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1. INTRODUCTION

The second mission of the Titan IVB launch vehicle will be the Cassini spacecraft to Saturn. Due
to the energy and vehicle requirements and of the vehicle, it contains three Radicisotope
Thermoelectric Generators {RTGs). A Cassini RTG Safety analysis is currently being pursued by
several Invesugators (o evaluate the associated launch area nuclear risks in the event of a
malfunctiom. This report discusses two analyses performed by ACTA to support the Safety Office
at the 45th Space Wing, The main focus is to determine the probability that an RTG will be strock
on the ground by solid propellant. Results are also obiained when, at vehicle breakup, the RTGs
are broken into their eighteen module components.

The first task 15 t0 determine the relative probability that an intact vehicle, which experiences a
malfunction tumble mrn (MFT), will impact the ground nose down. This would force the RTGs io
impact first and suffer a direct swrike by the full stack of the vehicle. This is of greatest concern in
the first 10 o 15 seconds of flight, during which time the vehicle may strike either concrets or sand.
The number of full stack intact impagis is attermated by accounting for vehicle breakup due to nertial
loads, and conunand destruct (CD) due to action by the Mission Flight Control Officer (MFCO).
If the vehicle is destroved prior to impact, it is assumed that the Auto-Destruct System (ADS) is 100
percent effective, Thus, for MFT events, either the full stack impacts or totzl destruct occurs.

The second task examines the possible outcomes if the vehicle breaks up in flight due to an on-
trajectory thrust termination (TT). In contrast to an MFT event, a TT event may disable the ADS
leading to a pariial vehicle destruct in which large segments of the Solid Rocket Motor Upgrades
{SRMUs} are not destroyed. Here, the main interest is the probability that an SRMU solid propellant
fragment strikes an RTG or its module components.

Although the central problem involves direct RTG strikes by solid propellant, thete is a residual
danger due to beat transfer from a nearby buming propellant fragment to the RTG or module. The
concern is that given sufficient heat energy, the interior nuclear clads may become exposed and
create a miclear hazard. The requisite heat can either be due to 3 large SRMU segment, or severai
smaller solid propellent fragments contributing heat. To evaluate this hazard for both MFT and TT
evenis, we compuie the average number of solid propeilant fragments that will impact within a
specified distance of the RTG or maodule.




2, MALFUNCTION TUMBLE TURN METHODOLOGY

A computer program called RTGSIM was coded to perform the detailed analysis outlined in the
introduction. In this section, we present the algorithms employed for this purpose, Much of the
code was extracted from the Simulated Explosion program, SIMEX [1],

2.1  Tumble Tum Simulation

To simulate the tamble mrn, consider the geometry of Figure 2-1 where F is the thrust force and o
isthedistannefmmtheveh:iclc’smm:rofgravitymmetaﬂuftheSRMUmgm:ms. The
ﬂrienmﬁnnufth:ya:iswithrﬁpe:cttuth:grmuﬂisspeciﬁﬂdbythemllang[e,whichisrandnmly
selected uniformly from 0 to 360°, At 1=0 the vehicle roll axis is directed along the positive x axis.
The thrust force is applied at the pivot joint of the SRMUs, which is shown as the aft end of the

rocket in the fiqure (where the nozzles are not shown), The dynamics are defined by the torque
equation

—_— —_— X
) = Flityxd(t) = F(yd(ysinr = Hr}%ﬂm {2-H
!

where {1} is the moment of inentta, Since most vehicles are nat cylindrical, the value of I{f) depends
on orientation of the tumble turn plane, Examination of the Titan IV data book [2] shows that, o
within a few percent error, I.={ . Evenas the solid propellant burns, this relation hols up since
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Figure 2-1. Thrust Offset in Tumble Turn Flane
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inside the SRMU’s the propeflant burns radially cutward from the center. Integrating twice gives
an expression for the total angle of rotation,

Fr)d(+)sinf
8 = f f TR dt, dt, (2-2)

where Fif), dit} and I{¥) are obtained from table lookup.

To construct the equations of maotion, we need the cotmpanents of the thrust force in the tumble turn
plane. For 8=0, trigonometry gives

F_ = Feosfl
F = -Fsinl (2-3)

¥

For general rotation angles, we apply the standard coordinate transformation

Fx] [nnsﬂ -sinﬂ] [ Fuusl.r]
= . (2-4}
F sin® cos®) | -Fsin

¥

The equations of motion F=ma, where m is the total mass of the vehicle and g is net acceleration,
reduce i the component form

ﬂi = ———-F(r}ms'runsﬂ(r} + ‘____F(t]srinlllgm B(n

at om m(t) 2.5
diy . F(r}nusllr inB() ~ F{I}ainl,lrmsﬁm
de? () mi1}
We obtain the velocity as a fitnction of time by integrating,
’
vin =w, + -:nsl.kf—uusﬂ(r}dt + smi.lf%sinﬂ[r}dt
m
“ (2-6)

4
0 (t} = nn:i!f—smﬁ(:}dr smllf%rms Bt
B




where v, is the magnimde of the nominal state velocity at the start of the tumble tuen. Integrating again
yields the position of the vehicle’s centet of gravity. The tumble tumn plane is subsequently rotated
about the x axis to account for the roll angle.

22 Torque Distributions

The maifunction tumble tomn is governed by the nozzle (gimbal) deflection. RTGSIM injtiates the fum
by randomly selecting the gimbal offset angle, . Physically, for the Titan IVB, this angle can span
~I"<p<+7%. The nozzle deflection results from an applied torque associated with some Basic
Initiating Event (BIEY. Since torque is directly proportional to the gimbal deflection angie, the latter
can be obtained using a torque distribution function.

