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1. Introduction
The determination, evaluation and analysis of possible unacceptable consequences of

the disintegration turbine (turbo-set) missiles is a part of the wide conceived project put by the
company Nuclear Power Plant Mochovce (NPPM), the Slovac Republic. The aim of the pro-
ject is to take measures reducting the probability of striking a target of safety importance in
NPPM by a turbine (turbo-set) missile below the prescribed limit of 10'6 per turbine year.

Following the IAEA Safety Guides [1], all potential events leading to the generation
of a missile are to be analysed. It is necessary to evaluate the probability of unacceptable con-
sequences of such missiles and analyse each event whose probability is not acceptable low.
This complex problem thus carries especially:

• complex analysis of fragment generation,
• evaluation of the probability of unacceptable events,
• location of strike zones of possible turbine missiles,
• assessment the possibility of the turbo-set casing penetration and
• projection of additional design requirements if necessary.

The complexity of the project needed cooperation of several teams. The structure of the coo-
perative teams and co-workers is as follows:
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2. Complex analysis of fragment generation
Structural analyses of all parts of the turbine and turbo-alternator have been done to

qualify all possible fragments from both rotating and stationary parts of the turbo-set. The ro-
tating parts can primarily generate fragments having very high kinetic energy due to the revo-
lution of rotors. These missiles can generate secondary fragments from both rotating and sta-
tionary parts.

The energy of a primary fragment depends on the speed of rotor at the time of the frac-
ture, the mass and other kinematic characteristics of the fragment and the distance of the frag-
ment from the axis of revolution. This energy changes in the course of time due to the intera-
ctions with rotating parts (it leads sometime to a very important increase of the fragment ener-
gy) and with stationary parts (decrease of the fragment energy, production of secondary frag-
ments). The whole spectrum of possible fragments, their energies at the time of rupture and
after interactions with rotating and stacionar parts have been determined in dependence on the
speed of rotors (operational speed, operational overspeed and critical overspeeds) [3], [4], [5].
The schema of the fragments generation is sketched at the Fig. 2.

Destructions of the turbo-set producing such massive debris as the shaft and disks
fragments and parts of the coverings of sleeve winding at the turbo-alternator are extremly
complicated because the fragments can destruct large parts of the turbo-set and produce many
secondary fragments with high energy. The exact kinematic characteristics of the missiles gene-
rated during such events are indeterminable except some global quantities as the total kinetic
energy, momentum and momentum of momentum. The trajectories of the missiles thus cover
the whole ± 25° zone determined by the Regulatory Guide [2] (Fig. 1).

turbo-set axis

Fig. 1: The zone of trajectories of indeterminable fragments

On the other hand, the exact kinematic analyses have to be done for small, but high-
energy fragments which can penetrate the turbo-set casing. The reason is that these missiles are
directed by the stationary parts to narrow, fixed sectors. If there is a target of safety importan-
ce in such a sector, then the probability of hitting this target is much larger then that determi-
ned from the ± 25° zone. The only small fragments having energy enough to penetrate the tur-
bo-set casing have been found to be the fragments of blades of the last-stages of the low-
pressure rotors (see Fig. 2).
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Fig. 2: Evaluation of possible fragments: structural analyses, kinematics

415



3. Kinematics of blade fragments
The kinematic behaviour of all blade fragments generated at the last-stages of the low-

pressure rotors has been studied in details since the time of rupture up to the time of reaching
the turbine casing. Starting with analytic considerations the detail numeric simulations have
been done by using the numeric integrations of the full system of the Lagrange equations
including the detail conditions of rupture, influence of the deflector, interactions with the ne-
ighbouring blades and other details of the process (Figs. 3, 4).
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Fig. 3: Characteristics of the fly of the blade fragment toward
the deflector obtained by the numerical calculations

These detail analyses demonstrate that the fragment trajectories can be divided into two
groups depending on the rupture details: when the rupture begins at the leading edge the ne-
ighbouring blades accelerate considerable the fragment, the rupture at the trailing edge leads
to no important gain of the fragment energy. The reason of this behaviour consists in intera-
ctions with the neighbouring blades: in the first case the bottom of the fragment stays among
other blades in the wheel during the fragment tilting and it interacts with their tips which move
very large translational velocity (about 500 m/s during operational conditions). As a result the
whole fragment gains a large amount of the energy (see Fig. 5).

The results of the detail analysis are given in [3] where translational and angular ve-
locities and positions of all possible fragments at the time of reaching the turbine casing are
determined in dependence on the turbine speed.
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1. The blade bottom hits the deflector

2. The blade slides on the deflector

3. Fly of the blade fragment in the turbine body

Fig. 4: Kinematics of a typical blade fragment
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Fig. 5: The gain of the fragment energy due to the neighbouring blades

4. Numerical and experimental impact analyses
Having determined translational and angular velocities and positions of all possible bla-

de fragments at the time of reaching the turbine casing the impact analyses of all cases were
done. It was shown that the standard semi-empirical formulae [9] (as the BRL formula) are
useful for the first estimations but for exact analyses it is necessary to use the numerical simu-
lations by high-specialized software products (such as the PAM-CRASH code) [4].

