent satellite, and customarily 
denoted by dvr, dvd and dvx, respectively, determine the orbit of the fragment. 
Lagrange’s planetary equations provide the orbital elements changes of the fragments 
due to dvr, dvd and dvx [8]: 
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where  a is the semi-major axis, e the eccentricity, i the inclination, θ the true anomaly, 
n the mean motion and u the argument of latitude of the parent; and r is the radial 
distance of the fragmentation point from the centre of the Earth.  

          For a nearly circular orbit, e ≈ 0 and r ≈ a, whence we get: 
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In that case, the changes to the semi-major axis and period are entirely due to dvd. The 
Gabbard diagram then assumes the shape of an inclined ‘X’. Fragments on the left 
receiving retrograde impulses, have the same apogee whereas fragments on the right 
receiving posigrade impulses, have the same perigee. The effect of dvr, which enhances 
the eccentricity of the fragment’s orbit, mainly appears near the middle in the form of 
a ‘halo’ above and below the ‘X’ [7]. The angular spaces between the halo represents a 
‘forbidden zone’, where no apsidal points lie unless their orbits are perturbed by drag 
effects. The slope of the slant arm of the ‘X’ is shown to be [9] 

                                       𝑑ℎ

𝑑𝑃
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4
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3
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where h corresponds to the perigee or apogee height of the fragments on the left or the 
right side of the ‘X’, respectively, and μ is the gravitational parameter of the Earth.. 

 

For a perfectly circular orbit and an isotropic distribution of fragments, there are nearly 
equal numbers of fragments on either side of the ‘X’. For nearly circular orbits, a greater 
number of fragments are formed on the left side (with periods less than that of the 
parent) or on the right side (with periods greater than that of the parent) depending upon 
whether the fragmentation took place near the apogee or the perigee of the fragmented 
parent, respectively. Fig. 1 is the Gabbard diagram of the first 166 fragments of NOAA-
3 Rocket Body (RB), including the largest remnant (which inherits the satellite number 
of the parent) cataloged through Day 329 of 1974. The classic ‘X’ pattern for nearly 
circular orbits is apparent. Also evident is a discernibly greater number of fragment on 
the left side of the ‘X’ which points out to the fact that the Rocket Body most likely 
fragmented near the apogee of its orbit. Pre-event orbital elements indicated that the 
mean anomaly M of the RB as 202.28o. Conversion to the true anomaly θ via the 
eccentric anomaly E is achieved by the usual following equations: 

                                        𝐸 = 𝑀 + 𝑒𝑠𝑖𝑛𝑀 +  
1

2
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The resulting value of the true anomaly of 202.27o does place the fragmenting RB near 
its apogee. A different analysis using unpublished data places it even closer to the 
apogee [1]. 
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VELOCITY PERTURBATIONS OF THE FRAGMENTS 

The second and more important tool to analyze a satellite fragmentation event consists 
of the inverse problem of calculating the velocity perturbations of the fragments from 
their orbital elements. Exact solutions were obtained [4] as follows: 
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where 𝑎′ is the semi major axis and 𝑒′ the eccentricity of the fragment’s orbit; and the 
plane-change angle of the fragment’s orbit is 

                               𝜁 = ±𝑐𝑜𝑠−1 𝑐𝑜𝑠𝑖𝑐𝑜𝑠𝑖′+√(𝑐𝑜𝑠2𝜆−𝑐𝑜𝑠2𝑖)(𝑐𝑜𝑠2𝜆−𝑐𝑜𝑠2𝑖′)
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                        (13) 

where 𝑖′ is the inclination of the fragment’s orbit and  𝜆  is the latitude of the 
fragmentation point. In Eq. (10), the + and – signs in the first term on right hand side 
correspond to the ascending and descending modes of the fragment, respectively; 
whereas the – and + signs in the second term correspond to the ascending and 
descending modes of the parent, respectively. In Eq. (13), 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. (10), is determined from the argument of latitude 𝑢′ and the argument 
of perigee 𝜔′ at the time of fragmentation as 

                                                          𝜈′ = 𝑢′ − 𝜔′                                                      (14) 

The argument of latitude 𝑢′ is given by 

                                                      𝑢′ = 𝑠𝑖𝑛−1 (
𝑠𝑖𝑛𝜆

𝑠𝑖𝑛𝑖′
)                                                   (15) 

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

                                                   𝑢′ = 𝜋 − 𝑠𝑖𝑛−1 (
𝑠𝑖𝑛𝜆

𝑠𝑖𝑛𝑖′
)                                               (16) 

for southbound motion.  