By determining cthe most likely BIEs, Lockheed-Martin generated the time dependent function shown
in Table 2-1 [3]. These distributions reflect known malfunction mmitiatmg events and their relarive
probabilities, When plotted they produce an approximate “bathtub” shape, with the smallest torques
dominating the distribution.

Table 2-1. Torque Distribution Functions

Tima Span—- e — _ _Nurmga_li:ed T;que . — _ —
L _E.G-D.E _U.E-ﬂ.d __D.d-D.E - 0.6-0.4 - 0,8-1.0
0-10 sec 0.6154 C.0R31 t.0891 0.0851 0.1173
] 10-30zec E_SEE& __D;IJEMEI _EJ.UEH-D 0.0840 .l 0.1315

The bathtub distribution has a drawback in that it is not verv conservative. The table shows that about
00 percent of the deflection angles will be less than 0.2x7.0° = 1.4°. Tumble tums initiated with such
smali nozzle deflections experience a relatively long flight time until immpact. In practice, it is found
that during this time and under these conditions there is an overwhelming change the vehicle will
experience either inertial breakup ar command destruct. On the other hand, the intact vehicle impacts
are driven by hard-over turns, which correspond to large torque. For the bathtub distribution, the hard-
over case occurs in about 14 percent of the simulations,

' The L-M term used to describe Failure events that eventually lead to ADC's (Accident Outcome Events).

|




Due to the amcunt of uncertainty and guesswork that was involved in the L-M study (fe.,
determining the BIEs, assigning theitr probabilities and torques, efc.), many of the RTGSIM runs
were performed with a uniform torque distritution.  This distribution is more conservative than the
bathtub distribation in that the hard over nozzle event is twice as likely to occur. Not unexpectedly,
the number of intact vehicle impacts 15 also approximateiy twice as large.

2.3

Inertial and arrodynamic breakup reflects the structuaral tolerance of the vehicle. Breakup follows
when the inertial load exceeds the physical limitations of some critical poction of the vehicle, To
try to force a complete destruction, the Titan I'VB has semsors that activate the ADS when the vehicle
begins to breakup. The ADS is designed to prevent free-flying SRMU’s and an incomplete
destruction of the vehicle. In this study, it is assumed that the ADS is completely reliable.

The 1mertial breakup model for the Titan IVE employed by SIMEX was generated by Lockheed-
Martin. An explicit expression was obtained which relates the mean inertial breakup time ¢ to the
thrust offset torque =:

t = 127.66 - 16.211og,{%) 2-7)

where the time is measured from the start of the ramble turn. The time is in units of seconds and
the units of torque are in fi-jbs. The time to inertial breakup, £, is then uniformly selected from the
interval {021 , 2.07).

Vehicle breakup, and subsequent ADS activation may also result from excessive asrodynamic forces.
Since drag is not implicity modeled in RTGSIM, the program triggers the ADS if vehicle speed
exceeds 650 feet per second during a runble fum.

2.4 Command Destruct Mode]

Although there is no consensus in the MFCO community on a generic command destruct reaction
mode], the “Mike Frank™ mode] has been used for the Cassini mission [4]. This model was obtained
by consolidating empirical data coupled with a particular cognitive model, It assumes that, in the
ﬁmfnwmndsﬂfﬂight,actiunwﬂlbcmkenifthevehicleexpericmuhﬁnusljremﬁ:ﬂigm.
TnassistﬂrMFCt}indﬂmﬁngsuchaﬂigm,ﬂmewillbea%’ehiclc.ﬁtﬁmdﬂ]}isplaypmsmmd
faser tracking of the vehicle. To ensure the proper environment for laser tracking, the mission rules




will only allow the launch to proceed if there is total visiility for the laser light to travel
unobstructed through the atmosphere.

The response time curve for nominal conditions is shown in Pigure 2-2. Here, the elapsed time is
measured from when the vehicle axix is first offset 45° from its nominal orientation. We also
assume a probability of failure of the Flight Termination System (FTS) system. For our analyxis,
we have been directed to use 0.00018. Since there may be circumstances that prevent the MFCO
from performing 4t optimal levels, a modification of this model has further been developed [S]. This
model, shown in Figure 2-3, represents an upper 30 estimate of the reaction time, and is clearly
more conservative than the nominaf case. This second model accounts for effects such as lack of
visual clarity, eye movement and adjustment, and interruption due to additional information inputs.
Associated with this model, is the more conservative FTS failure probability of 0.0018.

Vehicle destruct as a result of receiving a CD signal initiated by the MFCO generally produces the
same outcome as an ADS event, However, in this case, there is an acknowledged small probability
that initiating CD does not always produce a response. A breakdown of the Flight Termination
System FTS may prevent the signal from ever being sent. When the FTS fails, the vehicle may still
self destruct if there is sufficient time for the inerfial and aerodynamic load forces to reach critigality.
In the worst case, FTS failure may lead to an imiact impact for vehicle malfunctions that occur very
early after liftoff (before ten seconds),

Accumulated Probabiiity

I 2 3 4 5 6 7 & 9 10 11

Elapsed time (sec)
Figure 2-2. MFCO Reaction Model - Nominal
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Aceumulated Probability

¥ 2 3 4 5 6 7 8 9 10 1l

Elapsed time (sec)
Figure 2-3. MFCO Reaction Model - Upper Estintate

2.5 Explosion Velocity Model

When breakup occurs, most fragments receive an induced velocity, Here, we will ignore inert debris
fragments from the Titan IVB since our concern invalves the imteraction of the RTGs with solid
propellant. The direction distribution and magnirude of the induced explosion velocity vector
depends on the fragment type and its imitial location on the vehicle, We identify three separate
categories of fragments: (1) intact RTGs attached to the Cassini spacecraft or exposed module
companents, (2) solid propeilant fragments from a completely destroyed SRMU, and (3) intact
SRMU segmends. Our treatment of these cases is extracted from several other solregs, except one

additional case introduced in this study, chnwmscmssepamclym:mudelsfurthcﬂxpluam
speeds and the directions.

