| NTRODUCTI ON

An object being returned from orbit will exhibit a dispersion
pattern at the landing area that is caused by uncertainties in the
orbital paraneters, retro-maneuver variations and other factors.
Failures of the reentry systens can shift the inpact area either
up-range or down-range of the intended |landing area. This priner
provides two nethods that may be used in conputing inpact
probability and casualty expectancy for such failures.

CASUALTY EXPECTANCY
Casualty expectancy (Ec;) for an area (A) is defined by the

foll owi ng equation as the expected nunber of casualties occurring
during the event:

The total casualty expectancy (Ec,;) for all areas is:

Wer e:

The popul ated area exposed is A;

The object's inpact probability in A, is P,

The casualty area of the object to people in A; is A

The nunber of people in A; is N
Casualty expectancy is highly dependent on the probability of
failure, conputation of the probability of inpact (P;) and the
nunbers of people exposed in a given area. In general, use of the
vari abl es cited above requires judgnent as to when approxi mati ons

can be used without over or underestimating the risks that can
occur.



PROBABI LI TY OF | MPACT

Most i npact dispersion areas exhibit a bivariate normal
di stribution. The general equation for this distribution is shown
bel ow.
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Two net hods used for conputing P, are illustrated in Figures 1 and
2. The first nmethod uses the basic equation for a bivariat e
distribution and the second illustrates a nethod used when the
exposure is tinme dependent. This conputation can take many forms
ot her than the exanpl es shown, however, the general equations are
appl i cabl e.

Figure 1 gives an illustration of a failure that produces a finite
di spl acenent of the inpact dispersion area in the down-range
direction and Figure 2 illustrates a tinme variant displacenent
based on the tinme of failure. Afinite displacenent of the inpact

di spersion can be caused by various systens failures such as timng
system failure. A tine dependent shift can be caused if the
retro-notor, for exanple, should fail at various tinmes during its

burn peri od.

A probl em al ways addressed by risk analysts i s when approxi mati ons,
such as averagi ng of the nunbers of people exposed, can be applied
wi thout biasing the results. | f the dispersion area of exposure is
very large but contains highly concentrated popul ated areas wel |
away fromthe nean point of impact, then use of average popul ation
densities may tend to overestimate the risk. If the dispersi on area
of exposure is small and does not contain any significant po pul ated
areas, using average population density for a larger region may
tend to wunderestimate the risks. |If +there are significant
popul ati on centers near the mean point of inpact, averaging wl |
usually underestimate the risks. Hence, one nust examne the
exposed areas and nake reasoned judgnents on when approximtions
can be used.



Shown in Figure 1 is a planned |anding site showing the normal 3
Sigma dispersion area of the reentry vehicle. Also shown is the
| andi ng zones tol erance to variations of the nean point of inpact

that the site can contain. This tolerance is necessary to
accommpdate the variations in de-orbit opportunities which occur.

The 3 Signa dispersion area is increased by including the |anding
site tol erance which al so defi nes an exposure corridor both up and
downrange of the landing site.

The net hodol ogy depicted in Figure 1 can be used for determning
the Probability of Inpact (P;) when the shifted dispersion area
contai ns significant population centers. For other rural areas
exposed, the popul ation density can be approximated by renoving the
city popul ations and conputing the average popul ati on density for
the remai ning population in the region. If the dispersion ar ea does
not contain any major popul ation centers, the average population
density can be derived as descri bed above or the region's average
popul ati on density including cities can be used as a conservative



estimate for conputing E..
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WHERE:

C/L IS THE CENTERLINE OF THE EXPOSURE CORRIDOR

Pi IS THE PROBABILITY OF IMPACT ON AREA Ai FOR A SINGLE OBJECT

P (IMPACT OF AT LEAST ONE OF N OBJECTS ) = N[Pi - (N-1)2 * Pi*} USED IF MORE THAN ONE OBJECT
Pf IS THE PROBABILITY OF FAILURE CAUSING THE IMPACT DISPLACEMENT

Ai IS THE AREA DEFINED BY dx * dy

Xdr AND Ycr ARE CROSS AND DOWNRANGE DISTANCES FROM THE MEAN TO THE CENTER OF Ai
dy AND dx SHOULD BE LESS THAN @3 AND G™x

Figure 1. DI SPLACED DI SPERSI ON PROBABI LI TY
OF | MPACT



EXAMPLE 1

This exanple will use the nethodol ogy depicted

Equations (1) and (2).
t he exanpl e:

in Figure 1 and

The followi ng conditions are establis hed for

The probability of a failure causing a down-range shift

The dispersion area is defined as a bivariate nornmal
di stribution centered on the nmean point of inpact wth
ox =10 s.m. and oy =4 s.m.( s.m. is statute mles )
There are three cities in the dispersion area as follows:

dx (4 s.m.) x dy (3 s.nmi.)

D stance to centroid of AL is Xdr (+ 4 s.m.)

= 50, 000
Gty Area A2 = dx (2 s.m.) x dy (2 sm.) =14
Di stance to centroid of A2 is Xdr(-5 s.m.)
30, 000

(25sm.) xdy (1 s.m.)
D stance to centroid of ABis Xdr (+ 15 s.m.)

The total 3 o area exposed is 60 x 24 mles ( 1,440 sq.
m.) and contains 14,400 peopl e in addition to the three

1
is = 0.001
2.
3.
a. Gty 1:
Popul ati on N1 = 200, 000
City Area Al =
12 square mles.
and Ycr (+ 5 s.m.)
b. Gty 2:
Popul ation N2
sqg. m.
and Ycr (-7 s.m.)
C. Gty 3:
Popul ation N3 =
Cty Area A3 = dx
= 2.5 sq.m.
and Ycr (- 1 s.m.)
4.
cities above.
5.