 

RESULTS 

The fragmentation of NOAA-3 RB took place on 28 December (Day 362) 1973 at 9:04 
GMT above south-west Pacific Ocean at 37oS latitude and 181oE longitude [5]. 
However, the closest pre-event orbital elements data of the satellite were of Day 395 of 
1973 [6]. In accordance with the latter, the satellite had inclination of i = 102.05o; 



Analysis of the NOAA-3 Rocket Fragmentation in Orbit 5 

eccentricity e = .0005689; and mean motion n = 12.40088347 rev/day. This translates 
to vd = 7.10686 km/s and vr = 2.18 m/s. 

 

Fig. 1 is the Gabbard diagram of the fragments of NOAA-3 RB, including the largest 
remnant. The orbital elements data of fragments catalogued through Day 329 of 1974 
were taken from Ref. [6]. Due to the fact that the fragmentation took place at a relatively 
high altitude of about 1512 km [1], drag effects were minimal. Consequently, only a 
few fragments were found inside the forbidden zone of the Gabbard diagram (Fig. 1). 

The velocity perturbations of the NOAA-3 RB fragments, including those of the largest 
remnant, were calculated using Eqs. (10) – (16). The frequency distributions of dvd, dvx, 
dvr  and dv of the fragments are shown in Fig. 2, together with the fitted curves. The 
distributions of dvd, dvx and dvr  are generally Gaussian with the dvx distribution the 
narrowest among them. The distribution of dv is nearly exponential in contrast to the 
beta distribution found in an earlier study [4].  

The scatterplots of velocity perturbation components of the NOAA-3 RB fragments are 
shown in three mutually perpendicular planes in Fig. 3: (1) In the horizontal plane, 
viewed from below (upper panel); (2) In a vertical plane containing the velocity of the 
parent (lower left panel); and (3) In another vertical plane containing the angular 
velocity of the parent (lower right panel). The plots containing dvx exhibit a dearth of 
large negative values of that variable consistent with the dvx histogram of Fig. 2. 
However, overall the pattern of the fragments is largely isotropic with an abundance of 
fragments with small velocity deviations surrounding the origin.  

It will be instructive to compare our results with those predicted by theoretical models. 
The PISCES model [10] predicts that if the gases of combustion exit an exploding tank 
from one or two locations (in the Clam or Half-Segment Models, respectively), the 
distribution of fragments will be highly non-uniform and anisotropic; whereas if the 
gases exit from multiple locations (as in the Octant Model), the distribution of 
fragments will be more or less uniform and isotropic [11]. The results of the NOAA-3 
RB fragmentation show that the latter mode of fragmentation clearly applied in this 
case. 

Fig. 4 gives a three-dimensional perspective of the dvd, dvx and dvr  of the fragments in 
a local right-handed system of coordinates. The location of the largest remnant (which 
inherits the satellite number of NOAA-3 RB) is marked. The slight narrowness in the 
dvx direction is discernible. Also conspicuous are six fragments with large negative dvr 
values in the down-range direction of the parent satellite (marked within the oval) which 
require further investigation. 

An inspection of the results of this study reveals that the largest remnant (satellite 
number 6921) suffered unusually large velocity perturbations, having values of -18.28 
m/s, 25.09 m/s and 103.97 m/s in the dvd, dvx  and dvr  directions, respectively (Table I). 
This places it in the second octant in the local frame of coordinate system. More 
interestingly, the six fragments mentioned above all had large velocity perturbation 
components in the opposite directions, which place them in the diametrically opposite 



6  Arjun Tan, Almuatasim Alomari and Marius Schamschula 

eighth octant (Table I). These constitute almost certain evidence that the six fragments 
underwent recoil effects from the largest remnant.  

