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MISSILE ENERGY ANALYSIS METHODS
FOR NUCLEAR STEAM TURBINES

FOREWORD

This report compiles in one central source all of the current theory,
assumptions, and procedures used tg determine the dynamic properties of
a hypothetical missile resutling from a posturlated bursting of a steam
turbine rotor or disc. This report is divided into three parts:

A. Turbine Destructive Overspeed and Internal Missile Energies
B. Missile Energy Absorption in Nuclear Low Pressure Turbines
C. Missile Energy Absorption in Nuclear High Pressure Turbines

Data that is output from the report procedures includes:

o Disc internal energy properties at burst

o Disc and cylinder fragment energy properties exiting from the
turbine

o Geometric parameters describing the missile fragments.




Parts A, B and C of this report and the data output are schematically

connected as follows:
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The above combined with the results from a probability anal,sis (the
procedure, when investigating stress corrosion cracks in nuclear stean
turbine is obtained in topical report "Procedures for estimating the
probability of steam turbine disc rupture from stress corrosion
cracking", May, 1981) comprises a complete package relative to turbine
missile analysis and probability.




INTRODUCTORY NOTE

Each part (A, B, or C) of this report is written such that it can stand
alone as a separate report. Each part has its own independent table of
contents, nomenclature, references, appendices, and internal section and
figure numbering systems. The user is therefore cautioned that when
using a specific part of the report, any references to figures, section
numbers, etc. apply only to the content of that part of the report
unless specified otherwise.
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PART A
NOMENCLATURE AND UNITS

All nomenclature used in this part are defined as they appear in the
text. Equations as written in this part are based on a system of units

that are defined as follows:

TERM UNITS

[ ]b dimensinnless
Energy and work ft-1b

Weight density 1b/in*
Material temperaure correction, T: dimensionless
Velocity ft/sec

[ Jb dimensionless
Strength or Stress 1b/in2

Mass center ratio R in.

Kinet:c Energy ft-1b

Moment of Inertia I ind

Length, thickness, distance, radius,diameter in

Angle radians (as noted)
degrees

Area in?

Gravitational constant, g 36 1’n/sec2
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[ntroduction

In Part A the kinetic energy of external missiles that hypothetically
could result if a turbine rotor were to rupture at normal speed, design
overspeed or at destructive overspeed is calculated for units in nuclear
power plant service. This part covers the theory and procedures for
calculating the kinetic energy of the postulated rotor fragments before
any interaction with the turbine stationary parts.
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1.1

1.1.1

Initial Energy of Fragments of Turbine Discs and Rotors
Initial Energy of Fragments of Disc Type Elements

The kinetic energy of disc fragments depends on the weight of the
fragment and the translational and angular velocity of the
fragment. Since turbine discs are not designed to fail in
certain sizes nor at certain speeds, some assumptions must be
made as to the size of the fragment and the speeds of fzilure.
The following discusses the assumptions and rationale behind the
calculating of the factors involved in the kinetic energy. Once
the factors are determined, tne energies are calculated by the
standard formulas of mechanics.

Fragment Size

Predetermined sizes of a failed turbine rotor disc cannot be
predicted. There are no large cuts or planes that are substan-
tially more highly stressed, on the average, than others. A flaw
perhaps due to adverse operation or hostile environment, for
example, develop at a location of metallurgical weakness, but
such a site will be randomly located.

Depending upon the cause of failure and influenced by the disc
design, there is a greater tendency for discs to fracture into
approximately 180°, 120° or 90° segments than any other sizes.

Two modes of failure are possible - brittle fracture and ductile
failure. A brittle failure will occur at gross section stress
well below material yield strength if the stress intensity at the
tip of a crack or flaw exceeds a critical value. A ductile
failure will occur in the absence of any flaws when the gross
section stress exceeds the material nominal ultimate strength.




]b

Westinghouse low pressure turbine discs for nuclear application
contain
[

12 As a result of a hostile environment
( | ®orf
left undetected these [ ]b could lead to
[ 1° type failure.

If there is only one crack of critical size and many cracks of
subcritical size there is a good probability of [ ]b
Once one plane is broken, the [ ® away in the bore will
be maximum and may be high enough to cause additional cracks to
propagate. Tho subsequent [ ]b segment rotating about a new
point will have a tendency to refracture into [ ® segments,
although the tendency is not as strong. Depending on the profile
of the disc, once one plane is broken the bore stress for a large
part of the periphery will exceed the material ultimate, so that
even in the absence of a crack, ductile failure may occur.

b £
Initial energy calculations show that [ ] sectors
always have greater energy than [ ]b sectors. The greater
impact area of the [ ]b fragment also makes it a less critical
missi.e. Therefore only the [ 1° are used for
routine penetration calculations.

1.1.2 Fragment Weight
The major factors determining fragment weight are
( 1® These

factors are easily determined. A secondary but substantial
factor, is the [ 1

A6
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The typical blade has its greatest potential for failure from

direct [ ]b, just above the [ ]b or in
the [ 1° just below the [ 1® of the blade.
Occasionally a [ Jb blade of a Tow pressure turbine will have
its maximum [ 1P at a point considerably above the

[ P

It is entirely possible that the blade may fail from direct
stress at a [ P, A
criterion to estimate failure from direct stress has been esta-
blished. This criterion does not consider the effects of [ -
]b the assumption being that the speed increase
is sufficiently rapid that a significant amount of [
1® does not occur before the [

]b

As turbine rotor speed rises toward destruction, the maximum
direct stress reaches the tensile yield point and the blade
begins to experience permanent growth. This permanent growth in
turn causes an incremental increase of direct stress for the same
speed.

The blade materials, whether machined or forged, exhibit a
sufficiently high rate of [ 1° that this
incremental stress does not cause a further increase of blade
growth. Therefore, a further increase of speed is required to
cause additional growth. Test cases calculated for a long blade

indicate that a [ 1° is not likely until the
maximum stress is very near the material nominal

[ 1° While the plastic growth is sufficient to
destroy the [ ]b, this may be neglected for

simplicity since it is a very small fraction of the total blade
mass. A small blade also will show no tendency to

( 1° until the base stress is very near the

[ 1° Therefore, the [
corrected for operating [ ]b was chosen for the failure
criterion.
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1.1.3

Typically the only blade row which might suffer blade loss before
disc failure is the [ 1° of the LP and then only for some
of the possible blade [ ]b Under the system of
reporting missile energies based on the lowest failure speed of
all discs in a unit, the retention of the bladec on a disc
increases the fragment energy at failure speed while decreasing
the failure speed of the particular disc. Loss of the blades in
a row reduces fragment energy while increasing failure speed of
the disc. In most cases to date, the [ 1® does not
control unit failure speed. In these cases, predicting blade
retention is conservative from the point of view of reporting the
highest energy missile. Since, once the value of destructive
ovespeed is established for the unit, disc fragments with blades
have higher mass and hence higher internal energies than those
without blades. Accounting for biade loss is beneficial from the
point of view of the protection designer, giving a lower energy
missile. Fortunately the demarcation is very clear based upon
the blade materials used.

Fragment Mass Center

The geometric factor affecting the determinatinn of the transla-
tional velocity of the fragment is the location of the potential

[ 1° while the disc is still intact. The
current practice is to calculate the [ ]b with e
blades [ ]b This is chosen since this is the condition

at the instant of initial fracture.

Almost instantly after fracture, and before a 180° sector could
break into 90° sectors, the rotating blades will contact the
cylinder rings. This impact is presumed to absorb substantial
energy from the fragment, both translational and rotaticnal, due
to blade deformation and friction while also reducing the rota-
tionul inertia. Data presently available to Westinghouse does

[ ]b during deformation of the
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1.1.4

blades. Indications are that friction primarily stops rotational
motion wh' ie imparting minor damage to the containing cylinder.
It might be assumed the blades are bent over with little strain
energy involved, therefore the conservative assumption with free
flight is that the major mass impacts the cylinder with the
velocity of the mass center at the instant of fracture

[ 1® and the moment of secondary fracture
[ 1
Velocity

As explained in (1)" a disc fracturing first into [

1® a short time after the initial burst.
The time interval is that required for a fast running ductile
fracture crack to run from the inside to the outside of the

disc. The resu'tant velocity of [ ]b is
higher than the veiocity of the segment before any fracture.
This is due to rotation of the [ ]b about its mass-

center during the refracturing phase. See (1) and Appendix B.
The usual analysis is only true however if the disc fragrent is
in free flight. In the turbine, both rotation and translation
are hindered almost instantly after the initial fracture, the
internal clearances being very small compared to the distance
traveled in free flight [ 1® Since
the events in this interval are [ 1° the
full value of the velocity augmentation is used as if the
fragment were in fr-e flight, yielding conservative values.

*Refers to reference numbers at the end of this part.

A9




1.1.5

1.2

If the assumption is made that fracture is into [ 1P
no velocity augmentation occurs. Fracture may be assumed to be
simultaneous or not, for if one sector comes out the remaining

[ 1® will cecatin.e to rotate about the rotor center
until the second fracture is complete, at which time the two
fragments will behave as the original.
The analysis applied to [ 1P
segments can be generalized to study the breaking of any initial
size into smaller sizes. See Appendix B.

Disc Rupture Speed

For the purpose of calculating initial fragment energy a disc is
presumed to have failed at lwo speeds where there would n:*
normally be a failure. These are chosen because of the high
probability of the turbine being at those speeds. One, of
course, is running speed. The other is the design overspeed,
i.e., that maximum speed which the turbine is expected to attain
if the Overspeed Protection Controller fails, so that the unit is
tripped by the emergency trip devices. This is normally [ 10

of running speed. [
]b

The third speed for which energy is calculated is that at which

[ 12
and is therefore the limit of disc strength. The bursting speed
of each disc is calculated. Upon failure of the disc with the
lowest bursting speed, further acceleration of the unit is
assumed to halt. For purposes of analysis, all discs in the same
unit are calculated at the lowest speed of the unit.

Initial Energy of Fragments of Rotor Type Elements
As with disc type elements, the initial energy depends on the

weight and translational and angular velocity of the fragment.

Al0




1.2.1

1.2.2

The following discusses the assumptions and rationale ber‘nd the
calculation of the factors involved in the kinetic energy. tor
the most part, the reasoning parallels that for discs. Some
differences exist because of the differences between discs and
rotors.

Fragment Size

With a rotor type element specification must be made for the
length of fragment and its sector size. [ -

]b Based on those fracture patterns, it is assumed that
the HP rotors will [ ®
extending from the centerline to the end of the main body.

The double fiow HP rotors are similar to LP rotors except tiat
the length of the center portion is considerably longer. There
may be a tendency therefore for the rupture to leave the center
section [ ]b The judgement has been made to include a
[ 12 with the rest of the rotor for two
reasons; a) [

Jb

Fragment Weight

The fragment weight is a function of the same factor as is the
weight of a disc fragment. The rotors dealt with in this work
were for HP turbines. Since the HP blade direct stresses are low
compared to the ultimate, prior failure of blades was not consi-
dered. Should the occasion arise, however, the adjustment can be
made as in the disc type elements.




1.2.3

1.2.4

1.2.5

1.2.6

Fragment Mass Center

The radial position of the mass center is determined, as with the
disc elements, with blades upright.

Velocity

The velocity of the mass center is calculated as for a disc
element. [

Rotur Rupture Speed

For the purpose of calrulating initial fragment energy, a rotor
is presumed to have failed at running speed and design over-
speed. [

Fragment Energy

Fragment energies are calculated at running speed and design
overspeed. The energy i5 not calculated at rotor burst speed
because this is above the theoretical speed the turbine can reach
with all throttle, governor, interceptor, and reheat stop valves
failed in the wide open position on a full load trip. The energy
is calculated at LP burst speed but not used for penetration
calculations because the combined probability of reaching that
speed and having a brittle burst at that speed is sufficiently
Tow.
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2.0

2.1

2.1.1

Calculation Procedures

HIGH PRESSURE (HP) Turbine Destructive Overspeed and Missile
Energy

The rotor of an HP turbine for nuclear application must be
analyzed to determine the size and energy of missiles that would
result in the unlikely event a rotor would burst at running speed
or design ovcrspeed. The speed at which the rotor would burst
must also be determined.

The rotor, containing all its blades is assumed to burst such
that the body of the rotor
[

12 through the diameter. Each [ 12 also
bresks in half at the plane of symmetry. The fracture process is
assumed to occur in [ 12 similar to that of a disc (see
Sect. 2.2) s0 that there is gain of velocity on two of the
[ 12 on each end. See Figs. 1, 2 and 3 for various typical
geometries of HP rotors. The heavy lines indicate the

[ o

The criterion by which the failure speed is determined is the
speed at which the
(

12 For this purpose the material maximum ultimate strength
is estimated for the grade of material from data covering the
rotors manufactured of that material.