The casualty area of two objects is 30 sq. ft. for each
obj ect .

The results for Exanple 1 are shown below in Table 1.

P, x ( 107 E. x ( 107
CTY 1 4.0 7.2
CTY 2 0.61 0. 82
CTY 3 0. 63 0.81
RENMAI NI NG AREA 194. 8 0.21




P, x ( 107 E. x ( 107
TOTAL 200 9.1

AVERAGE 200 4.4
TABLE 1. EXAMPLE 1 PROBABI LI TY OF | MPACT AND CASUALTY EXPECTANCY

Shown in Table 1 is the total casualty expectancy determ ned using
the equations cited. The casualty expectancy was also conputed
using the total popul ation averaged over the entire exposed are a
(AVERACE). This illustrates the tendency to underestimate the risk
by averagi ng the popul ati on over the area exposed.

The met hodol ogy depicted in Figure 2 can be used when the time
dependent exposure area sweeps over various popul ated regions. Wen
the distance exposed as a function of tinme is small (50-200
mles/sec.) and the exposure corridor narrow, any significant
popul ati on centers exposed shoul d be consi dered i ndependently and
t he average popul ati ons of other areas included as described above.
If the di stance exposed as a function of failure tine is |arge and
no major cities or netropolitan areas are near nean of the e xposure
corridor, average population densities may be acceptable. 1 n
general, the analyst should perform sanple <calculations to
determne the effect of cities before concluding that use of
average popul ation densities is appropriate.
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WHERE:

Pi IS THE PROBABILITY OF IMPACT IN AREA Ai

Bf IS THE FAILURE RATE PROBABILITY PER SECOND

Ai IS THE AREA OF THE POPULATION CENTER CONTAINED IN AREA dx * dy
Yer IS THE CROSS RANGE DISTANCE TO THE CENTER OF dy

Td IS THE DWELL TIME OF EXPOSURE TO Ai
dy SHOULD BE LESS THANCY

Figure 2. TIME DEPENDENT PROBABI LI TY OF | MPACT



EXAVPLE 2
This exanple wll use the nethodol ogy depicted in Figure 2 and by
Equations (1) and (2). This nethodology is applicable to the
failure of a retro-notor during its thrusting period. The follow ng
conditions are established for this exanple.
1. The probability of failure of the retro-notor is 0.01 and

the burn tine of the notor is 16 seconds. The failur e
rate probability (Pf) assumng a uniformfailure distributi

on IS
t hen:
0.01 x
1/ 16 =
6. 25 X
104/ sec.
2. The accel eration caused by the retro-notor during burn i s

40 ft./sec.? and the range shift sensitivity near the
| anding site is 6 s.mles/ft/sec. If the retro-notor
failed during the | ast second of burn, the area exposed
woul d be (1sec. x 40ft./sec.? x 6s.m./ft./sec. = 240
m | es) |ong.

3. The cross range dispersion is a nornmal distribution that
is centered on the ground track center line (CL) with oy
=4 s.mles.

4. There are three cities contained in the exposure area as
fol |l ows:

a. Gty 1:
Popul ati on = 50, 000
dy = 2, dx =2 and Ycr =1 s.mles
b. Gty 2:
Popul ati on = 200, 000
dy = 3, dx = 3 and Ycr = -10 s.mles
C. Gty 3:
Popul ati on = 800, 000
dy = 3, dx = 4 and Ycr = 3 s.mles
d. The total area exposed for this 1-second
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period is 240 s.mles x 24 s.miles = 5,760 sq.
s.mles. This area contains a population of
100, 000 people in addition to the cities.

The casualty area of the re-entry object is 30
sq.ft.



The results fromthis exanple are shown in Table 2 bel ow. Shown in
casualty expectancy determned using the
equations cited. The casualty expectancy was al so conputed using
the entire exposed area
also illustrates

Table 2 is the total

the total population
(AVERAGE). This

averaged over
exanpl e

t he

t endency

underestimate the risk by averaging the popul ation over the area
exposed.
P, x ( 1079 E. x ( 107
CTY 1 1.0 0.13
CTY 2 0.1 0.24
CTY 3 2.4 1.7
REMAI NI NG AREA 621.5 0.12
TOTAL 625 3.1
AVERAGE 625 1.3
TABLE 2. EXAVMPLE 2 PROBABI LI TY AND CASUALTY EXPECTANCY
This type of failure during the retro-notor burn will cause the

re-entry vehicle (RV) toremain in orbit for failures early in the
burn period and cause inpacts down range of the landing site for
failures later during the notor burn period. Wien the RV has been
decel erated sufficiently to re-enter and inpact, the initial inpact
di stance will be approximately half way around the world down range
from the landing site. As deceleration continues, the inpact
di stance down range noves rapidly back toward the landing sit e
until burn-out of the notor occurs. To determne the total risk
from such a failure requires the process above be conpleted for
each tinme interval and the risks for each sunmed.
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SUMVARY

Presented above are two nethods that may be used in conputing risks
for reentry vehicles. Cbviously, there may be a nunber of failures
whi ch can al so produce risk to areas outside the |landing are a. Once
all the failures and their risks have been determ ned, they can be
summed to arrive at the total mssion risk for all areas.

The effects on risk of averaging various popul ation data over |arge
or small areas can lead to over or underestinmating the risks as
described and illustrated in the exanples provided. The exposur e
area should be carefully examned and the risk sensitivity from
maj or popul ation centers tested before concluding that average
popul ati on densities can be used to estimate the risk.
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