NUREG-75/087

U.S. NUCLEAR REGULATORY COMMISSION

STANDARD REVIEW PLAN

OFFICE OF NUCLEAR REACTOR REGULATION

SECTION 3.5.1.3 TURBINE MISSILES
PEVIEW RESPONSIBILITIES

Primary - Accident Analysis Branch (AAB)

Secondary - Auxiliary and Power Conversion Systems Branch (APCS)
Materials Engineering Branch (MTEB
Structural Engineering Branch (SEB
Electrical, Instrumentation and Control Systems Branch (EICSB)
I. AREAS OF REVIEW
The turbine missile analysis is reviewed with the objective of establishing whether safety-
related plant structures, systems, and components have adequate protection against potential
turbine missiles. The primary areas of review are the high trajectory turbine missile
strike probabilities and the turbine-generator orientation and placement relative to the
safety-related plant structures, systems, and components. Additional review areas include
the following:

1. Turbine missile barrier design procedure adequacy (SEB).
2. Turbine disk failure analysis (MTEB).

- Turbine disk fracture toughness properties and startup procedures which assure
adequately high disk temperatures (MTEB).

4, Turbine overspeed protection system reliability (EICSB and APCSB).
5. Target redundancy and independence (APCSB).
6. Inservice inspection (MTEB and APCSB).
1. ACCEPTANCE CRITERIA
Plant design and layout must satisfy General Design Criterion 4 (Ref. 1), which states that
structures, systems, and components important to safety should be protected against the

effects of missiles that might result from equipment failures. Specifically, in the areas
reviewed by the AAB, acceptability will be based on the following considerations:
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I11.

Plant design and layout in relation to plant vital systems or structures exposed to
potential low trajectory turbine missiles that may be ejected in t' event of a
destructive overspeed failure of any turbine-generator unit in the icinity of the plant.

Protection against high trajectory turbine missiles including: the total plant area
associated with a reactor unit's vital systems which are vulnerabl. o high trajectory
turbine missiles, the overall high trajectory turbine missile strike and damage prob-
ability of leading to consequences greater than the 10 CFR Part 100 guidelines, the
units within reach of potential high trajectory turbine missiles from more than one
turbine-generator, redundant overspeed protection systems, and the exclusfon of vulner-
able vital systems from high trajectory turbine missile target areas on the basis of
redundancy if the systems are sufficiently separated and isolated from each other so
that a singlc missile could not damage both systems.

The turbine overspeed protection system should be designed to limit turbine speed to
less than 130% of normal speed. There should be sufficient redundancy so that any
single failure in the overspeed sensing and trip actuation portions of the system,
as well as in the turbine steam valves, would not prevent the overspeed protection
system from operating.

The overspeed protection system should be tested frequently to confirm that all over-
speed detection and turbine trip actuation functions are operable. All turbine steam
valves (i.e,, stop valves, dump valves, etc.) which are used to reduce, divert, or
otherwise limit the steam flow that is available for driving the turbine into an over-
speed condition should be tested frequently. Where turbine design does not permit
frequent stop valve testing an equivalent means of assuring comparable valve reliability
should be provided.

Low pressure turbine disk materials, manufacturing processes and operating conditions
should conform to the recommendations of Reference 3.

REVIEW PROCEDURES

The reviewer selects and emphasizes aspects of the areas covered by this review plan as

may be appropriate for a particular case. The judgment on areas to be given attention and
emphasis in the review is based on an inspection of the material presented to see whether
it 1s similar to that recently reviewed on other plants and whether items of special safety
significance are involved. The review procedure involves the following:

L
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A review of turbine orientation and placement with respect to low trajectory turbine
misciles.

A review of the plant vital systems with respect to high trajectory turbine missiles

in terms of target plan areas, horizontal barriers, target turbine orientatfons, and
distances, If necessary, a structural damage acsecsment will pe made on the basis of
informatiun provided by the MTEB regarding turbine missile characteristics and from the
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SE8 regarding barrier penetration and spalling damage methodology using such techniques
as described in Appendix A (Ref. 4),

The reviewer should be aware of the following parallel work which may affect the turbine
missile evaluation:

1. The adequacy of structural turbine missile barrier design procedures are verified by
the SEB.

2. The fracture toughness properties of the low pressure turbine wheels are reviewed by the
MTEB.

3. The turbine overspeed protection system and its testing (including the turbine steam
valves) are evaluated by the EICSB and the APCSB.

4. The identification of plant essential systems to be protected against turbine r ssiles
is reviewed by the APCSB.

5. The description and analysis associated with the physical and kinematic properties of
postulated turbine missiles are evaluated by the MTEB.

References 6 through 8 provide general background on t! turbine missile problem.