Explosion Speed

The explosion speeds, v, are assumed i obey a normal distribution, 7(¥,0,) ,with probability density
function

_L (P
a0 = # A (2-8)
Fi




where v is the mean explosion speed, and o, is the one-sigma explosion speed uncertainty. To
relate the mean and uncertain we further assume that the normalized distribution is given by
n{1,0.3). These values can then be obtained from the upper three-sigma value, 2z, measured from
zero velocity. Thus, by definition,

z =v +3xg, (2-9)

Using our distribution, o, = 0.3%, and so

v = Ts (2-10)

In Table 2-2 we explicitly give the time independent mean explosion speeds. The reference numbers
in the second cohurm indicate the source of the corresponding speed uncertainty values, The first
two rows indicate that relatively small values are used for the Cassini spacecraft with the RTGs
attached and the modules components of a destructed RTG, These values were obtained by rescaling
the values used by L-M by one third for an 80 ms ignition delay time [8].

Table 2-2, Selected Mean Explosion Speeds

Cassini Spacecraft (with RTGs) 4.2 fi/sec
RTG modules 10.5 fifsex

Forward ssgment assermbily 316 ft'aec
Canter segment 0t sec (7]
Alt segment assembly 0 ft/aec [T

| Nazzle 0 f/sec [7}
Dorma time dependent [6]

Sold Propallart Fragmenis

time dependent [§]

TheexplnsinnspeeduflargeinmSRMUsﬂgnmmsisess:ntiaﬂyz&mdncmmeirlargeinertia.
Yet, for the forward assembly and the dome, Table 2-2 indicates that rather larger speeds have been
assigned. This is an attempt to account for the resicual thrust of these segments, which is difficult




to medel direcily. The thrust is directed out of the broken end of the segment since the dome
prevents any escape in the other direction. The residual thrust for the forward assembly, in the third
row of the table, was obtained by trial and error using RTGSIM. This value was able to reproduce
the Titan 34 D9 forward segment intact piece range as a one and a half sipma event. By conirast,
the original values given in [7] for the forward assembly were considered to be unreasonably large.

There is no net thrust for the cenier, aft assembly, or nozzle sepments even though burning solid
propellant still exists. For the center sepment, the thrust forces from the ends cancel since the bore
holes are the sarne diameters. For the aft agsembly or oozzle, the forces balance when the bore hole
is the same diameter as the nozzle exhanst throat, This configuration is approximately maintained
in the first ten to fifteen seconds of flight, which is the same time span of interest for this study.

Explosion Direction

The Cassini spacecraft resides just below the nose of the vehicle. The shock due to destruction will
cause the spacecral, eitber with intact RTGs or broken into module components, to be ejected
primarily along the longitudinal axis of the Titan vehicle [9]. In particular, we assume that an
ejected piece is confined to 3 40° cone, centered on the longiudinal axis. Transverse to this axis,
the explosion directions obey a normal distribution where the extremes of the cone represent three-
sigma events. Around the longitudinal axis, the directions are uniformly distributes.

The SEMU selid propellant fragments are assumed 10 be ejected primarily transverse to the vehicles’
axis [9]. The explosion directions of the fragments fan out into a 40° wedge, with a normal
distribution whose center is along the iransverse axis. As abave, the edges of the fan correspond
to three-sipma events.

Finally, the forward assembly and the dome are considered to eject in directions represented by a
uniform distribution over a hemisphere. The center of this hemisphere is pierced by the longittdinal
axis of the vehicle. The random deviate, z, which selects the angle, is obtained from

z = ain"lx (2-11)
where x is a uniform random deviate in the interval [0,1]. Note that in [9] the forward segment was

given zero explosion velocity, which is unrealistic since they do not model the residue thrust, The
distribution given bere is unique to RTGSIM.



2.6  ¥chicle Impact Model

The most hazardous outcome of a MFT ¢vent is impact of the full intact stack. With the focus on
the risks to the RTGs, not all imiact iropacts are of the same degree of danger. Factors that mfluence
the nnpact hazard are prientation of the vehicle, impact speed, and surface bardness. However,
before these can be discussed, it is first necessary to clearly state when vehicle “impact™ occurs.
The RTGSIM code propagates the center of gravity {cg) point of the vehicle through the tumble turn.
However, testing for cg impact would underestimate the number of atact vehicle impacts. This is
because during the time when the first point on the vehicle actually strikes the ground and later when
cg impact occurs, there may be either an ADS or CD action taken. When we discnss our results,
we will quantify the impertance of this consideration.

The relevant impacts are those that lead to an explosion of the solid propellant, or ground impact of
the RTGs. In the reference frame of the vehicle, the tumble wrn motion is seen as a rotation about
its center of mass. Thus, the vehicle will generally first strike the ground at either its nose or tail,
and has a very small chance of side-on impact. Since the Cassini spacecraft resides within the
payload farmg, our study focused on the relative mumber of nose impacts. The uppermost section
of the payload fairing is constructed of a thin metal dome, which will easily break away from the rest
of the vehicle on impact without cansequences. Therefore, we ignore the top thirty one feet of the
vehicle when testing for nose impact. Similarly, if the nozzles strike the ground, they will detach
from the SRMUs without affecting the solid propellent within the motors, Thus, since these nozzles
are ten feet in length, this distance is also ignored when testing for SRMU tail impacts.