Rotor Average Tangential Stress
In order to determine the averag: stress the total outward
centrifugal force from the blading and rotor body forces must be

calculated. In the same operation the radial location of the
quadrant mass center may be calculated.
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2.1.2 Reaction Blade Properties

From HP rotor information

tabulate on the worksheets, Fig. 4, the

blade style, number of blades/row, height at exit edge, mean
diameter at exit edge, shroud angle and platform angle. If the

blade has a [ 12, use for Dy the rotor diameter at the
inlet side of the blade. There is no Do‘ If the blade has a
[ 13, use for Dp the "Nom Rotor Dia" under the

blade and for D, the rotor diameter at the inlet side of the
blade, neglecting the undercut fillets. See Figures 5A, 58 for
examples of geometry.

From the tabulated data the remainder of the data may be calcu-
lated.

Calculate the following data and enter on the worksheet.
Claue mean height

Hy = Hy + 172 W, (tan 8
Where 0

p - tan 8)

p andos are positive as shown.

Blade mean radius

Rp = 1/2 By - 1/4 W, (tan g  + tan 95)

P

Shroud mean radius

Rg = 1/2 (Dg + Hg ~ Wy tan 0g) *+ ¥g

Shroud weight/row

Al7
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ELD WT/ROW (LBs) Wh
BLD WR/ROW (N -tBs) WRp
SHRD ARE A (N2) Ag il T
SHRD Y (IN) Y ¢
SHRD MEAN RAD (IN) Rs
SHRD WT/RCW (1BS) Ws
SHRD WR/ROW (N -1BS) WRs
PLTFRM AREA (IN2) Ap :
FLTFRM MEAN RAD (N) _FRp |
PLTFRM WT ROW (LBs) Wp
PLTFRM _WR/ROW (IN-LBS) WRp

ROOT STEEFLE WT/ROWLBS ) Wp

ROOT STEEPLE wﬁ/aowmvaswﬂi
IWT/ROW L8s) Whi :
{wﬁ/Rf)w (IN. - LBS) WRhi

IWT (ROWS THRU

W

IWR (ROWS___THRU____) wﬁh-

BLADING CF(ROWS THRU )CFb-

R rsianlic

Figure 4
HP TURBINE BLD DATA WORKSHEET
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Shroud WR/row

WRe = W Rg

Blade weight/row
2 a

Wy = [ ]

Blade WR/row

HRD = Hb Rb

Platform properties

h2 + hh, + h22/3

y = — 12 where h, = B_ tan g

p ¢h, +h, P p

1
h1 = 1/2 (De - He - DR) - h2

'

Rp = 1/2 DR + yp

Ap = (172 hy + hl) Bp
Platform weight/row
Wy = [ 18

Platform WP/row

HRp - Hp Rp

If the blade has a [ ]2 the additional properties
for the blade root ard rotor steeple combined material must be

calculated.
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2.1.3

Root-Steeple weight/row
a
Root-Steeple WR/row
WR,. = 1/4 (Dp + Do) W,

Sum for each row the components of weight and WR. Sum also the
weights and WR of all rows.

Blading CF = K; ] WR where Ky = 1/g N (/3002 = [ 1% at N
1800 RPM (see Sect. 2.1.3 for inclusion of loading from control

stage). Use N in RPM and gravitation constant g in 1n/sec2.

Control Stage Blade Properties

The information for the [ ]2 may be found from HP
information. The exact calculation is carried out the same as
for the [ 12. A modification is made for the

[ 12 type assembly, where the entire portion of

rotor ahove the bottom of the groove is treated as if it were
cut, the same as for a sice-entry root. No credit is given to
the rotor fingers for carrying tangential stress because of the
pin holes. See Figures 6A, 68 for examples of geometry.

A satisfactory approximation can be made by considering the row
to be composed of two or three rings of material. Calculate the
weight and WR for each ring by adapting the equation for the
root-steeple and summing the quantities for the row. Include the
data as one of the blacde rows on Fig. 4. This approximation
assumes that the blade is solid up to the mean diameter and
missing above that.
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Figure 6A
CONTROL STAGE WITH SIDE ENTRY ROOT

Figure 68
CONTROL STAGE WITH TRIPLE "IN ROOT
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2.1.4 Rotor Properties

On the rotor drawing, mark off section of the rotor of uniform
diameter, disregarding small reliefs and appurtenances. Include
all of the rotor from the centerline to the end of the main
body. Where the rotor has [ 13, the sections may
usually extend from the exit side of one row to the exit side of
the next, except where there are changes in rotor diameter
between rows cr extraction zones which interrupt the blade

path. In that case adaitional sections are added as required.
See Fig. 7.

For rotors with [ i@ the sections may extend

from the exit side of the reiief on the exit side of the blade to
the same point on the next row, disregarding the small reliefs.
Additional sections are added as necessary. Material not includ-
ed as part of the blading is included as rotor. For convenience,
the outer diameter (0D) of a section *ith a blade may be the
rotor diameter ahead of the blade. For sections with tapered 0D,
the average diameter may be used.

Tabulate the width and outer and inner diameter of each rotor
section on the worksheet, Fig. 8. For sections with blading, add
to the table, the rc  weight of the blading.
For each section calculate the required properties.

Wpi = [ ]3

1; = 1/24 B4 (0;3 - 0g?)
For each section determine X;, the distirce from the axial

centerline fracture plane to the cente  of the section. Multiply
each section weight or sums of weight by its X and sum the whole.

A23




Figurs 7A
DIVISION OF ROTOR WITH “T” GROOVES
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Figure 78
DIVISION OF ROTOR WITH SIDE ENTRY GROOVES
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HP TURBINE ROTOR DATA WORKSHEET
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2.1.5

On a rotor with [ 12 the area calculated above is not
all capable of carrying tangential load. It is necessary to

deduct the area for the [ 12 provided to
permit blade roots to be inserted into the [ ]4.
[

]2 See Fig. 9 for the dimension of the root and slot. The
net area is found by deducting from the gross area A; the
required quantities. Obtain Ag from Fig. 8.

i=1,3 5..1=1, 3, 5..

L Ari
i=24,E%6...

Avg = Ag - 2] (Tyeq) - 172 (T4 - ag) (Dyyy - Dy)
=28, 6...1=2,48,6...

3 Ari
i=1, 3 8.

Net effective area Ay is the lessor of ANl and AN2‘

Blade root areas, ard entering slot side widths T (See Figure
9A) may be entered in the table, Fig. 9B for ease of use.

Rotor Average Tangential Stress

Calculate the average stress in the rotor due to blade forces and
rotor body forces.
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Figure 9A
TYPICAL “T" ROOT ROTOR GROOVE
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2.1.6 Rotor Bursting Speed Ratio

The ratio of bursting speed to running speed is

( ]

where g, 1 = rotor material specification minimum
ultimate strength, psi
oyer = 1
SULT = [ ]a
T. = material temperature correction, Fig. 10.
Estimate the temperature as the [ o
and exhaust temperature.

C

2.1.7 Rotor Fragment Weight, Velocity and Kinetic Energy

The weight, velocity of the mass center and kinetic energy of a
90° sector fragment are calculated at various ratios of speed to
normal running speed.

Fragment weight Wgy = 1/4 (Total Rotor Weight) 1b. from Table,
Fig. 8.

[ r
( r

* [ 12 Some units have a
higher value, the correct value should be determined.

**Cyrrent practice is to calculate the HP rotor at the lowest
failure speed of all the discs on the associated LP.

wg * 188.5 Rad/sec for 1800 RPM
Ky‘[ ]a
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Tw
® = §5000
1 = average radial thickness of main body of rotor
(see Fig. 7a).

I
Kinetic Energy KE = [ 4
Report these values on the report sheet, Fig. 11.
2.1.8 HP Rotor Missile Geometry

The areas and lengths of certain views of the hypothetical HP
rotor fragment are reported to the customer. Other dimensions
are used to determine the affect of the rotor fragment on the
turbine cylinder.

The geometric properties of the rotor fragment that are to be
reported are shown in Fig. 12. The definition of additional
dimensions needed to calculate the reported properties are shown
in Fig. 13. Figure 14 may be used as a work sheet.

The nature of the ultimate use of the data permits a substantial
simplification in the description of rotor geometry. The areas
required are defined by drawing an envelope around the major
rotor features. A slightly different approximation is used for
areas A; and Ag.
( Y.
[

12 The
area calculated is the plan view area. [

]2 The length of this
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N

(1.) 'I%T = HP rotor
N¢ N

{Z.) “w " (Lowest ¥ of LP Discs) (Disc No. s S0, )
Ne N

(3.) wv ° (Highest T of LP Discs) (Disc No. . 5: 0. )

90° SEGMENT MISSILE

WE IGHT = 1= y = .

,'}3 = 1.0 v = Ft/Sec KE = x106 Ft.Lb.

1'}5 = 1.2 vV = Ft/Sec KE = x106 Ft.Lb.

- V = Ft/Se KE = 106 Ft.Lb

wo— 3 C l . -

*Calc. for Item (2) Above

Figure 11
HP ROTOR INTERNAL MISSILE ENERGY - REPORT SHEET
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Figure 12
HP ROTOR MISSILE GEOMETRY - REPORT SHEET
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area is usually defined by the relief between the control stagc
and the reaction blading. On rotors where there is no relief,
the length would include the seal turn under IC out to the step-
up. The area calculated is the developed area of the cone
segment and represents the impact area on the blade rings. The
side areas A, and A, are a mix of the outlines used for A, and
Ag. The tapered area is the same as defined by Ag. The relief
between control and reaction stages is accounted for since no
material packed into this space would support an impact.

Figure 13 defines the rotor in simplest terms; the calculator may
need to increase the complexity to suitably describe the rotor.

Definition of HP Rotor Fragment Dimensions (see Fig. 13).
After calculating the following they are entered on Figure 14.

Ly - Overall length, inches

Ly - Axial length of reaction blade portion of rotor, inches
L3 - Slant Tength of reaction blade portion of rotor, inches
Lg - Overall length less central portion, inches

Lg, Lgs Ly - Component lengths, inches

Rl - Rotor radius at exhaust end of main body, inches

Ry, - Rotor radius at base diameter of control stage, inches

R3 - Rotor radius at inlet end of main body or reaction blading,
inches

Rgq - Rotor radius of relief, inches

Rg - Rotor radius of central portion, inches

Rg - Rotor bore radius, inches
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Figure 13
HP ROTOR MISSILE GEOMETRY - SYMBOL DEFINITION SHEET
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HP TURBINE MISSILE GEOMETRY - WORKSHEET
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Calculated Properties
W, = 2 Rl sin 45°

L 8

sin 45°

calculated from mass distribution data, see Sect.

Low Pressure (L¥) Turbine Destructive Overspeed and Miss:ile

Enerqgy

The rotor of an LP turbine for nuclear application must be

inalyzed to determine the size and enerqgy of missiles that would

result in the unlikely event a disc would burst at running speed

or design overspeed. The speed at which the discs would burst

must also be determined.




2.2.1

The rotor discs are [

1® along radial planes containing the
centerline. In the case of [ ]b. the disc is assumed
to first [ 1® and then [ 1 in
rapid succession. This is based on observations of the failure
process of small test discs. As a result of the two step process
and the finite crack growth time, two quadrants, diametrically
opposite have velocity higher than the other two quadrants.

fhe criterion by which the failure speed is determined is the
speed at which the disc [ 1® equals the

( 1® For this purpose the material
maximum ultimate strength is estimated for the grade of material
from data covering discs manufactured of that type of material.
In the case of [ 1°, the material throughout is
assumed to have the strength of the hub area.

Disc Average Tangential Stress

In order to determine the average tangential stress (o,r) the
total outward centrifugei force from the blading and disc body
forces must be calculated. In the same operation may be calcu-
lated the factors from which the radial distance of the sector
mass center from the center of rotation is determined.

Calculation of the failure speed of a disc is a several step
process. The -~y of a disc is dependent upon speed and the
presence or absence of the blades or part of blades. Current
practice is to calculate the [

1° and then reduce the centrifical (CF) loading and
system mass accordingly for all speeds above that. In the case
of discs with several rows of blades, [

]b, thereby

raising further the final failure speed. On the other hand, the
disc may fail before [ ]b
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2.2.2

2.2.2.1

The criterion by which a [ 1® is when
the maximum direct stress in [ ]b at point
of fixity equais the material mean ultimate strength.