EVALUATION FINDINGS
The reviewer verifies that sufficient information has been provided and that the rev

and calculations support conclusions of the following type, one (or a combination) of which
should be included in the staff's safety evaluation report:

1. The overall probability that turbine missiles could damage the plant and lead to con-
sequences in excess of the 10 CFR Part 100 exposure guidelines is acceptably low, so

that the plant essential systems are protected adequately against potential turbine
missile damage.

2. The overall high trajectory turbine missile strike and damage probability for the plant
is too high, and leads to potential consequences greater then the 10 CFR Part 100 guide-
lines. Additional protection against design overspeed high trajectory turbine missiles
is required to reduce the essential system target area so that the overall turbine
missile damage probability is acceptable.

3. The indicated turbine orientation and placewent exposes the (plant systems) to poten-

tial law trajectory or direct strike turbine missiles. Reorientation of the turbine

unit(s) or repositioning of the (plant systems) are required to reduce the probability
of destructive overspeed turbine missile damage to an acceptable level.
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APPENDIX A
STANDARD REVIEW PLAM 3.5.1.3

HIGH TRAJECTORY TURBINE MISSILE ANALYSES

STRIKE PROBABILITY ANALYSIS FOR HIGH TRAJECTORY TURBINE MISSILES

If various turbine internals (such as stator blade rings) did not offer any resistance
to turbine missiles, the missile trajectories would tend to stay within the plane of the
original wheel. In practice, failed wheel fragments can interact with various parts of
the turbine, and thus can be deflected away from the plane of the wheel. Tne limit of
angular deviation, &, from tne wheel plare usually is less for inner wheels than for the
end wheels., In this analysis, it is assumed that all turbine missiles are limited to
inner wheel deflections. This is a conservative assumption when analyzing high
trajectory strike probabilities because a greater departure from the wheel plane vould
spread the missiles over a larger target area, thus lowering the strike probability
density. It should be noted that there are significantly more inner wheels than end
wneels .

Denoting the solid angle described by the deflection angles 4 as 0o*, we can formulate
tne directional probability density as follows. Assuming a uniform distribution of
initial missile directions within the solid angle a*, the directional probability
density per unit solid angle, Pg , can be written as

df2 (1

P df) = —‘-1-'—

The incremental solid angle df2 can be expressed in terms of the missile elevation
angle ¢ as (see Figure 1)

ol e (Rd¢) (R cosp df) »ootb s 9 (2)

R

where R is an arbitrary radius of a sphere. The total solid angle is given by
n
o= —2- +4
% I(nwnznn sing)

"
¢= 7 S
Q= = 2rsin A

)2
where the 1/2 in front of the integral denotes that the locus of all eligible missiles
is confined to a surface above the horizontal plane.

(3)
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In order to define a directional probability density per unit elevation angle, we may
note the following. Tne probability of finding a missile direction within the
incremental solid angle df2 should be the same as the probability of finding a missile
direction within the angular increments dé¢ and d¢ which bound d2 . That is,

P 40 = p,(0.6) b ‘4
Applying Equations (2) and (3) to (4), we obtain

. .
pyl0.9) dp = T dhide (6)

Assuming a uniform distribution of initial missile speeds in the range Vl to v2. the
speed probability density per unit speed, oy (V) , 1s defined by

dVv

pylV) = v,V (6)

where

V,SVEV,

The compound probability that a missile will have an initial speed within V and V + dV,
and an initial direction within ¢ and ¢+dp, , 6 and 6+dé , is given by

cosp (7)

by IVIog (041 OVdp = G s AV

with the ballistic constraint that the corresponding missile strike range is given by

2
r= . o sin 2¢ (8)
9

Using the variable transformation

x = Vsin2¢ (9)

we nave from Equation (8) that

1 2
o= —2- ‘in" (-——rxg ) (10)
and
9

for which the Jacobian is given by

1
2\ 2 (12)
2r 1-(—’-‘-)
g

(d| =
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Using the Jacobian, the strike probability density per unit horizontal strike area, 2,
4 ' Yy Y

can be written as

by (V) p,.lo)dVde

where the incremental strike area dA is given by
dA = rdfdi
Applying Equations (7) 0), (11), (12), and (14) (13) we have

A 1 cOsp r
i = [ (222 ) (el ()
A V, -V, \ 2nsind [ 7 N /

which yields

v
wrax |

1 / | ) 1\ 1 ) \2 dy
e v wapresrall | Bamg COs| = sin' == | e
Va -V, 2n $ind /\ o7 ) 2 rg x2\?