To track the location of the vehicle’s nose and til, we define a pad centered coordinate system
where y is the above-ground altitude, and x the horizontal distance from the pad. Further, the
vehicle inertial coordinate system gives Jocations along the vehicle axis as measured from the nozzle
end. The total beight, H, of a Titan IVB vehicle is H=182.66 feet. The distance from the nozzle
end to the top of the RTG spacecraft, L, is then given by

L =H -3 «1514 (2-12)

Wiﬂ:rﬁpcctmﬂlepad.ﬂ:vehiclc‘scgwiﬂbcdcmtﬂd{;x,yu}, while atong the vehicle’s axis its
center of gravity distance from pozzle end will be denoted by d. Thus, the distance from the cg to
SRMU impact point is (d-10), and from the cg to the nose impact point is (L-d). The impact test
position of the nose, as a function of tiume, is then given by

10




Hpspe = ¥8)y = (L-Deos@(N-8) = @, + (L-d)sinO(r)

e = Vb + (L-sin(B(n-8) = ¥, + (Z-d)cosb(1) (2-13)

where 6(s} is defined in Figure 2-1, and B, is the vehicle trajectory elevation angle measured from
the hortzontal. During the first ten seconds of flight, where our analysis was performed, 6 =00",
although for accuracy we employ the true value. The equations describing the test position of the
tail are similarly written

Xl yg = x(Ny *+ (d-10)ecos(B(n-0) = (8, ~ (d-10)3in B()
Wiy = 30, - @-103sin(8()-0) = ¥, - (d-10)cosB(p) (2-14)

Clearly, the test for impact is

oo <0 0or ¥}, <0 imprct conditions {2-15)

where it is assumed that the ground surrcunding the pad is all at the same level.

For this study it was important to know which surface the intact vehicte impact strikes: concrete,
sapd, or water. Statistics were kept of the number of impacts for each type. To make this
determination, we noeded to know something about the geometry of the launch pad. At CCAS, the
Titan IVB vehicle will launch from Pad 40. This pad, as well as is west coast equivalent, can be
mukieled as centered on a disk that consists of a fixed ratio of concrete and sand. When an intact
vehicle impacts within the disk area, RTGSIM randomly selects the surface type by employing a
uniform distribution based on the fixed ratio. Between the disk area and the ocean, the surface is
always taken to be sand, This is probably a good approximation since soil acts simitarly to sand,
as does shallow water which appears in patches near PAD 40, We summarize the specific Titan pad
characteristics in Table 2-3,
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Table 2-3. Titan Pad Geometiry

" Faatura Titan IVE Pad 40
Pad to Sand Distance S50 &
Pad to Water Digtance 3000 ft
% Pad Area Cancrete 48 %
Pad Shora Angile 20°
Fad Tower Height 140 1
Mear Tower Distance 10 ft

I Far Tower Distance 30 ft

A siuation that rmust be (reated separately from ground impact is tower mmpact. This is a significant
event because 1f the malfunction mmble tum occurs within three seconds after lifioff, the vehicle has
a greater chance of striking the tower than the ground. The botiom portion of Table 2-3 presents
the tower location and dunensions. We model the tower as occupying the space in a ninety-degree
wedge, radially outward from the pad, between the near and far distances given in the table.
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3. SUMMARY OF RESULTS

The results of RTGSIM are tabularized in the subsections that follow. This output represents only
a small fraction of the total generated. The full set of data was submined to the 45 SW Safety Office
for a more detailed analysis.

The input to¢ RTGSIM consisted of several data files. The Cassini nominal trajectory file was
obtained from Lockheed-Martin, and was nsed with a 93.2° launch azimuth, measured clockwise
from the North. The Titan IVE fragment daia files were constructed from information supplied by
RTI [6]. Each file is organized by fragment group and contains the associated explosion velocity,
nominal and + 30 ballistic coefficients, consumption rate if a contained segment, propellant weight,
and cross sectional area. Vehicle characieristics during a tumble turn, such as center of gravity
location and moment of ineriia, were abtained from the Lockbeed-Martin Titan IVB data book [10].

The instial location of the RTGs and the solid propellant fragments, with respect to the vehicle, is
required (o accurately predict where the debris will impact in the event of breakyp. If breakup does
oot separate the RTGs from the Cassini spacecraft, the center of mass of each RTG is needed. On
the other hand, when there is sufficient explosion pressure to reduce the RTGs into their module
componeiss, we employ the center of mass of each of the individual modules. The initial location
of each solid propellant fragment is placed at the cemer of mass of its parent SRMU segment. This
approximation follows from the fact that insufficient information is available to determine the true

initial Jocation of the propellant fragments. In total, from [8] we extracted the center of mass of each
RTG, the RTG modules, and the SRMU segments.

3.1 Intace Yehicle Impacts

The original motivation for this study, was an attempt to reproduce results obtained from a
Lockheed-Martin analysis [3]. In particular, their conclusion was that ratio of tail to nose impacts
13 about 80/20. In their study, L-M compuied the vehicle trajectory until its center of gravity
reached pad level. Next, they analytically reversed the motion of the vehicle to determine whether
the nose or tail struck first. In their study, the launch fower was not present. For their other
working conditions, they used the bathtub torque distribution, the nominal MFCQ model, and an
effective vehicle height of 150 feet.

The results of the first set of runs of RTGSIM are presented in Table 3-1, These were generated
using 1,250 Moniz Carlo simulations for each tenth of second within the time span {0.1,6.3), for a
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total of 78,750 simulations. Beyond five seconds anly a few intact impacts were observed, far too
few to influence the totals given in the table.