Blade Properties

t.r each row of blades, seven pieces of information is normally
needed.

Maximum direct stress (psi).
- A CF of row of blades at radius >f maximum stress (1bs).

3. Weight of row of blades above radius of maximum stress
(1bs).

4. CF of row of blades at bottom of platform. Usually for
this the CF at point of fixity may be used (1bs).

5. Weight of row of blades above bottom of platform (1bs).

6. B'cde material designation.

7.  Blade operating temperature (°F)

Enter this information on rotor blade data sheet, Figure 15.
Parallel Section Blades

Parallel section blades used in LP turbines normally have a

[

from blade center to blade exit. Typical characteriscics of

turbine blades, for example, blade style, number of blades/row,

height at exit edge, mean diameter at exit edge, shroud angle,
and nominal rotor dismeter and tabulated on Figure 4.
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from the tabulated data most of the remainder of the data may be
calculated.

Calculate the following data and enter on the worksheet.
Blade mean height

a
Hm=[ ]

Blade mean radius

= a
Ry = [ ]

Shroud mean radius
Rg = 1/2 (Dg + Hg - Wy tan 6¢) + y¢
Shroud weight/row

= a

Wg = [ ]
Shroud WR/row

WR = Wg R
Blade weight/row

- a
Wy = [ ]
Blade WR/row
HRb - Hb Rb
Platform properties

]a

-
il
"
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R, = 1/2 (DR + h)

P

Ap = h Bp

Platform weight/row

My = [ r

Platform WR/row

dRp = Hp Rp

Root - Steeple weight/row
" a
W = [ ]

Root - Steeple WR/row

HRF = 1/4 (DR + Do) Nr

where Do is taken as the effective outside diameter of the disc
area abfe to carry tangential stress. See Sect. 4 g

sum for eacn row the components of weight and WR. Calculete row
CF. Enter the data on the blade data sheet, Figure 15 and disc
work sheet, Figure 16.

Calculate the direct stress due to CF at [
[ o

Calculate direct stress due to CF in root below [
[ o
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LP DISC INTERNAL MISSILE ENERGY - WORKSHEET - REPORT SHEET

DISC PROPERTIES
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where A, is the area of the root at the point of fixity.

The failure speed ratio is determined by:
[ r

where o 1 is the blade mean ultimate strength at operating
temperature and oy is the larger of o or op. Enter this value
on Figure 15 and Figure 16.

B Tapered Section Blades

Calculate WRg/row for [ )18
[ 12
where Ky = 1/g (M /30)% = 92.048 at N = 1800 RPM.
Calculate the weight and WR for Root-Steeple as in
Section 2.2.2.1. Enter the weight and WR data on Figure 15 and
Figure 16.
Calculate the failure speed ratio
L ]2

as in Section 2.2.2.1 except examine the data for the possibility
of a direct stress being greater in the [ 12 at some
other radius than the base.

If the maximum stress is in [ ]2, then on the disc
worksheet enter a second line for N/N, > Ng/N, for which weight
and HiB is zero. If the maximum stress is at the [ 12 or

higher, enter a second line for that row for which:
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2.2.3

Wy = Wg/row - (Weight per row of lost portion)

[ o

where CF* is the CF force of one blade at radius of failure.
Since it is assumed that failure does not occur in the steeple,
the weight per row and WR per row of the Root-Steeple is added in
1 1 to the disc and remaining blade values.

Disc Properties
The disc properties needed are:

1. Cross section stress area, Ay
Disc weight W,
Second moment of cross section area about axis of rotation
- usually termed I
Disc free bore average tangentia. stress, IAT _
S, Disc product of weight x radius to center of mass, HRD

Some of these properties are related.
WRp = y{2n )1 where y is the material density, [
( ]2

Much of the data may be available for previously designed
discs. For the purpose of the missile calculation it wall be
assumed the stress is [

14, therefore the full dimensions must be
used. This also assures that the full weight will be used. For
simplicity small lips at the rim and hub and small undercu*s may
be disregarded. For the seal lip this is offset by some energy
being absorbed in shearing it off that is not accounted for.
Larger seal 1ips should be included for weight and stress area,
etc.




2.2.4

The outside diameter of the disc stress area is taken at the
bottom of the [ 12 except in the case of multiple
blade row discs where the outer diameter of the disc beiween the
steeples may be used if the difference is small.

Enter the disc free bore o,y, tangentiai area Ay, disc weight and
WR at the tcp of Figure 16.

Disc Average Tangential Stress ant jursting Speed Ratio
The component of disc stress due to blade and steeple loading is:
[ ¢

using corresponding values ¢: WR. Enter the data on the work-
sheet.

In the third_zone of the worksheet, show the disc total o7,
weight and WR that wo.ld exist for the various speed intervals
defined by the successive failure of blades on the assumpticn
that the disc has not failed.

Calculate mass center radius:
R = Total WR/Total W

For the same line, calculate the speed at which the disc would
fail if no change of blade loading occurs.

where o, r = disc material specification minimum ultimate
strength, psi, see Table 1.




2.2.8

T. = material temperature correction, Figure .0.

Disc average temperature is estimited as the average of

[ 12 for all discs except the
last. For the last disc, the exhaust side temperature should be
the [ 13, This is [ 12 for nuclear
units.

TABLE 1

DISC MATERIAL SPECIFICATIONS

Material Min. oy 1, Psi Material Min. oy 1. psi
B [ 2 F 1 12
B [ 12 P [ ) o
c [ 2 Q ( ]2
D [ 2 s [ y
E [ 2 T [ »

If the failure ratio for this disc is lower than that for any of
the blades, the disc is assumed to fail with all blades ° “tact.
[f the failure ratio for the disc is nigher than that for one or
more rows of blades, the blades are assumed to fail before the
disc when loaded as calculated. It is then necessary to remove
blade loading assumed lost and determine disc failure again,
repeating the process until the true disc failure speed is
determined.

Disc Fragment Weight, Velocity and Kinetic Energy
The weight, velocity of mass center and kinetic energy of sectors

of 90°, 120° and 70° included angle are calculated at various
ratios of speed tu normal running speed.
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For the three sizes, enter *1e weight of the disc fragment at
running speed (N/N, = 1.0), design overspeed [

J@ and, disc failure speed from Section 2.2.4, accounting
for the possible loss of blades before the speed concerned.
After all of the discs of a given unit have been finished, the
lowest failure ratio from all the discs is used as a common value
for all discs and the correspcnding energy determined.

For 90° dis. fragment
Wgo = WrgraL/4 (1bs.)
[ P
Voo = wxv§/12 ft/sec
w = 1.0wy, 1.2 w, etc. as defined above

188.5 Rad/sec for 1800 RPM

wy =
[ 2
8 = 1u/65000 rad
1 = radial thickness of disc stress area
[
[ 2

For 120° disc fragment

Wi20 = WroraL/3 10




2.2.6

vlzo - nyZO/IZ ft/sec
s 2

For 180° disc fragment

Wigo = Wrora /2 10

yigo = [ 1

Vlao - wy180/12 ft/sec.

2
KEygg = 1/2 (1/32.2) Wygy Vqgo® ft-1b

Summarize the missile information on the LP Turbine Internal
Energy Summary, Figure 17.

LP Disc Missile Geometry

The areas and lengths of certain views of the hypothetical LP
disc fragments are reported to the ~ustomer. Th~ geometric
properties of the disc fragment to be reported are shown in
Figure 18.

The dimensions of the missile are based on the following assump-
tions:

1. The outside radius of the missile is equal to the
[ 12 radius on single row discs and the average of
[ 12 on multi-row discs. Also enter Missile
Quter Radius on Figure 16.

2. The disc, even if asymmetric about the center plane of the

disc web, is symmetric (by using [ 12 and
adjusting positions).
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Lowest Frame Burst Speed

®. -

Disc No. End LP No.
Greatest Internal Energy at Frame Burst Speed
Disc No. LP No. | End | Weight Velocity Energy I Disc. Temp.’
LB Ft/Sec Ft-Lb x 1076 OF
£ 3 _ RIS
2
’, -— — - c— {_ ctm—
13 -
4
5 —
| 6
Greatest Burst Speeds and Energy
ek ¥ CommerLn - : At Burst —— ——— oy
Disc No. N¢ LP No. End = Weight Velocity |  Energy Disc Temp.
NO. | | | b Ft/Sec Ft-Lb x10-6 OF
| | |
4 |
i 3 N . . 2 B
4
| § ( .
+- 1 fan e +
&0 e il Lo i
Note: The discs listed under "Greatest Internal Energy at Frame Burst Speed"
do not necessarily generate the greatest external missile due to
differences in cylinder structure.

Figure 17

LP TURBINE INTERNAL MISSILE ENERGY - SUMMARY - REPORT SHEET
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The dimensions to be reported are:

N =
LM =

A1=

>
~nN
'

>
“w
U

chord length of sector at outside radius. (in.)
radial length from IR to OR, i.e. from disc bore to
blade base radius. (in.)

area of view of rim = W x rim width. in°,

The rim width is determined as follows.

Case 1: For discs with lightweight sealing areas that
are less than [ 12 in radial thickness next
to the steeples, the ~im width is taken to be the
steeple width or the total width across the steeples
on multi-row discs.

Case 2. For discs with heavy sealing areas that are

greater than [ 12 in radial thickness next to
the steeples, the rim width is taken out to that width
where the radial thickness equals [ 13, This

rule is approximate and may be adjusted either way as
the case warrants.

area of a side view shadow projected onto a plane
parallel to the bisecting plane of the sector. (in?)

For 90° and 120°, area of a section plane that is
tangent to the disc bore and perpendicular to the
bisecting plane of the sector. For 180°, area of a
section plane through tle diameter plus the projected
area of the disc bore on the section plane. (inz)

area of a section plane showing the tangential face of
the disc. A, is the same for all sector sizes. (in)
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Appendix A

Position of Mass Center of Sector

The disc profile may be divided into a number of thin circular arcs of
£l radial thickness s, thickness through the plane b; and mean radius
Ry The arc size of pieces of a sector is 2a. See Figure Al.

For a single thin ring of radial thickness t, width b, mean radius R and
) arc size 2a, the position of the center of area on the plane face and
thus the CG of the mass is at

— si
R SIn a

y =

a

The weight of a single section is
W = 2aRtby

Using the technique for finding the center of mass of a composite
compute Yas follows:

® where I is recognized as the second moment of area of the tangential
face cross section and S is the first moment of the same area, both
about the center of the disc. See Figure A2.

Y The value 1/S(=R) can be i“entified as the radius of a thin ring whose
sector will have the same mass center as the disc sector. It must be
distinguished from the radius to the center of area of the tangential
face which is
. M

. ) Ritib

i
R

gt o
A Ttb A




Figure A1
RADIAL DISC SECTION

Figure A2
DISC INTEGRATION
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For a parallel sided disc segment, the summations may be integrated,
yielding

For convenience i the missile calculation, it is desirab’e to have
factors that can be determined for a complete disc and applied to
sectors of any size.

For any sector size

and weight
W= 2al) Ritibf) Y

so that the weight moment is

sir. ..
a

L =2 s$in a
S =
(2a) (] R.“t.0.)

Wy = [y(2a)1]

For a full circle, the value of N; will be (21) times as great, although
without physical meaning. Let [y(2n)I] be then identified as the weight
of a full ring times a radius value E} - WR, such that when R is
multiplied by a sector size function (sin a/a), the result is the
distance to the mass center y for that sector.

[ ik

For composite bodies, i.e., disc plus blades, a similar development is
possible by adding more components.




For sum of rotor disc and blades:

Relation between centrifugal force, K3, Ky, I, WR , and T

The fundamental definition of CF = g.uz R

2 2
o BF a(a-o-xal)R [EX(%")]HR

2 2

N "
Define Kl = [a (j‘é) ]

( 12

The commonly used equation for disc Iat is

[ r

For body force and external loading fractions

3

(%] = = = =

ATl A 2n A 2n A 2rA

2K, 1 2K3(2h1) (yKl)(ZnI) Kl (HR{

xl(ui)
‘ =
Similarly for the external load o, ., = ——
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Therefore ¥ 0T * T

The value of WR for a row of blades is found from the fundamenta)
relation.