Fig. 6: Numerical simulation of the casing penetration
by the blade fragment in the PAM-CRASH code
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The extreme difficulty of numerical simulations of the blade fragments impacts consists
in irregular shapes of the fragments, their large rotation and the tilt at the moment of impact.
This highly non-standard problem calls for an independent experimental verification. From
the point of view of some experimental results, there are known only results of penetrations of
standard projectiles shot from various guns. For the extremly difference of the turbine blade
from these projectiles (large mass, irregular shape, different material) it was decided to do uni-
que experiments using the real blade as a projectile [11].

The real blade from the last-stages of the low-pressure rotors was a little adapted so
that it could be fitted in the cannon tube of the calibre 100 mm. Three missiles were prepared
in this way, two with the mass 6 kg and one with the mass 1 kg. Because of the necessity to
fill the cannon tube closely by the projectile, these parts of the blade were cast by a special
casting material to form cylindrical projectiles. The casting material had to be chosen very
choicely to carry the pressure at the time of explosion and completely fragment after the leave
of the tube. The target with material characteristics corresponding to that of the turbine casing
was located 25 m in front of the chase. The pickups measuring the missile velocity were instal-
led in front of and behind the target. The whole experiment was recorded on the video-movie.

The experimental results were in a very good agreement with the numerical simulations
in contrast with the estimates by semi-empirical formulae. For example:

Velocity after penetration

Impact velocity 403 m/s

experiment

282 m/s

BRL formula

377 m/s

PAM-CRASH
simulation
290 m/s

5. Statistical analyses
Following the IAEA Safety Guides [1], it is necessary to evaluate the probability of

unacceptable consequences P for each missile generated in any turbo-set disintegration pro-
cess. This probability is the product of the following probabilities:

P! the probability of generating a missile,
P2 the probability of striking a target of safety importance,
P3 the probability of producing primary or secondary damage with unacceptable conse-

quences.

The specific character of the missiles generated in a turbo-set (they must penetrate the casing
or stationary parts to hit a target of safety importance) allows us to write the result probability
Pas

x X l i 2 ^ 3 •* vz * p i c •* 3 j

where
Pv,

Pp
Pc

the probability of generating a missile inside the turbo-set,
the probability of penetration the casing and leaving the turbo-set,
the probability of striking a target of safety importance after leaving the turbo-set.

It is worth stressing that all these probabilities depend on the speed of rotor revolution.
The process of determination of these probabilities is sketched at the Fig. 7.
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Fig. 7: Schema of statistical analyses and their connections with other analyses
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The majority of fragments coming from the turbo-set disintegrations cannot get outside
the turbo-set - the probability Pp = 0 (see Figs. 2 and 7) and need not to be analysed in further
details (the generation probability of these fragments and so on). The only fragments being able
to penetrate the stationary parts and casting are the fragments of disks, rotor shaft, covering
of sleeve winding in turbo-alternators and fragments of blades of the last-stages of the low
pressure rotors (see Fig. 2).

Concerning the fragments of disks, rotor shaft and covering of sleeve win-
ding, the detail statistic analyses of the generation of these fragments (historical failure data,
the system of operational controls, structural analyses of generation variously shaped frag-
ments) have shown that the generation probability of a disk or rotor shaft fragment is smaller
than 1,9. 10~6per turbine year and the generation probability of a fragment of the coverings of
sleeve winding is smaller than than 1,2. 10'6per turbine year. Because the probability of pene-
trating the casing and stationary parts by these fragments in several cases tends to one, we
choose conservatively Pp = 1. Even under this conservative assumption, the total probability of
hitting a target of safety importance with unacceptable consequences by some of these frag-
ments is smaller than 4,4. 10'7 per turbine year [6], [7], [8].

Historical failure data, kinematic and impact analyses have shown that the probability of
generation of a blade fragment being able to penetrate the turbine casing is about 4.10"4 per
turbine year (the probability of critical overspeed is included in this result). The total probabili-
ty of unacceptable consequences of these fragments is then larger than the limit 10'6 per turbi-
ne year [5], [10]. Therefore it is necessary to construct special protective barriers.

Tha is why an additional casing fixed on the turbine body has been proposed. Using
the exact knowledge of the blade fragments trajectories and the distribution of the targets, the
additional casing has been designed to cover only small part of the turbine body (see Fig' 8).
The numerical and experimental simulations of the impacts enabled us to design the safe as
well as economical shape of the additional casing (layered plates being able to be bended by a
standard technology) and its fixation to the turbine body [12], [13].

Fig. 8: Additional turbine casing protecting against the blade fragments
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