Table 3-1. Inidal Nose vs. Tail Results

34.9%
B1G
true no nominal bathtub 203 51.8% 48.2%
1859 1544
tfrue yes nomired bathtub 203 43.7% 56.3%
GLL BG{
[rue yos nominal unifzrm 203 90.0% 50.0%
| 1874 1873

The first row in Table 3-1 comes closest to the conditions used by L-M. Here, the vehicle height
was set to 203 feet due to an erroneous source. Nevertheless, the number of tail impacts is shown
to exceed the number of nose impacts by about 50%. Comparing the first two rows highlights an
oversight in the L-M study. Since, they flagged the tmpact when the vehicle cg reached pad level,
their smdy ignored many of the true impact events., These are eveats that fead to destruction or
experience breakup, in the short time between when the nose or tail impacts and the cg impacts. Cur
results indicate that over 50% of the intact impact events are missed by relying on the cg irppact.
The third row further shows that half of the total impacts do not strike the ground but the tower,
Finally, in the last row, we find that adopting a uniform torque distribution essentially doubles the
total number of impacts. This is not surprising since most of the irnpacts arise from hard-over
nozzle deflections,

As:tnfworﬁngmndjﬂausmagrmduponfnrﬂwsmdyappmpriatetumet:assiniRTﬁ. These
wmhamdunareviewufth:rﬁultsinTablc3-1.andlcamingufﬂnappmpriatevchiﬂlelcngﬂ1tu
allow {see Section 2.5). This led to a secomd set of runs that produced the results in Table 3.2,
Th:aemnsgmted#ﬂﬁh{nmcﬂuhsimu]aﬁnmateva}'tcnm&amuudwithinthetimespan
(0.1,9.9), for a total of 477,477 simulations. The relative propoction of nose to tail impacts given
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in the first line seems to agree with the gencral conclusion of L-M. Again, the exact ratio differs
because we flag the true irnpact and they consider the ¢g impact.

Table 3-2. Final Nose vs. Tail Results

I i} Case
Impact Tower MFCO Torque Vahicle Noss Tad
point Impact? Maodal Distribution Length (ff)
trus y&s naminel uniform 141 26.9% T31%
3146 8480

brus yes uppear uniform 141 33.8% 61.2%
l astimate 20816 32814 l

The second row in Table 3-2 shows the sensitivity of the MFCO madel to the murnber of intact
impacts. If the MBCO’s delay their response w the malfunction by two seconds from nominal
performance, the probability of an inkact impact increases by a factor of four. Furthermore, such
a delay is more likely to result in nose impact, leading to a greater chance of RTG impact followed
by the emtire intact stack.

Additional results from the second sei of runs are given in Table 3-3. This shows more clearly how
a small percentage change in the command destruct events can lead to a significant increase in the
intact impacts. In any event, there is about a one third chance that the intact impact will strike
concrete.  Smee CONCrete £vemis must oecur within 550 feet of the pad, they are mostly due to the

hard-over nozzle deflections. Thus, they are more sensitive to the torque distribution than ejther
sand ot water Impact.

Table 3-3. Intact Vehicle Impact Statisties

MECOModel | Evem

cd adsMtower ground concrete sand water
naminal 75.24% 23.33% 2.42% 35.4% 64.6% 0%
41410 T47G 0
upper astimate 80.94% 27T.63% 11.23% 26.1% 73.8% 2E-4%
138492 JO622 11
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To evaluate the risk to the RTG on impact, it is useful to know (he impact speed as a function of
surface type. In Tables 3-4 and 3-5 we present impact speed histograms for both of the MFCO
models, Note that the mmpact speeds recorded on a concrete surface do not exceed 275 fifsec. This
is reasomable since the vehicle will only impact within this region if its flight time is very short, thus
preventing much buildup in speed. Comparison of these tables indicates, again, the dramatic
increase in the number of intact impacts by accounting for an additional delay in MFCQ reaction
time. Note, in particular, that the mymber of impacts for some of the higher impact speeds has
increased by an order of magnitisde or more.

Tablz 3-4. Nominal MFCO Model Impact Speed Histogram

i
il
I
i
i
i
l | Impact Speexd {ftisec) Surface
concrete sand water
l Q-125 0 H a
125 -175 2544 3249 !
l- 175 - 225 1428 2540 B
225-275 28 1182 0
l 275 - 325 0 344 0
325 - 375 0 9 0
I 375- 425 1 34 o
425 - 475 0 10 0
l 475 - 5285 Q 3 I
525 - 575 0 2 0
l 575 - B25 0 3 0
I > BA5 Q ] 0
)
)
_
]
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Table 3-§. Upper Estimate MFCO Model Impact Speed Histogram

cancrete sand water
0-75 { 0 0
75 -125 1 1 0
125-175 8456 11032 0
175 - 225 5444 L4987 0 .
228 - 275 92 51459 a |
275- 325 G 3435 0
325 - 375 Q 1378 4]
375 - 425 0 428 2
425 - 475 0 145 4
475 - 525 0 45 2
525 - 575 0 19 1
o975 - 625 0 2 2
> 525 _ ] Q 0 1

3.2

The focus of this section and the next is to evaluate the hazards that may damage the RTGs or
modules sufficiently to expose the radioactive fuel pellets. There are three levels of protection that
must be breached for this to occur. First, the plutonium pellets are clad in iridium containment
shells. Grouped together in fours, these clads reside in rectangular parallelepiped modules. Finally,
cach of the three RTGs on the Cassini spacectaft contains eighteen meodules. Consequently, vehicle
breakup does not necessarily imply any radioactive hazard. Our rask is to comgpute the probabilities
of the events where this outcome is possible.