J \ L 1 (__)
\ 9

Xeni

The values X, and X, represent the limits on X such that the target area dA at r
is struck. These limits are subject to change as the azimuth angle ¢ and distance r
to the target change due to the constraints imposed by the speed range x]. Vg and the

deflection angles 4 Tne variation of Xmax and X,, can be illustrated as

follows (Figure 2). Consider a qualitative graph of V versus ¢ as constrained by

Equation (8) for some value of r and @ . The graph segment AB represents the locus of
n

4
all combinations of V, < V<V, and y L RS -;—

target at r, ¢ as indicated in Figure 2. The variable x can be expressed as

\ '—'-‘f rg sin 2¢ (17)

[ts graph versus ¢ is indicated by the dashed curve in Figure 2, The graph segment C

which permit a missile to reach the

of X versus ¢ represents the range of corresponding values of X , such that in going
fron %l. ? 0 | 2 the variable X ranges from Xpax tO0 Xmin . In this
illustration, 1imits on X are dictated by the dynamic constraint given in

Equation (8). Tne limits can be expressed by

rg

X —\-/—‘_ X, vt V,

As mentioned earlier, the deflectior .fm\;lw, A represent an additional constraint whict
is 11lustrated in Figure 3 by the vertical line EF for a given azimuthal directior
In this case, missiles with speeds between Vl and %‘ cannot reach a target at r, ¢

since the necessary elevation angles below ¢ are not permitted by the constraint




Figure 2. Dynamic Constraints on @,
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Figure 3. Deflection Angle 4 Constraint on ¢,
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sind
E Y (19)
’ cosf

In this case, the limits on X are of the form

q . L af sind
Xmin = W Xmax = '9""2[‘5‘"305' ﬁ (20)

Considering the typical values of V]. vz. r,and 4 for turbine units on nuclear

power plant sites, it can be shown that the integrand of Equation (16) is a slowly

varying function near unity. Thus, an approximate solution of Equation (16) is
Xenax ™ Xmin

by = (21
(V- V,) 4nr? sina

Applying the limits in (18) and (20), we have

4 1 Sind . 1 e

ES f | —— > e = §I o (22)
fp —'7-—?—\,'\/2 iy Y or cos . > 3 5 sin v‘2
, [w 4/ sind ] rg
Jrgsm'.’ - - COS ) - om— ;
2 cosf v, .y Sind " R
Py = for vos i 73 sin V2 (23)

(Vy - V,) dnr? sinA |

Figure 4 shows a plot of Equations (22) and (23) versus target distance for a speed
range between 200 and 600 feet per second and several values of 6 , where a = 5°,

ESTIMATES OF THE PROBABILITY OF PENETRATION OF STRUCTURES BY TURBINE MISSILES

Estimates of the minimum reinforced concrete thickness required for preventing turbine
missile penetration can be obtained using the Petry equation described in Reference 1.
This equation is limited to estimating penetration depths in concrete. It does not
take into account the possibility of concrete spalling. Suitable safety factors should
be applied to the equation to account for spalling unless design features preclude
spalling. Figure 5 illustrates the thickness T required to prevent penetration at
various speeds, V, for various missile sizes and shapes (as characterized by the
parameter AP), where:

T = Minimum concrete tnickness,

V = Missile strike speed,
Missile Weignt
Ap = Sectional Pressure = Cross Sectional
Missile Area

The curves in Figure 5 correspond to 5500 psi concrete,
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STRIKE PROBABILITY DENSITY, PER SQ. FT.
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Figure 4. Strike Probability Density Verus Distance from Turbine
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MINIMUM CONCRETE THICKNESS T, FT.
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Figure 5. Minimum Concrete Thickness Versus Missile
Speed for Various Mz~
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The closed boundary areas indicated in Figure 5 represent the variation in missile speeds
and missile orientations corresponding to several different examples of turbine missiles
(Areas A, B, and C). It can be seen that for a given missile spead, the variation 1in

thickness can

sectional pressure A. can be considerable, so that a consideraoie concrete
» ¢ ’

be required to eliminate any possibility of penetratior
Considering the randomness of ssile orientation, it is possible to introduce the

concept of penetration probability, P., by assuming that the variation in AL, and thus
A} . ¥

in T, is uniformly distributed between the minimum and maximum values for a particular

turbine, We may write with respect to each type of turbine that

Tmax - T

T max - T min

where T”" and Y‘d correspond to concrete thicknesses defined by the extreme values of
the closed boundaries in Figure 5. Application of Equation (24) to each of the three
turbine examp!es in Figure 5 yields penetration probability curves such as those shown
in Figure 6, Note that this repre: nts an example where measures have been taken to

preclude spalling.

“Prebability o« Damage to Nuclear Components Oue To Turbine

Failure," Nuclear Safety, Vol, 14, Ho, 3, May-June 1973
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Figure 6 Penetration Probability P, Versus 5500 PSI
Concrete Thickness B on a Uniform
Distribution in Missile Orientation
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