- Row CF
W

K

1
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Appendix B

Disc Fragment Velocity Augmentation Factor

Wwhen a disc fragment rotating about its mass < ater fragments into two
parts, one fragment has higher velocity than the other. For a 180°
sector fragmenting into 90° sectors, the development is given in Refer-
ence 1. This concept may be extended to a fragment of any size sub-
dividing into sectors of arbitrary size.

Let the initial fragment size be angle . with mass center at CG . See
Figure Bl. The distance from "0" to CG .

y = sinls/2) = . o radians (See Appendix A for definition of R)

3 (./2)

For the potential subfragment with angle . the distance is

. sin (0/2) = k
‘——TT7ET—— R , U radians

<

y >y always

The angle between the radius vectors throughy and y is

»

(,)‘))

4 - p3/2 - 8 B e
/ /2 )

The distance between CG  and CG” is

, 2 _2
0=y +y -2 y cos (4/2)

See Figure B2.

Alsoy =D0"+y - 20y cos a
0 3

-
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2, 7252
D™+ ¥y, ¥,

20y
»

or ¢cos a=

Let angle y = % - « radians

The rotations of the fragment with angle : about CG during the time
required for refracture is i

.9

oy

where o = angular velocity, radians/sec.
1 = radial lergth of crack path, inches
U = crack growth velocity, inches/sec.

The position of the CG's and vectors then moves from the position shown
in Figure B2 to that shown in Figure B3, which is the position when

the 5 fragment becomes free. The velocity components of CGQ in
Figure B3 are

-
|

= uy - .DSin (‘;":)

v
y

LDeos (=)
or using relations for difference of angles,

Vx“ w; - J)COS (~~+L)

V = Dsin (u+d)
y

Yego - x Yy

Since Ky is the augmentation factor applied to the simplistic velocity
of CG,
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Figure B1
DISC FRAGMENT

Ja
Figure B2
CG LLELATIONSHIPS
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Figure B3




The mass radius R and rotational speed . appear in all the various

quantities except & is such a way that Ky is independent of R and
dependent on . only in determining ¢.

Figure B4 shows how ky varies with fragment size for a typical
1 = 26 inches at 1800 RPM (. = 188.5), at 1.2 x 1800 RPM (. = 226.2),
and at 1.9 x 1800 RPM (. = 358.15) for : = = and | = 2./3.
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Appendix C

Fragment Subdivision Study

The analytical basis for the tendency of fragments of arbitrary size to
break down into smaller fragments is now described.

Assume that a disc is rotating about its center with angular
velocity .. Because of a pre-existing crack, the disc fractures in a
[ J2. In this situation the disc stresses are completely
( ) A ¢
]a

Depending on the angular size of the fra_ment under study, the fragment
will continue to rotate about the original center because it is capti'red
on the rotor (. > 180) or will trarslate and rotate abuut the CG of the
free fragment (, < 180).

The highest elastic stress 1) the oricinal and fragmerted states is at
the bore of the disc. The disc is assumed to havc pre-existing cracks
of nearly critical size distributed equally around the bore. Since the
first failure would be due to a crack in an elastic stress field, if the
elastic stress at any point around the bore of the fracment equals or
exceeds the original whole disc bore stress, a second failure t¢ a
smaller size can be assumed equally likely to occur.

The test for refracture then will be the ratio of total elastic stress
at the bore after fracture to the whole disc bore stress. Any angular
position where the ratio » 1.0 is a Tikely failure site.




Case 1 - Partial Disc of Sector . . 18OV
Fragment rotates about center "0". See Figures Cl and C2.

The stress at poirt P has a direct force component and a bending compon-
ent,

Radius to (G , ;d » 3127;513).F

Weight of o sector y = H(fi) where W 1s weight of full disc, including
4] "
blades, if applicable.

CF of sector (F = —é X ; X wz
0 0

!ﬁ: o zﬂs‘ln ('.)/__2_)-

sin (0/2)

= K, (aR)
i

The forces rormal and parallel to the stress plane are

" = CF x sin (r/Z)
N 0

)

F _=CF x cos (u/2)

1)5

Direct stress 4 =
SJD A
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Bending moment on disc tangential face
M=F y sing/2-F (y cos 9/2 -7r
us yu / 4N ('yu / A)
where FA {s radius to center of area of tangential face

Since the disc is a beam of high curvature, the bending stress is
determined from curved beam equations

A

Let H =

-8

Bending stress at P, radius Ry
-R
" (H 1)

B el - A
A R (7, )

)

Total stress at P

Case 2 - Partial Disc of Sector ; < 180
Fragment rotites about CG . See Figure C3.

The stress at ” has a direct force component and a bending component.
sin (0/2)g
/2

; sin (./2) R
B ofe

Radius to c¢ , y =
Radius to G , y
From Figure Cl, where . is the size of the trailing piece, , is the size

of the leading piece. The angle between the radius vectors throughCG and CG
is L

A67




CASE 1
FRAGMENT 5. 180°

C

Figure C1 ] Figure C2

CASE2
FRAGMENT 58< 180°

ANGLE BETWEEN CFo ¢ Fou, THE NORMAL TO
THE STRESS PLANE = (§-3) - (90°- )

Figure C3
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The distance between CG and CG(J

52452

-2y y
8 ) ydyﬁ e

/2

Since the ; fragment is assumed to be rotating about CG , the CF of

the o portion is directed along line CG3 — CGa.

The ;ng1e between the

CF vector and the normal to the stress plane is ., where

6% (-3 - 3~

Through manipulation of various angle relations

v
a+ty+ [/ =3

o= (%), = 1)y + ¥

Calculate ¢ from above.

The weight of the o segment is

W= H(Z)

The CF of the - segment is

CF _u_uZD wv?
9" 2rg

D

(3]
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Resolved on the stress plane
F = CF cos o
N 9

f =CF sin ¢
48 b
F

The direct stress , = N
D AT

Vector FaN intersects the stress plane at radius y cos v/2. The moment
v

of F is
N

J
M= -FJN (y? cos /2 - rQ)

The moment for F " is

M=F sin f/
s o 2

The total moment

sin” 7/ ) sin 9/2 cos ”/2
R) - F - ~—R - rA)
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Appendix D

HP Rotor Ultimate Strength Limits

The upper limit of HP rotor ultimate strength to be used tor all HP
rotor failure speed calculations were determined by surveying the
population of rotors already manufactured. The breakdown of rotors and
materials is shown below:

HP TYPE NO. MAT. SPEC NO. OF SPECIMENS
[ ib { 1P
[ 1 [ 1®

[ 1P
[ )b [ P
Total specimens [ b

1 10

The specimens were sorted by location and ranked by strength range in
excess of minimum specification value. The results are charted on
Figures D1 and D2. From this data it was decided to u<: a [ ]b

increment to the specification minimum as the uniform estimate of the
maximum expected ultimate.
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=NS IN CLASS

% OF SPECIM

SPECIMENS X1.X2.X3 == = — — i
SPECIMENS BB,. BBy, B8] ———— —— —
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50%
40%
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20%

10%

ab

]

0-5 ¥5-10 MO0-15 1520 ) 20-25

DIFFERENCE BETWEEN TEST & SPEC STRENGTH

Figure D1
HP ROTOR FORGING ULTIMATE STRENGThS MTL A
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% OF SPECIMENS IN CLASS

SPECIMENS X4, X0.X3 = = - - —
SPECIMENS BB¢.BB».BB3 o

SPECIMENS X4, X5. X3, BBy, BBy, BB3
50% [
40%
30%
20%

10%

]ab

0-5 >5-10 M0-15 1520 ) 20-25

DIFFERENCE BETWEEN TEST & SPEC STRENGTH

Figure D2
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PART B
NOMENCLATURE AND UNITS

A1l nomenclature used in this part are defined as they appear in the
text. Equations as written in tais part are based un a system of units
trat are defined as follows:

TERM UNITS,
Energy and work ft-1b
Mass 1bm
Velocity ft/sec
Strength 1b/in?
Strain dimensionless
Volume ind
Length, thickness, distance, radius n
Angle radians
Area in?
Density, . | lb/in3

(.283 unless known
to be otherwise)

Gravitational constant, g 32.2 ft/sec?
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1.0 INTRODUCTION

Part B is concerned with the determination of whether or not a disc
burst will result in missiles being ejected from the turbine casing, and
if so, the external kinetic energy properties of those missiles.

During the late 1960's, when work commenced in this area, it became
evident that the existing body of literature, although extensive, was
still evolutionary. For refinement purposes a series of spin-burst
tests were performed with discs and cylindrical shells at the
Westinghouse Research Laboratories. These relatively simpl2 tests of
plain and symmetrically flanged shells were used to develop
semi-empirical calculation methods to correlate the test results and
provide predictive analytical methods(l)*. The analytical methods were
extrapolated by engineering judgment to be used for predictive
calculations of the actual, more complex, turbine structures.

There was, of course, a desire to learn more about the actual behavior
of »issiles and targets in other typical turbine configurations. This
resulted in additional testing during 1979 of shells struck along their
edges (termed asymmetric impact) and cylindrical rings of various
configurations, both with and without blade grooves. The tests
confirmed some of the existing calculation methods, and provided new
insights. As a result, a review of all the missile calculation
techniques was done by a review panel, and a more complete,
sophisticated set of calculation procedures was formulated,
incorporating the most recent information available. This section B is
a result of that review effort, providing the most comprehensive set of
detailed calculation methods released to date for predicting the energy
absorption of turbine disc fragments colliding with turbine casing
structures.

*Refers to reference numbers at the end of this part.
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2.0 FUNDAMENTALS OF MISSILE ENERGY ABSORPTION BY CIRCULAR SHELLS
(THE HAGG-SANKEY METHOD)

2.1 THE CONTAINMENT AND PENETRATION PROCESSES

To determine whether disc fragments can be contained or will penetrate a
cylindrical structure, two separate sequential stages of impact must be
considered. In Stage 1 the consideration is whether or not the
impacting fragments punch a holz through the structure with only very
localized damage. This is essentially the type of failure which occurs
when a high speed projectile, such as a bullet, perforates a sheet of
glass, making only a hole large enough to allow passage of the
projectile.

If localized penetration does not occur in Stage 1, the structure must
be assessed to see if it will fail in a gross sense by a tensile mode of
deformation known as Stage 2. In this stage, usually larger volumes of
material are involved in the deformation, not just at the local impact
area as in Stage 1.

There are specific energy related criteria which are used to evaluate
the outcome of the two stages of containment or penetration and they are
presented in the sections that follow.

2.2 INITIAL DISC FRAGMENT ENERGY

It has been observed and reported that only the translational kinetic
enerqy of a disc fragment should be used to determine containment or
penetration. With respect to the rotational energy, large friction
forces act to dissipate this energy component as evidenced by heating
and smearing of metal which have been observed over the contact surfaces
of shell and fragment. The friction force at each contact area combines
with the radial impact force to incline the shear direction. The
increase in shear resistance of the material matches the increase in
applied force, and therefore the friction force neither helps nor
hinders perforation (1).

B6




The initial translational kinetic energy of the disc fragment is

KE = l—-n v ’ M1 is the mass of the disc fragment and v is

c 29 11
the initial velocity of the fragment at its
mass center of gravity.

Values of M) and vy are obtained as described in Par+ A.
2.3 STAGE 1 ENERGY RELATIONSHIPS

In the 5tage 1 impact there is a transfer of momentum between the
missile fragment (M;) and the effective mass of the containment
structure (Mp). If the fragment is contained, the fragment will “e
decelerated and the structure locally accelerated to a common

velocity. At that point it can be said that an inelastic collision has
occurred, and from the principles of conservation of momentum it is
determined that the energy loss of the system is

tKE = KE

0 Ml + M2

In order for this loss to occur, it must be accounted for by the work of

plastic deformation (Up) required to shear out and compress the material
of the impact area.

o,e V

Energy of compression E s 205

¢ 12 d
strength

is dynamic ultimate

€e is average compressive strain

Ve 1s volume of compressed
material in impact zone

B7




Kt At
S

d
Energy of shear Es = =13 ‘4 is dynamic shear

strength

Ag is the shear area
t is shell thickness

K 1s an experimental constant which is defined by Krd = 0.27 Uq for
typical carbon steels.

The dynamic ultimate strength is shown as a function of the static
ultimate strength for ductile steels in Figure 2,01,

Work of plastic deformation U, = Eg + E¢

Staye 1 containment U > :KE

Stage 1 perforation U < LKE

For tne lony shell case snown in Figure 2.02, the equation for the
velocity of the combined shell fragment and disc fragment after

perforition is given here in a modified form of that derived in
Reference 1.