It is generally believed that no vehicle breakup will generate the explosion pressures needed to break
open a module and expose any of the internal clads. There are:, however, several impact events that
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may sufficiently damage a module for this to occur, After breakup, with the module resting on the
ground, it may be sauck directly by a solid propellant fragment. Above a certain vertical impact
speed, the propellant will explode on impact, possibly generating the explosion pressure needed to
cause a breech in the module. Actuaslly, the module does not peed to be hit directly to experience
the necessary pressure. The exploding solid propellant wiil generate a crater, with an assumed area
ten times the cross-sectional area of the propellant fragment. It may be sufficient that the restimg
module only be within this crater region upon propellam impact for the clads to be exposed.

Stmilar considerations apply to the RTGs. However, in this case, greater explosion pressures are
needed since now both the RTG ard its modukes must be breached. There are two facts that should
be noted at this poink.  First, the cross-sectional ares of an RTG is three times larger than that of a
minjule. Second, there is a far greater probability that an intact RTG will be survive the breakup
then 2 module will. Thus, although a direct hit of 2 module is more likely to create an exposed clad,
there is a much larger probability that an RTG will experience the explosion pressure.

RTGSIM was used to perform a Monte Carlo sinmlation of the breakup and to compute the
probabilities of ither an RTG or module being struck by a solid propellant fragment, or being inside
the crater. In Figure 3-1 we present the event tree employed in determining the final outcome. The
oumerical values on some of the branches are the conditional probabilities associated with the given
evenis. The sum of the branch comlitional probabilities always equals unity. To aid the evaluation
of the results, two separate runs were made, thus ignoring the relative probabilities between the two
mein malfunction modes. The first focused on the on-trajectory rmaifunction, while the second
involved the malfunction tumble turn case,

Considering all possible branches shown in Figure 3-1, there are 23 different fragment cases for
which statistics must be kept:

1) destroyed right forward SRMU segment
2) destroyed left forward SEMU segmem
3} destroyed right center SRMU segment
4} destroyed left center SRMU segment

5} destroyed right aft SRMU segment

6) destroyed left aft SRMU segment

7) ng #1

8) rtg #2

9) rig #3

18



TD .601

TT 0.77

/ < C/A 0.055

pp/ AF 0201
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/

FAILURE / ADS D

TD 99982
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NO CD

0.00018 Y1

VIl

Figure 3-1. Titan IVB SRMIJ Failure Mode Tree

ADS = Autodestruct System
C/A = Center/AR SRMU Segment Assembly
CD = Command Destruct

F.A = Forward and Aft Segments
F/C = Forward/Center SRMU Segment Assembly
FF = Free-Flying Intact SRMU

MEFT = Malfunction Tumble Tum
PD = Partlal Destruct
TD = Toisl Destroot
TT = Thrust Termination
¥II = Vehicle Intact [mpact
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10} intart right cemter/aft SRMU segments

11} intact left center/aft SRMU segments

12) intact right forward SRMU segment

13) intact left forward SRMU segment

14) intact right aft SRM1J segment

15) intact left aft SRMU segment

16) intact right forward/center SRMU segments
17} intact left forward/center SRMU segments
18) right nozzle,

19) left nozzle

20) right dome

21} left dome

22} imact stack

23) tower impact

Far each case, except 22 and 23, RTGSIM counts the mumber of times, N™, a solid propetlant
fragment strikes either an RTG or module. A count is also kept of the mumber of instarxes where
the RTG or module fies in the funure crater of the propellant. The probability, P, that one fragment
interacts with an RTG or module is then given by

Nhlu
Py = (3-1)

where N™ i3 the total mumber of Monte Carlo simulations performed. For each failure time point,
250000 simulations were run. If a fragment group contains N fragments, then the probability that
one or more fragments from that group strike an RTG or module is given by

P

v = 1-(1-PY
(3-2)

fl
|
|
z |
4| F
=

The total probability that an RTG or module is struck by one or more fragments from any group is
written
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In Tables 3-6 and 3-7 we present the total probabilities separated into two groups, as a function of
failure time. The first group inchides every SRMU solid propellant in computing (3-3). The last
four columns restrict attention only t0 fragments that have an impact weight greater than 10000
pourkls. The values in these tables verify commemnts given above. For instance, the probabilities for
¢rater cases are an order of magnitude larger than for direct hits, which agrees with the fact that the
crater area is ten times larger. Second the module probabilities are about three times smatler, which
is predicted since the module cross-sectional area is one third the RTG area.

Note that these probabilities do not include the mission failure. As long as the probabilities in the
tables are mmch less than 0.1, they can be sumamed over all failure times for each event. Then, by
dividing through by one thousand, one obtains the total mission probability of that event.

In addition to the probabilities, for each fragment case RTGSIM determiped the mean impact
position and computed the mean impact radms. Records were alse kept for the time to impact from
breakup, and ocutput as the mean and range values, Similar data was also generated for the impact
weights and velocities. We do not present any of these results here, and leave it for the Safety report
{0 distill them.,
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Table 3-6. Probabilitles of RTG Struck by Propellant for Thrust Termination Failures

Weight >10044) Iba
2 §.4E-3 8.9E-2 4 1E-3 42E-2 9.4E-3 A.9E-2 4. 1E-3 4 2E-2
3 9.4E-3 8.4E-2 41E-3 3.0E-2 9 4E-3 A.4E-2 4 1E-3 A.59€-2
4 7.BE-3 74E-2 3.3E-3 3.4E-2 7.6E-3 7.4E-2 3.3E-3 34E-2
5 E;Q'E-E 8.7E-2 1.1E-3 31E-2 B.3E-3 B.TE-2 3.1E-3 31E-2
6 5.9E-3 5.8E-2 2.7E-3 2.TE-2 5.8E-3 $.9E-2 2.TE-3 2.7E-2
7 5.0E-3 5.3E-2 2.3E-3 24E-2 S.0E-3 5.3E-2 24E-3 24E-2
& 4.5E-3 4. TE-2 21E-3 2.1&-2 4 5E-3 4.7E-2 2.1E-3 2.1E-2
8 J.9E-3 4 1E-2 1.8E-2 1.8E-2 3.9E-3 4. 1E-2 1.8E-3 1.8E-2
10 1.5E-3 3.6E-2 1.6E-3 1.6E-2 3.5E-3 J.6E-2 1.6E-3 1.6E-2
15 T.6E-4 6.9E-3 11E-5 7.5E-4 2.9E-4 2.0E-3 T1E-5 7.E6E-4
| 20 2.7E-4 4.9E-3 1.1E6 1.2E-5 1.2E-5 1.1E-4 1.1E-#& 1.2E-5
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Table 3-7. Probabilities of RTG Struck by Propellant for Tumble Turn Failures