 

Table I. Velocity Perturbations and Angular Displacements of Major Fragments 

Satellite No. dvd, m/s dvx, m/s dvr, m/s dv, m/s λ, deg ϕ, deg 
   Largest Remnant 

6921 -18.28 25.09 103.97 108.51 73.38 126.08 
   Possible Recoil Fragments 

7066 110.78 -62.01 -302.31 327.88 -67.22 -29.24 
7143 108.86 -58.53 -281.26 307.22 -66.28 -28.27 
7192 72.36 -36.19 -200.04 215.78 -67.98 -26.57 
7083 28.27 -43.72 -95.97 109.19 -61.52 -57.11 
7126 76.60 -25.41 -98.48 127.33 -50.67 -18.35 
 7173 183.60 -46.88 -248.02 312.12 -52.62 -14.33 

 

 
Figure 1: Gabbard diagram of the fragments of NOAA-3 RB including the largest 
remnant of the parent satellite. 
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Figure  2. Frequency distributions of dvd, dvx, dvr and dv of the fragments of NOAA-3 
RB. The distributions of dvd, dvx and dvr  are generally Gaussian whereas that of dv is 
nearly exponential. 
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Figure 3: Scatterplots of velocity perturbations of NOAA-3 RB fragments in the 
horizontal plane (upper panel); and two vertical planes, one containing the velocity of 
the parent (lower left panel); and the other containing the angular velocity of the parent 
(lower right panel). 

 
Figure 4: Three-dimensional scatterplot of the velocity perturbation components of 
NOAA-3 RB fragments. The velocity of the parent satellite was nearly horizontal prior 
to the fragmentation. The largest remnant is marked as well as the recoil fragments 
within the oval. 
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Figure 5: Angular distribution of NOAA-3 RB fragments in Lambert’s equidistant 
cylindrical projection map in local frame of reference at fragmentation point showing 
the various octants of space. The largest remnant is marked within the circle and group 
of recoil fragments is marked within the ellipse. 

 

There is also evidence of sequential fragmentation here [12]. Amongst the six recoil 
fragments, the first three (satellite numbers 7066, 7143 and 7192) had similar velocity 
perturbations in all three directions; and the next two (7126 and 7173) also had similar 
velocity perturbations. The scenario plays out as thus: The six fragments broke off from 
the largest remnant as a whole, undergoing the major recoil, then break up into three 
pieces, which subsequently re-fragment: the first into three pieces (7066, 7143 and 
7192); and the second into two (7083 and 7126).  

 

Lastly, the angular distribution of the fragments is worth studying. In the local 
coordinated system, the latitude λ and longitude ϕ of a fragment are given by: 

                               𝜆 = 𝑠𝑖𝑛−1 𝑑𝑣𝑟

𝑑𝑣
                                                                                     (17) 

and                         𝜙 = 𝑡𝑎𝑛−1 𝑑𝑣𝑥

𝑑𝑣𝑑
+ 𝑛𝜋                                                                          (18) 

where  n = 0 if  dvd > 0;  n = 1 if  dvd < 0  and  dvx > 0; and  n = −1 if  dvd < 0   
and  dvx < 0. 
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The angular coordinates of the fragments are calculated in accordance with Eqs. (17) 
and (18) and plotted on a Lambert’s equidistant cylindrical projection map (Fig. 5). In 
that map, the latitudes and longitudes are equally spaced. The octants of space are 
marked. The distribution of the fragments is more or less uniform, which re-affirms the 
fragmentation of the NOAA-3 RB in an Octant mode. The location of the largest 
remnant is marked by a small circle, whereas the six recoil fragments are marked by a 
larger ellipse. Their positions in diametrically opposite octants is confirmed, as is the 
recoil effect discussed above. 

 

DISCUSSION 

The explosive fragmentation of the NOAA-3 second stage Delta RB is now analyzed 
using exact solutions of the fragments’ velocity perturbations. The roughly uniform 
distribution of the fragments in both magnitude and direction points to the 
fragmentation of the RB in the Octant model if the PISCES Code. It will be interesting 
to investigate the other Delta stages to have fragmented in orbit for comparison and 
fuller understanding of the explosive fragmentation of rocket bodies. It will also be 
instructive to compare with other modes of fragmentation, such as hyper-velocity 
collision in space [13]. 
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