Ml Mz-mzl i Ml U
V,, =V, [=—— |1 - (1 - [1- (1 + 22 2
21" M, T M, KE_

M1 is the mass of the plug perforated from the shell,
2.4 STAGE 2 ENERGY RELATIONSHIPS

[f Stage 1 containment is achieved based on the preceding criteria, the
kinetic energy of the system at the end of Stage 1 is

M

1
KE. = KE -
1 0 "1 + M2
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f

A

ma2

Figure 2.02
EFFECTIVE MASS OF A LONG SHELL
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This energy must be absorbed by a tensile mode of deformation of the
structure.

v

(o N
Energy of tensile deformation Et < ‘ET%'E € is average tensile
strain
V¢ s volume of material strained
in tension
Stage 2 containment Et > KE]
Stage 2 failure E, < KE;

If Stage 2 failure occurs, the rusidua. ‘inetic energy of the system is
KEZ . KEl - Et

This energy is shared by M; and M. Only a portion of it will be carried
on beyond this process. The size of shell fragments is not usually well
defined as with Stage 1 perforations, but rules for the selection of

specific fragment sizes are given in later sections of the report.

The exit velocity after a Stage 2 failure can be obtained from

29 KE2

22 © M + M
. | 2

2.5 EFFECTIVE MASS DETERMINATION OF THE CONTAINMENT SHELL

v

Reference 1 discusses the determination of effective mass for
cylindrical containment shells in some detail. Figure 2.02 shows the
major finding: for long shells, plastic hinges form at the edge of the
missile boundary and at a distance of 3 times the shell thickness from
the missile boundary. For this case, the effective target mass

M2 = mpy + .34 mp, where mpy; and mpp are the actual total masses of the
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volumes depicted in Figure 2.02. For symmetrically impacted shells
where all) <3t, hinges will form at the missile boundary only in the
axial direction, and at the boundary and 3t in the circumferential
direction (assuming that at least 6t space exists between adjacent disc
impact surfaces). For shells where a < = 1.2t in the axial direction,
it is unlikely that shearing will take place in the circumferential
planes; rather, it is believed that shearing will tend to occur
completely across the axial shear planes.

A general expressicn for effective mass of an arbitrary size hinged flap
when a <3t is

Ma2e = Kf m22

where K¢ is an effectiveness factor derived from the mass moment of
inertia and in simplified form is

2
Y !
iy ® 2
a
- 1 +1
In these cases, M_=m_+ (m__ ) where n represents the number of
n 2 21 ; 22e n
aps.

3.0 APPLICATION OF PRINCIPLES TO ACTUAL TURBINE STRUCTURES

The basic containment and penetration criteria discussed briefly i1 the
preceding sections and in more detail in Reference 1 are directly
applicable only to the mode! structures for which they were derived. In
reality, actual turbine structures differ in certain respects from the
model utilized. Much of the revised methodology given in subsequent
sections of this report reflects additional test results and the results

Note (1): “a" is the smaller dimension of the axial overhang of the
shell beyond the missile or 3t.
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of a thorough review of analytical methods to eliminate uncertainties
and incorporate a precise, methodical calculation procedure.

Although the methods given here are deterministic rather than
probabilistic (1.e., provide single-value results), they are not
considered to be excessively conservative, but are reasonably so. When
sufficient evidence of certainty is available for a particular crite-
rion, that criterion is used in favor of possibly a more conservative
one. When there is insufficient evidence or some urcertainty, the more
conservative of the available options is used. It is felt that the net
result of this approach is to give values that represent a realistic
upper bound of exit energies and velocities.

The analysis method with the most test data is the Hagg-Sankey method
for collisions with shells. These collisions do not, however, usually
absorb a large amount of energy. Cylinder rings that are

[ 1°, are the primary
energy absorbers; therefore, a great deal of the analytical effort has
been devoted to the development of realistic and consistent techniques
for this type of structure. The pertinent definitions, theory, and
assumptions that apply to cylinder rings are described along with the
analytical method that begins in the next section of this report. This
same approach is used in subsequent sections that cover other collisfon
modes.
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3.1 COLLISIONS WITH RINGS - SYMMETRIC VS. ASYMMETRIC

SYMMETRIC ASYMMETRIC

//r-'lRIPQ(B =5
s ) N | &

|
|

DEFINITIONS:

-——t———

W .

SYMMETRIC COLLISION - A collisfon in which the center of gravity of the

ring structure being considered 1ies within the projected boundaries of
the missile impact surface.

ASYMMETRIC COLLISIONS - A collisfon in which the center of gravity of
the ring structure being considered 1ies outside of the projected
boundaries of the missile impact surface.

RING STRUCTURE - Includes mass of separate blade ring, impacted blading,
back-up ring, and wall as applicable for the case under consideration.
Specific rules for symmetric and asymmetric cases are given in the
analysis sections for each type.
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THEORETICAL BACKGROUND:

If the center of gravity (C5) of a body [ 10 of
a pushing surface, the bearing distribution between the two can achieve
a center of pressure that [ 10 with the CG, thereby imparting a
uniform translational velocity to the impacted body. If the CG is

( 1b of the pushing surface, a force couple is
established that tends to [ b being impacted. The
impacted body will attain a [ 1 and a

[ 1P at its CG lower tha: the velocity of the
missile.

3.1.1 SYMMETRIC COLLISIONS
3.1.1.1 BASIS OF ANALYSIS

Establish that the case under considerat’ is indeed symmetric. The
shaded areas in Figures 3.01 to 3.04 are typical of the cross-sections
to be used for calculating the CG for symmetrical cases. Flat radial
walls are considered to be [ 1® to their
outer limit. Conical walls are [ 1% to the point where
they intercept another wall or a wrapper (shell).

For first collisions, the disc segment is assumed to be oriented such
that one corner of the segment is [ ]9
for purposes of analysis. This is a conservative assumption that limits
the amount of available shear strain energy in Stage 1 since it is
assumed that [ 12 at the horizontal joint. In
addition, the amoumu of available tensile [ }*
at that location, as is the effective target mass M.

For collisions subsequent to the first, any structural material that is
perforated as a plug is assumed [ 12 the previous missile
mass and be [ 12 of the missile. The missile in
these collisions also is assumed to be aligned with the horizontal
joint.
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Figure 3.01
TARGET MASS FOR SYMMETRIC IMPACT

(TYPICAL FOR LP TYPE )

Bl6




Figure 3.02
TARGET MASS FOR SYMMETRIC IMPACT
(TYPICAL FOR LP TYPE 1)
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Figure 3.03
TARGET MASS FOR SYMMETRIC IMPACT
(TYPICAL FOR LP TYPE lli)




Figure 3.04
TARGET MASS FOR SYMML:TRIC IMPACT

(TYPICAL FOR LP TYPE IV)
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{/’ In the first collision, the disc segment will strike a cylinder ring

vith its rim. A target mass mp) directly impacted by the disc is
Jefined [ ]2 of the disc rim. The arc length is

specified to be calculated at the top of the [ 12 on the
centerline of the disc. On the "Disc Pruperties” data sheet, this is
given as "Missile Outer Radius"  Section A, Figure 16 . An additional
amount of target mass mp, is obtained from the overhanging part of the
ring between the disc impact locations. Tnis is shown schematically in
Figure 3.05. The amount of overhang considered for mpp is based on [
]a the effective thickness of the ring or [ la the distance to

the next mpy, whichever is less.

M2z

CYL SHEAR PLANE

RING
Mz,

DiSC
SEGMENT

, . |_HORIZ
R " JOINT

Figure 3.05
TARGE) MASS
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3.1.1.2 FIRST COLLISION GEOMETRIC PARAMETERS

Since cylinder rings have a complex cross-section, a method was devised
to obtain an effective thickness which is based on the shearing
properties of the sectior.

EFFECTIVE THICKNESS

y § S u
|
i [ Ts

‘l
l=2|
i 13

-
—~ w; b

. 4. —

NOTES: (1) Only material effective in shear is used in this
calculation. If a section is a composite of two or
more half-rings, each half-ring is calculated
independently.

(2) [ ]2 that are part of the blade unit and are
[ ]2 together, are assumed not to have an
overhang effect. [ 12 that are
[ 12 do have the overhang effect.

(3) More complex shapes with slanted surfaces can Le
calculated more precisely.

The pertinent parameters associated with Stage 1 of the first collision
are determined by the equations that follow and by referring to
Figure 3.06.

0° DISC NT *%
90° DISC SEGME . *3

Arc length of disc rim L, =




L

Figure 3.06

SYMMETRIC COLLISION GEOMETRIC PARAMETERS
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Arc length of disc is transferred to inside of [
12 by compressive contact. The contact angle subtended is

R

ec = %»x —% (6 = radians unless other specified)
The angle asociated with the involved overhanging material is designated GG’
and is the smalier of the two following possibilities:
R
" D
(1) %n = 3 (1 - E:)
or
. ten
(2) %n " R where R_. = radius to CG of x-section of ring "n
mn (n=1, 2...)
2
v
o if witi )n
en A
n

and A, = x-sect. area of ring "n"
Rp = radius to top of [ 18 ("Missile outer radius")
R; = inner radius of first ring shearing material contacted

o 2n
120° DISC SEGMENT oy * 3"
Arc Length of Disc Rim L _ = - R
g D-F "p
R
2n D

Subtended contact angle oC 3 X T

i

Overhang angle (smaller of the two)
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3.1.1.3 EFFECTIVE MASS MATERIAL

EFFECTIVE MASS MATERIAL OF RINGS

Includes separate [
12 (if impacted by the disc).

Circumferential effective mass is defined by angle eKn - ec + KanGn

where Kfn is determined as follows:

For overhang Case (1), L =0o_R (n=1, 2....)
on Gn mn
.. \
te at 1
Calculate Kfn= 3 or obtain from Figure 3.07.
0
4—t— + 1
en

For overhang Case (2), K¢, = .34

EFFECTIVE MASS OF RINGS M__ = E 0 R A »p (n=1, 2....)
2R . Kn mn n

If a Stage 1 or 2 perforaticn occurs, the mass of the perforated plug is
assumed to be represented by a piece of ring over the angie G " ,
Although a piece of this size may not always result, it is conservative
to assume that such occurs and is carried on to the next collision.
MASS OF PERFORATED FRAGMENT

m,, =M _+o86 )R A (n=1, 2....)

where "28 is defined as follows.

EFFECTIVE MASS MATERIAL OF BLADING - My
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Only [ ]2 that are directly impacted by the disc segment
are considered as part of My.

The mass of [ ]2 is
calculated over the angle O,

EFFECTIVE MASS MATERIAL OF A WALL

Circumferential effective mass angle o =0 =0 +K_ 0
W Kn c fn Gn

where subscript n refers to the
attached back-up ring.

I o Radial Jimension:
Tw ™l Use h, as shown at the
hw.-. 7 & left.
1 y EFFECTIVE MASS
fo 'y
Mzw‘-"»’w( 2 ).hwtwy
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SPECIAL CASE - Offset center

When the true center of the wall radius ru' is offset from the rotor
center by a distance d, a fictitious on-center radius rgy 15

calculated. It is taken to be the distance from the rotor center to the
outer edge along a line at the angle %‘”c‘ shown as r, below. It can be

determined by trigonometric relationships using the known dimensions and
specified angle.

fo
ROTOR 16¢
CENTERy \ HORIZ,
§ ‘l‘ S JOINT
(o]
- *ﬁ)&
CENTER

TOTAL LFFECTIVE TARGET MASS

M2 = Map + Mg + Mpy
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3.1.1.4 ENERGY LOSS IN STAGE 1

The maximum energy that can be absorbed in Stage 1 due to an inelastic
collision is

M

oKE = KE ﬁ—4%1;- where KE, = energy of missile entering the

1 2 collision
and My = mass of the missile
This energy loss is achieved under two conditions:

(1) If two adjacent disc segments strike the ring so closely spaced

that there is insufficient overhanging mass between the segments to

develop shearing action, then that ring will not have any

possibility of Stage 1 failure and will cause a Stage 1 energy loss

of .KE. A conservative evaluation decided that this condition
exists when

L « 2tg (Refer to Figure 2.05)
or

for the innermost riny

(2) Stage 1 containment is also achieved for L > 2ce when the sum of
the energies that can be dissipated in shear and compression are

such that
U =E +E > &KE
P s c
0.27 A
Shear strain energy Es = —i—— i [Ud L Wity ]n for the "n" rings across
n 1 one shear plane at ©_
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Notes: There may be occasional instances where a symmetric ring case
may have an additional shear plane in the circumferential
direction resulting from an attached shell or offset wall.
These cases will usually be obvious and the shear energy 1S

calculated as described in Section 3.1.2.4 for \AI mode.