(sec) RTG Modue  Module
Direct Craber Diract Grater Direct Cratar Cirect Crater

1 23E2 | 21EA 1.3E-3 1.3E-2 3.5E-3 3s6E2 | 3.1E-4 3.3E-3
2 1862 | 1.76-1 1.1E-3 1.1E-2 2.2E-3 23E-2 { 31E4 | 28E3
i3 1.4E-2 | 1.3E-1 1.0E-3 9.7E-3 1.6E-3 16E2 | 32E4 | 3.1E-3
4 1.3E-2 1.3E-1 t.1E-3 1.2E-2 1.8E-3 1.78-2 | 4.0E4 4.2E-3
5 7463 | 8.1E-2 6.8E4 6.4E-3 1.3E-3 1.382 { 1.7E4 | 1.BE-3
6 57E-3 | S5.BE-2 2,564 2.6E-3 1.2E-3 11E2 | 54E5 | S5.6E-<4

7 49E-3 | 4.38-2 1 4E4 1.5E-3 B.4E-4 79E-3 | 23ES | 2.7E4
8 A0E-3 | 3.0E-2 8 8E-5 6.2E-4 2.6E-4 22E-3 | 1.5E-5 1.5E-4
9 1.0E-3 1.9E-2 5.1E-5 4.7E-4 1.3E-4 1.1E-3 tOE5 | 1.1E4
10 27E-3 | 21E-2 2 8E-5 3.4E-4 8.3E-5 69E4 | S7E6 | B9ES

3.3  Hazard Due to0 Heat Transfer

In the last subsection, we presenied results that relate 10 a brute force approach to exposing the
Plutonmum pellets. This involves the application of a pressure wave originating from an exploding
fragment of solid propellant. In this situation, the breech of the iridizm shell would occur almost
instarwaneously. If the clads are not damaged after afl the fragments have impacted, a second danger
then arises that has the potential to be just as harmful.

After the RTGs or modules have impacted and are at rest, they may be surrounded by ope or more
burning solid propellant fragments. These fragments may burn on the order of ten mimites or more.
This creates a sityation where the iridiom shell may be melied off the pellets. Factors ihat are
mmpertant in deciding whether this occurs, are the mmber of fragments near the RTGs and modules,
and their distance. Consequently, RTGSIM was coded to generate this type of cutput for the Monte
Carlo simulations generated for the last subsection, The resulis are presenied on the nexi few pages
in Tables 3-8 through 3-11.
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Since large solid propellant fragments burn longer and generale naose heat, each table indicates the
mumber of fragments more than 10000 pounds. These fragments generally represent intact SRMU
segments at breakup. The greatest danger is from burning propellant within just a few feet of the
iridium casing. However, several larger fragments within 30 feet may still pose a danger, depending
on how owch damage had been previously done from the explosive pressure.  For these reasons, we
were asked to generate the average mimber of fragments impacting within 3, 10, and 30 feet from
the RTGs and modules,

For the on-trajectory malfunction, Tables 3-8 and 3-9 show that most of the fragments that impact
near the RTGs and modules are due to the SRMU segments. This is not surprising becanse, except
for the forward segmernt. the intact segments have no effective explosion velacity. They impact
directly under the breakup position, which is where the RTGs and modules are also most likely to
concentrate. These results may, therefore, be very sensitive to the explosion velocity model of the
intact segments, RTGs, and modules,

For tamble turh malfunctions, Tables 3-10 and 3-11 show that there is only a small probability for
any fragment to land very close to the RTGs or modules. Furthermore, it appears quite unlikely that
any of the intact SRMUs will pose any threat to the pellets. In peneral, the tumble turn events
generate far fewer fragment neighbors than the thrust termination cases. However, this does not
really ease the concern because, as shown in the fault tree in Figure 3-1, the umble turn failire will
occur fewer than cne in four malfunctions.

Finally, in Tables 3-12 and 3-13, we present the probability for an RTG or module to overlap a solid
propellant fragment, or the corresponding crater. The events associated with these probabilities
differ from those in Tables 3-7 and 3-8 in that, bere, it does not matter which item struck the ground
first. Thus, the probabilities in Tables 3-12 and 3-12 not only include the everts represented by
tables 3-7 and 3-8, but also those where the RTG or medule strikes the propellant fragment.
Consequently, the values in these final tables may be larger by an order of magnitude or more.