Walls attached to rings being sheared are

[

!

Compression strain enerqy ¢

where A\ area of cross-section that is
in compression (Msp material
2B

}

considered separately)

cm © radius to centroid of A

The compression cross-section 1s defined by the

the confines of the missile width (see Figure 3.08). It extends
radially to the | ]2 involved in the
collision. If the width reduces due to an undercut, it remains at the

reduced width beyond that point,

The dynamic strength of the blading, o 8’ is usually taken to be the

(

same as a cast blade ring (a conservative assumption).

1

I[f U < AKE, Stage 1 failure occurs, and the disc and cylinder fragments

P
exit from the collision with a velocity
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Figure 3.08
EXAMPLES OF COMPRESSION STRAIN VOLUME
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and kinetic energy [ r

If Up > AKE and Stage 1 containment is achieved, the kinetic energy of
the system is

[ )e
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3.1.1.5 ENERGY LOSS IN STAGE 2

Overall containment at the end of Stage 2 is obtained if the available
tensile strain energy exceeds the system kinetic energy at the end of

Stage 1:

Et > KEl

If E, < KEy, Stage 2 failure occurs, and the system kinetic energy is

KE2 = KEl - Et = KEO - .KE - Et

Tensile strain energy, Et:

continuous

r
.

12 are the only structural elements asumed to be capable
of absorbing tensile strai: energy.

The horizontal joint is assui'ed to provide [ ]a
continuity such that tensile ‘train is [ ]a at that
location.

Based on minimum test results. the tensile strain va}ue vsed is [ ]2
throughout ring cross-section. from the location at 7 Oc to the far end

of the o overhang. From the : A location,the strain is assumed to
decrease linearly from [ 12 at the horizontal joint. (See

Figure 3.09).

The same strain pattern is assumed to exist in the radial walls in the
circumferential direction. However, the strain level diminishes in the
radial direction, such that an effective radial height is determined
over which the strain is assumed uniform (see derivation in

Appendix A). The angle .. of a wall is the same as that of the ring to
which it is attached.

G
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Figure 3.09
CIRCUMFERENTIAL TENSILE STRAIN DISTRIBUTION
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Figure 3. 10
EFFECTIVE HEIGHT OF RADIAL . ALL
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EFFECTIVE HEIGHT h =r —s— (See Figure 3.10)
OF RADIAL WALL oo *try

EFFECTIVE TENSILE STRAIN VALUE (Calculated for each tensile element)

TENSILE STRAIN ENERGY

L8

Et 12 a I:odn “tn (e‘n 3 Qc) Rmn An] S

4

Note: For a wall, A = hetw

1
and Rm = r1 + 3 Me

The resulting velocity from a Stage 2 failure is

and the kinetic energy of the fragments continuing as a missile is
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3.1.1.6 SECOND AND SUBSEQUENT COLLISION CONSIDERATIONS

After a first symmetric collision with a ring assembly that results in
Stage 1 or 2 failure, it is assumed that the

[ 12 (unless specified elsewhere) will
[ ]2 to any subsequent collisions. The outside
radius of the outermost part becomes the new value of Rp for calculating
the new angles of target mass involvement. Similarly, the

previous % becomes the new o . If the subsequent collision is a
symmetric ring collision (highly unlikely), it is then handled as on the
preceding pages, using the [ Ja as the

( ]a

Most collisions subsequent to a symmetrical ring collision will be

cylinder walls in collision with cylinder wrappers. This type of
collision is dealt with in Section 3.2.2.
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3.1.2 ASYMMETRIC COLLISIONS
3.1.2.1  BASIS OF ANALYSIS

The first step is to establish that the case under consideration is
indeed asymmetric. In many cases this will be quite obvious, but in
some cases it may be necessary to first locate the CG using the assump-
tions associated with symmetric collisions. If the CG is

{ ]a, the collision
is considered to be asymmetric, and a different set of rules and
assumptions are applied.

Just as for symmetric collisions, the disc segment is assumed to be
oriented such that one corner of the segment is aligned with the

( iy

When a collision is asymmetric, the target mass of the ring structure is
determined as though it is a curved beam

( 13, From the mass
moment of inertia, the actual mass, and tie eccentricity of the impact,
an effective mass is found to use in the basic energy relationships of
Stage 1 and Stage 2.

Unless otherwise specified, definitions of symbols given in
Section 3.1.1 are also applicable hereafter.

3.1.2.2 FAILURE MODE CONSIDERATIONS

The potential for a number of different failure modes in Stage 1 require
that the analyst first be able to identify the [ 12 in
order to assess the analytical approach to be used in determining
effective mass and other energy considerations. The true Stage 1 shear
failure mondes have been categorized as being of three types, designated
SAy, SAp, and SA3 .

B36




SAy This mode is represented by two shear planes: a
circumferential plane that intersects a radial plane that

coincides with the disc corner (see Figure 3.11). A large
radial resistance away from the impact zone usually yields
this shear failure mode.

SA, This mode is represented by a circumferential shear plane that
is continuous around a half-ring (see Figure 3.12). This mode

occurs similarly to SA; when the adjacent disc segments strike
closely together.

SA3 This mode is identical to the usual symmetrical mode failure,
that is failure by a radial shear plane across the entire ring

structure. This mode is most common when there is no offset
radial resistance (sec “igure 3.13).

Brittle Fracture Mode:

The 1979 test series revealed another mode that may also exist. For
rings with grooves struck as shown in Figure 3.14, a brittle bending
failure occurs that by-passes the usual Stage 1/Stage 2 energy

approach. The pattern of failure is similar to an SA; shear mode, but
the energy absorption is usually considerably less. This is largely due
to the fact that almost no momentum is transferred to the material
outside the perforated fragment.
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Determination of Mode for Common Turbine Structures

Fabricated Back-Up Ring and Wall Assembly:

If a ring is backed by a
L ]a will influence the

possible shear ne-~faration modes.

1L ]a is located within the

bounds shown by positions "A" and "B", SA;
and SA, are the only shear modes
considered possible, provided that the

portion of my mass to the left of the
shear plane is greater than that to the

right of the piane.

2) [ 12 is to the right of position
"A", SA3 is the most like., failure mode,
although SA; and SAp should also be
checked at or near section “C-C", i.e., on
the other side of the [ 12

3) [ ]2 is to the left of position
“B", brittle fracture mode will govern.

For cases 1) and 2) above, M) is based on the entire ring cross-section and
effective [ 12 of height he-

For case 3) above, M, is based only on the fracture fragment.

T2 all cases, the [ ]2 is considered to provide no ¢«hear resistance
effect in Stage 1.
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Separate Blade Ring with Fabricated Back-up Ring and Wall:

This structural situation can also provide any of the three shear
failure modes or the brittle fracture mode. Figures 3.15 and 3.16 show
some of the different possibilities. A1l three shear failure modes and
the brittle fracture mode are possible. The same principles are used in
deciding which mode pertains in a particular case. 8lade ring and
back-up ring are [ ]2 for calculation of M,,

Impacts on Corners of Blade Roots:

A fairly common asymmetric impact situation is one in which the disc

corner overlaps the [ ]2 held in a separate

[ 12 (see Figure 3.17). Usually the overlap is
relatively small [ 12, and the 1979 tests showed
that the disc segment merely smeared the corner of the [ 12 and
impacted solidly on the [ 13, Therefore, for most cases it
is assumed that the disc impacts the primary ring and that the

{ 12 is left behind and is not involved in the

collision as an energy absorber or as part of Mp. The exceptions to
this are cases where it is evident that the overlap is large or where
the [ 12 must be impacted in order for the primary
ring to participate in the collision (see Figure 3.18). Both ring
elements are considered in strain energy calculations and are

[ 1% in the calculation of Mp.

3.1.2.3 EFFECTIVE MASS OF RINGS IMPACTED ASYMMETRICALLY WITHOUT
BRITTLE FRACTURE FAILURE

If an evaluation has been made of the asymmetric ring structure assembly
and it has been determined tha. the 'rittle fracture mode does not

govern, the effective targel mass is determined by the following
procedure. [

]a
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Figure 3.15

SA 7 OR SA2 SHEAR FAILURE MODE
ON SEPARATE BLADE RING
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Figure 3.16
BRITLE FRACTURE MODE
ON SEPARATE BLADE RING
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Figure 3.17
MISSILE SHIFT FOR SMALL
BLADE ROOT OVERLAP

Ligure 3.18
NO MISSILE SHIFT FOR LARGE
BLADE ROOT OVERLAP
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Using the same relationships as for symmetric collisions, the following
values are calculated for each ring element:

where h, is interpreted as shown in Figure 3.10 for the simplest
configuration.

When a ring is impact. asymmetrically, it is

(
]4. However, the relatively flexible

attached wall is unlikely to rotate much except locally at the point of
attachment to the ring. Therefore, the wall is

( J3 as shown in Figure 3.19, and its mass
effect can be [ ]J@ that will

develop at the joint of the wall and ring.

PROCEDURE :

re ! ri
—-—3;———) hetw P

1. Calculate mass of effective wall m, = ’ (

2. The mass of the wall is lumped along the [ ]2
shown in Figure 3.19. The lumped mass is most easily represented
by a very small square area with a very high fictitious density:

. B = where A\,' is the fictitious are:
A r (suggest .1 x .1 = .01 in?)
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ASYMMETRIC IMPACT EFFECTIVE MASS DETERMINATION
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3. The mass and moment of inertia properties of the ring with the
lumped wall are then determined:

='[o R A +m +M
)  kn Can Tn LT T8

Icgm = mass moment of inertia of all the elements acting as a
curved beam (taken about CG of curved beam mass). This

value can be calculated by hand for simple structures
using relationships shown in Appendix B.

m, I
Effective target mass Mz - gBM

myap * legu

where ap = the horizonta® distance between
the centerline of impact and the CG of the m,

mass.
MZ

The relationship of the masses can be expressed by the ratio K = — where

: c m

CBM
K .
. m.a : + 1

2R CBM

The value K. is used in subsequent calculations.

SPECIAL CASES OF ASYMMETRIC EFFECTIVE MASS DETERMINATION

In some cases, a missile may strike one ring which is separated from a
second by a short wall. The wall continues above the second ring as
shown in Figures 3.20 and 3.21. In these cases, the effective wall
height he is interpreted as shown. Fach of the two rings is considered
[

1% are shown in Figures 3.20 and 3.21. The value of (My)p; is
the value used in the initial collision calculations. A special
technique is also used to assess the effects of the initial collision on
(Mp)g2, which is described in Section 3.1.2.7.2.
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LUMP M_ . BASED ON h, HERE. FIND (M,)p, OF
ho RING #2, M o, and M_. WITH RESPECT TO THIS
he ‘/—__zmenvcmc RING #2 LOCATION. WITH (M,)p,
r ) LUMPED HERE, OBTAIN (M,)p,
WiTH RESPECT TO G OF IMPACT.
My,
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F INPALY VERTICAL WALL CASE
Figure 3.20
VERTICAL WALL CASE
"'J' fo
¥ DETERMINE EFF. MASS M_. OF EFF. SLANTED WALL OF
N Bl hg LENGTH h . THIS IS DONE MOST SIMPLY BY USING THE
ey Y COMPUTER PROGRAM PHO7S5Z WITH THE FOLLOWING SECTION:

RING #2

t
X

ri /‘\ 8 M
RING #1 - WS WITH RESPECT
) TO THIS
\\/I LOCATION

¢ oF 1MpacT hs=(ho"3t) cos 8+3t WITH M LUMPED AT
THAT LOCATION, FIND

(Ma)pa AND (M500y as
ABOVE .

j e J i
D

CONICAL WALL CASE

Figure 3.21
CONICAL WALL CASE

PROCEDURE FOR DETERMINING ASYMMETRIC EFFECTIVE
MASS WITH RINGS SEPARATED BY A WALL
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3.1.2.4 ENERGY LOSS IN STAGE !

As for symmetric cases, the miximum possible Stage 1 energy loss is

“2

"l + "2

where Vio and "l are as before, and "2 is the effective mass of the
asymmetric target as determined on the page immediately preceding. This
energy loss can be achieved under the following conditions:

AKE = KE
0

If SA; is the lowest energy shear mode and is an allowable mode
according to the guidelines given, then the energy loss in Stage 1 will
be [ ]2

If SA; or SA, is the Towest energy of the allowable shear modes in a
parti . ar case, then the energy loss in Stage 1 will be [
]a

If Stage 1 containment i{s achieved, the kinetic energy of the system
(Ml and Mz) is

[ 2

Calculation of shear strain energy:

SA; mode [ 12 for the simple case

shown in Figure 3.11. Obviously, for more
complex cases the calculation may not be
quite so simple, but the principle is the
same.
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SA, mode [ 12 for the simple case
shown in Figure 3.12.

SAy mode [ ' 12 for the simple case shown
in Figure 3.13.

Calculation of compression strain energy E.:

Same as for symmetric cases; see page B28. Some particular interpre-
tation examples are shown in Figure 3.08.

Strain energy of Stage 1: (Up)SAn = Eqan * B¢ (n=1,2,3)
if AKE > (U )SAn for the mode of least energy being considered, Stage 1
perforation will occur in that mode. The kinetic energy of the system

(M; and M,) at the end of Stage 1 s [ 12 The velocity
of the system at the centerline of impact is

3.1.2.5 ENERGY LOSS IN STAGE 2
If containment is achieved in all the possible Stage 1 modes, the system
progresses into Stage 2. The criterion for overall containment at the

end of Stage 2 is the same as for symmetric cases: E4 > KE,

If Et < KEI, Stage 2 failure occurs, and the system kinetic energy is

[
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Calculation of tensile strain energy E,:

Continuous
[

]2 are the only structural elements assumed to be capable
of absorbing tensile strain energy.

The horizontal joint is assumed to provide
[ 12 such that tensile strain is assumed to
be [ 12 at that location.

Based on minimum test results, the tensile strain value used is [ ]2 in
the area of maximum tensile straining, from the angular location f'ec to
the end at ec + KéaG. In the direction from 7 ec to the horizontal
joint, the maximum tensile strain is assumed to decrease from

[ 1

In contrast to symmetrical ring cases where the tensile strain energy of
each structural element could be calcuiated on the basis of assumed
uniform strain across any section, ther< is no such straightforward
technique for evaluating the tensile strain energy in an asymmetrically
impacted ring. The tensile strain tends to be greatest on the edge near
the impact and least on the edge away from the impact. Some involved
theoretical approaches were considered as to how to obtain Et under
these circumstances, but a relatively simple approach was finally
adopted which states that the effective volume in tension is

[ 1

This formula is based on the logic that the effective mass M, represents
a reasonable expectation of the participation of the entire mass m, in
the straining process. It can be seer that this formula essentially
leads to the same result as ihe symmetric case if the eccentricity of
the impact is allowed to go to [ 18
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From the basic equation Et = %E-advtet the form for asymmetric use is
developed.

EFFECTIVE TENSILE STRAIN VALUE

TENSILE STRAIN ENERGY

o

‘Olmx

Et =

€

i

~la

One problem with the above equations is what to do when the target mass

M, is composed of [ 13 separate ring elements, since there is
only provision for one value each of %4 and €y The approach that has
been adopted in these instances is to use [ )

of 94 based on the proportional masses of the different materials. For
astablishing €y the values of © associated with the major ring element
(usually a blade ring) are used.

Another problem occurs if M, is composed of

( 12 These do not participate in tensile
straining; therefore M, is recalculated for tensile straining by leaving
out the

[ ]d

The resulting velocity at the centerline of impact at the end of Stage 2

is [ 12 it containment is not achieved.
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3.1.2.6 DETERMINATION OF FRAGMENT SIZES, ENERGIES, AND VELOCITIES
AFTER IMPACT

Regardless of failure mode, the exiting fragment will be different in
size from the total target mass, mp.

Fragments from Stage 1 €ailures:

SA; mode - Fragment of arc % with circumferential shear boundary as
shown in Figure 3.11.

SA, mode - Fragment continuous in tne circumferential direction with
a shear t undary as shown in Figure 3.12. This failure

mode leads to a special form of Stage 2, which is studied
later.

SA; mode - Fragment of arc ) consisting of entire ring section
without the effective wall he.

Fragments from Stage 2 failures:

A failure that results after Stage 1 containment produces a fragment of
arc e consisting of the entire ring section without the effective wall

he «

A failure that results from the continuation of a Stage 1 SA; shear mode
produces a fragment of arc Uc with an SA, circumferential boundary.

The masses of these failure fragments, designated My, are found in Lhe
same manner as mp, using the revised boundaries as described.

Velocities at the CG of target masses and failure fragments:

B55




Determination of the velocity at the CG of the target mass M at the end
of a collisiun is a reasonably easy calculation if the preceding
calculations have all been done. The procedure is equally applicable to
results from Stage 1 or Stage 2 as long as the proper data is used.

1. CDesignate V, = V31 or Vp2 as the case may be.

2. The velocity of the CG of ths entire target mass mp is
( )

3. Occasionally the rctational velocity of the target is also desired:
[ ]2

4. If the CG of the failure fragment lies inside the missile impact
zone, the fragment is

[
]2 The kinetic energy of the combined
exiting missiie would be

( |

5. If the CG of a failure fragment is outside the missile impact zone
as shown in Figure 3.22, the fragment will [
]2 and its translational velocity can be found by linear
interpolation as follows:

( b Note that deg is positive if the
CG of the fragment is between the
CG of the target mass and the
centerline of impact. dgg is
negative if the CG of the
fragment is farther from the
centerline of impact than the CG
of the target mass.
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Figure 3.22
DIMENSIONS FOR FRAGMENT VELOCITY DETERMINATION
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6.

For closely spaced rings as shown in Tigure 3.23, a kinematic study
should be made to determine if ring #1 is pushed by the missile
into ring #2, or whether the ring #1 frigment rotates clear of

ring #2. This may be extremely diffice * to determine accurately,
so that some conservative assumptions may be justified as to the
impact locations on the two rings. In a manner similar to that
used for [ ]2 the rotational energy of the
ring #1 fragment is ignored in determining the initial energy of
the combined missile striking ring #2. The energy of the missile
combination can be found as follows:

( ]e

The effective initial missile mass of the next collision is assumed
to be

29 KE
M) = 3

Y2

I{ the study shows that the original missile will cause the failure

fragment to rotate away and be left behind, the continuing missile
energy will be

)n where n refers to collision number.

(

The ring failure fragment is assumed to follow the missile through
the holes created without further loss of energy. The exit energy
of such a ring fragment will then be

[ ]8




Figure 3.23
EXAMPLE OF TWO RINGS COLLIDING
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3.1.2.7 SPECIAL CASES OF ASYMMETRIC COLLISIONS

3.1.2.7.1 STAGC 2 DEVELOPME .T AFTER AN SA, STAGE 1 FAILURE

As noted earlier, if an asymmetric case results in an SA, mode failure
during Stage 1, the disc segments ave still cnveloped within a complete
band of material, so that the segments will continue to deform the
sheared band of material by tensile straining. The means by which this
additional strain energy is accounted for are as follows:

Determine the mess properties of the sheared-off band as a carget
mass over the angle oK based on t, of the band and establish if the
band is symmetric or asymmetric with respect to the missile
segments as per previous criteria. Actual target mass = Mg, .

[f the fragment band is symmetric, calculate the Stage 2 tensile
energy absorption capability (Et)SAZ for the band segment as one
would for an ordinary symmetric ring. Since the fragment is
symmetric, its overall velocity at the begirning of Stage 2 is
taken to be V,, (see page BS52). The missile energy at the end of
Stage 1 to be absorbed in Stage 2 is

[
Stage 2 containment is achieved.

If (E,)ge0 > KEjpes

KE_ = KE - (E)

f (E < KE___,
i1 t)SAZ 10f 2 1Df t SA2

( 12

Missile energy after Stage 2 [ 12 where LETS

is the tensile failure fraguant over
the angle ec
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If the fragment band is asymmetric, obtain from the original target
mass [ 12 and then calculate [ ®
for the fragment band. Determine an effective mass M3K to be used

for calculating tensile strain energy: [ ]2

The effective tensile strain value €y for the fragment band is calculated
as on psge B54, and the tensile strain energy is

{ %
The kinetic energy in & fragment such as this is composed of both a

translational term and a rotational term. If we assume that the fragment
continues to rotate at the same velocity as the original target mass, then

( 2
The kinetic energy of the fragment band at the end of Stage 1 is then
[ o
The disc or initial missiie energy at the end of Stage ! is
( y
Thus, the energy at the end of Stage 1 to be absorbed in Stage 2 is
[
If (E¢)gpp > KEjpg, Stage 2 containment is achieved.

If ‘Et)SAZ <[ ]d
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Kinetic energy of initial missile after Stage 2
(

The fragrent band produces a tensile failure fragment of the same
cross-section over the angle ec which is designated m;. and has
effective mass

( ?
Velocity of my. fragment CG [ 1@
Kinetic energy of my. fragment after Stage 2

[

¥Epp and KEy¢ are combined or left separate based on next collision
considerations as described on page B58.

3.1.2.7.2 WALL CONNECTED RIWNGS

The method used to determine the effective target mass for these
configurations (see Figures 3.20 and 3.21) was discussed on page R
The assessment of Stage 1 shearing depends on the location of the impact
and the relationship of the rings and connecting wall. Examples are
shown in Figures 3.24 and 3.25.

For the example shown in Figure 3.24, all three rings are used to obtain
(Up)SA3' since the

[ ¥
the wall while they are shearing through in the SA; node. The two inner
rings are treated as a unit for M, mass calculation, while the outer
ring and walls are lTumped as shown for the M, calculation. [f a Stage 1
failure occurs, the missile will continue unimpeded to a

[ r
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Figure 3.24
WALL CONNECTED RINGS THAT
SHEAR AS A UNIT
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Figure 3.25
WALL CONNECTED RINGS THAT
SHEAR SEPARATELY
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For the example shown in Figure 3.25, the eccentricity between the
connecting wall and the missile edge leads to the usual SA; mode for
Stage 1 assessment. Examples of this type usually will have a Stage 1
failure of the end overhang of Ring #1. As this occurs, kinetic energy
is being transferred through the connecting wall to Ring #2, causing
that ring to attain some calculable translational and rotationa)
velocities. This means that Ring #2 can be considered as

[ 12 from the shear fragment being produced in Stage 1 of
Ring #1.

The question of whether or not the shear fragment and missile

( 12 depends on what
happens to Ring #2 as a result of the energy imparted to it during
Stage 1 of the collision. As Ring #2 moves outward from the velocity

imparted to it, [ 12 of the ring occurs just as in a
Stage 2 situation. If sufficient [ 12 energy is available
in Ring #2, the ring will hold in tension and its velocity will

[ J% The missile from the Ring #1 shesr failure will then

strike Ring #2 and a second collision process must be evaluated. If
there is not sufficient available tensile strain energy, Ring #2 will
fail in tension and allow the missile to pass through unimpeded. Since
the tension failure in this case is not preceded by any shear cutting of
Ring #2, the tension break will probably occur at only one arbitrary
location; thus it is assumed that the Ring #2 will remain attached to
other stetionary structure and not produce any reportable fragments.

The above assumed collision scenario is expressed by the following
calculations.

1. Assess the outcome cf the Stage i collision with Ring #1 (R1). If
as usual there is Stage 1 SA; failure, then (KEy)g, and (Vo1)py are
obtained as shown on page B52. The velocity of the CG of the
entire target mass is
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Note that while ( )p; refers to Ring #1 data, this Zata is with the
lumped data of Ring #2 included.

Determine the velocity at the centerline of the connecting wall:
( ]e (See Figure 3.25)

Calculate the radially directed kinetic energy of Ring #2 (R2) at
the end of Stage 1 of the Rl collision:

[ o
Determine the tensile strain energy capability of R2 in the first
collision: [ ]2

where (et)RZ is the effective tensile strain of R2 as
determined on page B54.

If (Etl)RZ < (KEI)RZ' R2 will fail in tension and allow the first
collision .issile to pass through unimpeded. The missile will be
composea of the disc segment, My, and the Rl shear fragment,
(mg)py, and the energy of the combined pieces will be

[
If (Etl)RZ > (KEI)Rz' Ry will hold in tension. The missile from
the R1 shear failure will strike R2 and a second collision must be

evaluated, where the missile initial energy is

( >
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In the second cu'lision with R2, it is assumed that the connecting
wall has broken from the remaining stationary part of RIl.
Therefore, R2 will appear as shown in Figure 3.26 during the second
collision. Note that the angle ec must be adjuste” by the standard
procedure for second collisions struck by f.-=" collision
fragments. A normal Stage 1 calculation is then made with the
known information. SA3 is the most likely shear mode.