Table 3-8. Average Number of Fragment Impacts Near RTG for Thrust Termination Fatlure

Failura Time Weight > 10000 lbs

(s8c) <3 <104 <I0R | <3t <10ft  <30R
1 0.34 2.34 8.15 a.13 1.12 2.50
2 0.28 2.01 7.10 0,13 1.10 2 .40
3 0.26 1,80 5.78 0.13 1.08 2.34
4 0.23 1.60 4.87 0.14 1.07 2.29
5 0.22 1.48 429 0.15 1.05 2.25
6 0.22 1.40 3.90 0.18 1.04 2.23
7 0.21 1.33 385 0.16 1.02 2.20
8 2.21 127 340 0.17 1.01 2.19
g 0.21 1.23 3.25 0.17 1.00 217
10 0.21 1.19 3.12 0,17 0.98 2.15

0.00G1

0.000

{8ec) <3ft <10 ft <30 ft <3t <10ft <30f
1 0.15 1.43 8.55 0.06 0.61 2.45
2 0.13 1.21 8.69 0.06 0.60 2.37
3 0.12 1.08 5.48
4 0.11 0,96 4,52
5 0.11 0.87 4.07
8 0.11 0.43 3.71
7 0.11 0.79 3.45
8 0.10 0.75 3.22
g 0.10 0.74 3.09
10 0.10 0.72 297
15 0.002 0.020 0.185

20 0.002 0.012 0.103
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Table 3-1G. Average Number of Fragment Impacts Near RTG for Tumble Turn Faflures

Failure —- Weight > 10000 |bs
Time
(50C) <3t <10t <301 <ift < 10# < 30 f

1 0.13 .66 4.61 0.01 0.05 0.22
2 034 | 177 1.77 0.02 Q.07 0.32
3 0.25 1.31 8.86 .01 0.0 - Q29
4 0.20 1.07 7.30 g.02 0.07 028
S 0.1% 0.74 4.73 .01 Q.05 0.21
6 0.10 .49 3.14 G.01 0.04 Q.17
7 0.07 .35 225 .01 0.04 015 |
8 .05 .28 1.76 0.01 0.03 0.13
9 0.04 0.22 1.38 0.04 Q.03 0.12
10 0.04 0.19 1.16 0.01 .03 0.11

Table 3-11. Average Number of Fragment Impacts Near Modules for Tumble Turn Failures

Failure All Weights Weight > 10000 bs |
Time
{s8c) [ <3t <10R <30 | =<3R  <1OM  <30f

1 0.04 0.37 3.21 0.00 0.02 0.10

2 0.10 0.86 7.14 0.01 0.04 0.22

3 0.10 0.81 8.57 0.01 0.04 0.20

4 0.09 0.69 5.51 0.04 0.04 0.21

5 0.05 0.42 3.31 0.01 0.03 0.15

6 0.03 0.27 215 0.04 0.03 012

7 0.03 0.21 1.59 D.01 0.02 8.1

8 0.02 0.15 113 0.00 002 | oo0s

9 0.0% 0.10 0.79 .00 0.01 0.0

10 0.01 0.07 0.62 0.00 0.00 0.02_|
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Table 3-12. Probabilities of RT'G Colncident with Propellant for Thrust Termination Failure

| Failure Time All Weigits Waight = 10000 |bs
(58C) RTG ATG Module Mcdula RTG RTG Module  Module
Crirect Cratar Diract Cratar Diract Cratar Diract Crater
1 .06 .56 .02 0.29 .02 D.B1 Q.01 0.26
e 0.08 .86 02 0.29 {1.02 0.81 Q.01 .27
d Q.05 C.BS .02 0.29 .02 0,80 0.02 027
4 0.04 Q.84 [0.02 0.23 1.03 (.80 .02 .28
5 Q.04 0.83 01.02 0.30 0.03 {1.80 0.02 0.23
E 0.05 .82 .02 0.30 .03 0.79 0.02 0.24
7 0.0 0.81 0.02 0.30 0.04 .79 0.2 0.30
H 0.05 C.80 (.02 .31 0.04 .78 0.02 0,30
& 0.05 .75 1.02 .31 {1.05 .78 0.02 0,30
10 0.06 0.7 0.02 0.32 1.05 0.77 Q.02 0.32
15 2.1E-3 25E-2 1.4E-4 1.8E-3 3.5E4 4,0E-3 B.4E-5 9.1E-4
2 5.4E-4 7.2E-3 8.6E-5 8.1E-4 3.1E-5 _ 3.1E4 1.7E-5 1 .EE_:i_

Table 3-13. Probabilities of RTG Coincident with Propellant for Tumble Turn Failures

Failure Tima All Weight Weight > 10000 Ibs
[sac) RTGE RATG Module ModLia RTG RTG Module Modula
Direct Cralar Direct Gratar Direct Cratar Diract Crater
1 2 8E-2 2.5E-1 2.5E-3 2.4E£-2 5.6E-3 2.6E-2 1.0E-3 1.1E-2
2 T1E-2 5.2E-1 5.7E-3 h5.8E-2 6.0E-3 6.2E-2 1.9E-3 1.9E-2
3 S.1E-2 4.2E-1 5.4E-3 5.2E6-2 5.4E-3 5.6E-2 1.7E-3 1.2E-2
4 4,22 1.78-1 5.0E-3 5.1E-2 6.5E-3 8.3E-2 2.1E-3 21E-2
3 3.0E-2 2.8E-1 3.6E-3 3.6E-2 2183 5.0E-2 1.6E-3 1.6E-2
6 2,5E-2 2.0E-1 2.5E-3 2.5E-2 4. 7E-3 4.4E-2 1.4E-3 1.4E-2
7 | 1.5E-2 1.5E-1 22E-3 | 2.2E-2 4.1&-3 3.9£-2 1.3E-3 1.3E-2
8 1.2E-2 1.2E-1 1.7€-3 1.7E-2 4.7E-3 3.5E-2 1.2E-3 1.1E-2
9 1.0E-2 9.8E-2 7.5E-4 7 A4E-3 A.4E-3 3.4E-2 3.4E-4 3.5E-3
10 1.0E-2 53.3E-2 5.4E-4 5.0E-3 4.5E-1 3.3E-2 2.1E-4 2.1E-3
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