If (AKE)Rz > (Up)R2 , Stage 1 perforation of R2 occurs with a
resulting additional fragment based on the R2 ring body only. The
fragment will protably be an as;mmetric type and its
characteristics are determined as shown on pages B55 to B58. The
disc plus the Rl shear fragment wii! continue on to a piercing
collision with the outer cylinder wit" combined energy

( I

The R2 fragment is reported as exiting the turbine with kinetic
energy and velocity as determined in this collisicn.

If (AKE)RZ < (U )RZ’ Stage 1 containment is obtained and R2
proceeds into Stage 2 for the second time. It is assumed that the
tensile strain energy capability has been reduced by the kinetic
energy absorbed in tension by the ring during the first

collision. The tensile strain energy capability of R2 in the
second collision is then

( )

where ( )* are the quantitie= based on angles of the second
collision and (KE;)p, was calculated in Step 3.
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; M, MODEL
FOR 2ND COLLISION

R2

M.J.UMP

(V3)Rr2

(VonlR2

Figure 3.26
WALL CONNECTED RINGS - 2ND COLLISION
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10. The kinetic energy of the system after Stage 2 is

[
1f (KEZ)Rz < 0, overall containment has been achieved.

If (KEZ)R2 > 0, the disc segment and Rl shear fragment will
continue on to a piercing collision with the outer cylinder with
combined energy

[ ¥

The R2 ring fragment will be as determined on pages B55 to B58 and
be reported as exiting the turbine with kinetic energy and velocity
as determined in this collision.

3.1.2.7.3 BRITTLE FRACTURE

As stated earlier, tests have shown that

[ ® type will occur at locations
1ike section A-A of Figure 3.14 when impacted as shown. The wall
location must be as defined on page . The most energy that can be
absorbed in this type of collision is the energy of brittle fracture,
Ep, which is defined below and is related to the momentum transfer
energy and the energy of SA; Stage 1 failure. There is no Stage 2
energy absorption relative to this mode of failure.

The procedure to use is as follows:

1. Determine the possible SA; mode Stage 1 strain energy absorption
value based on the fragment defined by the shade¢ area, A,. The
shear strain energy is calculated as on page B51 and the
compression strain energy as on page B28. Then the possible
plastic strain energy of the brittle fracture is

[




2.

3.

4.

5.

It will be assumed that this value is one possible limit of the
( ]38 energy loss; i.e., the energy loss cannot
exceed that which would be lost by Stage 1 type failure.

Determine the mass of the ring fragment, mpp, that would result
from [ ]a

& . _ where ‘
Moy = Ay % R © Rup is the radius tc the
centroid of the Ab area.

Determine the eccentricity coefficient, Ky, of the fracture
fragment:

(1...)
. = CBMZh where ap 1s the distance from the

"y 3 * (ICBM)b centerline of impact to the CG of m,,
and (Icgm)p 1s the mass moment of

K

inertia of Mop

The effective mass of the fragment is Mpp = Kpmpp

The maximum energy loss due to an inelastic collision is
( o

It will be assumed chat this is the other possible limit of brittle
fracture enerqy loss.

Therefore, the energy of brittle fracture is the lesser of the two
Timits:

U

Ep = the lesser of - P

uKEb
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6. The energy of the system after the collision is
KE] = KEO - Eb

and the velocity at the center of impact is

( 13

7. Since the fragmeit is asymmetric, its CG velocity [ ]2
and translational kinetic energy [
The missile energy is [ g

3.1.2.7.4 HUB COLLISIONS

Disc hubs may collide with rings that were not previously impacted by

the rim of the disc. This possibility should be investigated as part of the

sequence of collision. as the disc moves outward (see Figure 3.27). As
done with rim collisions, a slight overlap of the disc hub on the blade
ro..s is ignored and the impact relationship of hub to back-up ring is
assumed to be as depicted in Figure 3.28. The compressed volume is
obtained as shown and the shear or brittle fracture energy is obtained
in accordance with the location of the backing wall. The radius of the
hub at the impact location is used to determine the arc length needed
for the various parameters used in energy calculations. Al
calculations and decisions then follow previously esiablished
procedures. NOTE: Any stationary remnant of a previously impacted ring
or other cylinder structure will rot be considered as capable of
sustaining a hub collision because of the uncertainty of its final
location and energy absorption capability remaining after the preceding
collision.




Figure 3.27
TYPICAL HUB COLLISION
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Figure 3.28
nUB COLLISIONS
COMN'PRESSED VOLUME & IMPACT LOCATION
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3.1.3 SIMULTANEOUS COLLISIONS WITH TWO ADJACENT RINGS
3.1.3.1 BASIS OF ANALYSIS

Collisions of this type are quite common at certain locations in Low
Pressure (LP) turbines. The primary difference between these collisions
and the previously aiscussed symmetric and asymmetric collisions with

( ]2 is that the incoming kinetic energy
must be apportioned between the adjacent rings and then the Stage 1 and
Stage 2 concepts must be considered for each of the two rings. To
discuss all possible combinations of collision types would require a
rather lengthy treatise, so only the common cases that have been
discovered in existing turbines will be covered here.

3.1.3.2 COLLISION INVOLVING SYMMETRIC IMPACT AND BRITTLE FRACTURE

The inost common example of this type collision is the one shown in
Figure 3.29, which is the [ 12 impacting “he [
12 (symmetric impact) and the [ 12 (brittle fracture).

However, other examples exist in some of the LP turbines. The procedure
for calculation is sowewhat tedious but relatively straightforward.

Procedire:

Perform steps 1 to 3 of Section 3.1.2.7.3 for the brittle fracture
fragment by itself.

4. Determine the target mass of the symmetric ring structure, Mos,
based on the procedure of Section 3.1.1.3. For the flow guide
structure shown, to simpiify accounting for the 3t. flap on the
cone, increase the mass directly impacted by the addition of an
equivalent piece t. wide beyond the impact edge.
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Figure 3.29
COMBINED SYMMETRIC IMPACT &
BRITTLE FRACTURE
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5.

6.

(a)

(b)

The maximum possible kinetic energy loss of the brittle fracture
fragment by itself is

[ ]a where M2 = Map + Mg

and the energy loss of brittle fracture is

U
pb
JKE
b

Eb = the lesser of

Compute Uyg = Ecg + Egs for the symmetric ring structure. For the
flow guide structure shown, an SA; type failure mode will govern.

Determine the masimum possible Stage 1 energy loss of the combined
impacted masses:

Determine the Stage 1 result:

If KE > Eb + U G Stage 1 perforation occurs and the system energy
at the end of the collision is

[ ]2 (Go to Step 10)

If 'KE < Eb + U g’ Stage 1 containment is achieved and leads to
Stage 2 (Step 9?.

B76

~




9.

10.

12.

If Step 8(b) governs, obtain the tensile strain energy of the

symmetric ring structure, Ets. For the flow guide example, the t.
effective part of the cone is considered to be part of the tensile

cross-sectional area. The system energy at the end of Stage 2 is

If KE2 < 0, cverall containment has been achieved.

If KE, > 0, Stage 2 perforation has occurred (go to Step 10).
If perforation occurs in either Stage 1 or Stage 2, the system

velocity in the line of impact is

Vzn = [ ]J® where n refers to Stage 1 or 2 as applicable.

The major missile (disc segment + symmetric fragment) continues to
the next collision at velocity Vp, and kinetic energy

( 1@ where m);c is the mass of the symmetric
ring fragment bounded by the shear planes.

The brittle fracture fragment exits with a CG velocity [

]a

and translational kinetic energy [ ]a
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3.1.3.3 COLLISION INVOLVING SYMMETRIC IMPACT AND ASYMMETRIC IMPACT
WITHOUT BRITTLE FRACTURE

Collisions of tnis type have been found to occur in certain locations of
some [ ]2 (for example, see Figure 3.30). As with the
preceding example, the principles are relatively straightforward, but
the calculations are still more complex because of the greater number of
possible failure combinations.

Procedure:

l. Evaluate the effective target mass for each of the two ring

"

structures: Myg symmetric target mass

Mop = asymmetric target mass

=
~nN
[

= Mag + Mop

2., Calculate the maximum Stage 1 energy loss associated with each of
the two ring structures:

Symmetric [ ]2

Asymmetric [

3. For each of the two ring structures, calculate the Stage 1 energy
of plastic deformation:

Symmetric Upg = Ecs + Ess | based on the appropriate modes

Asymmetric Upp = Ecp + Egp/ described in earlier sections
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Higure 3.30
COMBINED SYMMETRIC & ASYMMETRIC IMPACTS




(a)

Determine the outcome of the Stage 1 processes:

(a) If aKEg < [ ]
(b) If AKES > [ ]*
(c) If aKE( > [ 16
(d) If aKE < [

Consider the meaning uf the Stage 1 results in Step 4:

This Stage 1 result says both ring structures provide Stage 1
containment; therefore the two ring structures enter Stage 2 and
the final result is

[ ]2 where Ey and Eyy are determined as shown
in previous sections.

If KE2 < 0, overall containment has been ac..ieved.

If KEZ > 0, under most conditions (see page B58 for exception) the
original missile plus the symmetric plug fragment will continue

together alone at the velocity [ 12 and with
combined

kinetic energy [ 1@

The asymmetric fragment created by Stage 2 failure will then have
velocity Vq¢ 2° Jefined in Step 5, Section 3.1.2.6, and KEg as
defined in Sten 7, Section 3.1.2.6.
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(b) This is the result when both ring structures have Stage 1
' failure. What happens aftor that is a function of the Stage 1
asymmetric failure mode.

Sf1 or SA3 mode:

Kinetic energy of original missile and fragment from symmetric
structure:

Kinetic energy of fragment from asymmetric structure:

Fragment symmetric (see Step 4, Section 3.1.2.6)
(

In this case, the missile into the next collision would consist of
M1 + m21S + m3 and total kinetic energy would be KEpSf = XEps + KEg

Fragment asymmetric (see Step 5, Section 3.1.2.6)
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In most cases, this would be an exiting fragment as in Step 7,
Section 3.1.2.6, but the possibility of Step 6, Section 3.1.2.6 should
be considered.
[
SAp mode:
[ J
( ]a
Kinetic energy of original missile and fragment from symietric structure ®
at the end of Stage 1:
[
*
The asymmetric structure alL the end of Stage 1 has formed the continuous
band typical of SA, failures. Refer to Section 3.1.2.7.1 of this °
report.
0 If the fragment band is symmetric at the end of Stage 1,
V3¢ = Vpy and kinetic energy of the band is ®
( J@ where my, is the fragment band mass over the
angle o, determined on the basis of te of ®
that fragment.
The available missile kinetic energy at the end of Stage 1 then is
( 1"
L]
Calculate the tensile stra‘n energy capability of the band as for a
symmetric ring: (E¢)sa2e
*
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If (Et)SAZ > KE

105" Stage 2 containment is achieved.

If (E ) < KE » KE_ = KE - (E)
t SA2 105f 2 10sf t SA2

The missile leaving the collision will be My + mpig + m3c where m3c
is the tensile failure fragment from the band over the angle uc.

The missile energy leaving the collision will be
( .]2

If the fragment band is asymmetric at the end of Stage 1, first
obtain

the CG velocity of the asymmetric target mass: [ 18

Fragment band velocity [ Ja

Obtain (E4)sa2 and KEjf as given in Step 3, Section 3.1.2.7.1.
KEjps 15 the same as the preceding case.
Energy at end of Stage 1, KEjpss = KEqps + KEqf

If (E¢)sa2 > KEjpsf» Stage 2 containment is achieved.

If (E¢)saz < KE1psf, KE2 = KEpsf - (E¢)sA2

[ ]2
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(c)

Energy of initial missile and symmetric fragment at end of Stage Z,
[ 1@

The asymmetric fragment band is handled the same as on page B61,
givlng KEZf'

KE2ps and KEy¢ are combined or left separate based on next
collision considerations as desrribed on page BS8.

In this case, there is Stage 1 failure of the symmetric ring structure
and Stage 1 containment at the asymmetric ring structure. The ontire
asymmetric ring structure then enters Stage 2 tensile straininc. The
system kinetic energy at the end of Stage 1 is reduced by the amount of
kinetic energy transferred to the symmetric structure outside of the
shear plane. The reduced value is the kinetic energy available for
Stage 2 absorption. The kinetic energy of the new system at the end of
Stage 2 is

wher2 [ ]2
and E4p is obtained from M,, as on page B54.
If KE2 < 0, overall containment is achieved.

If KEZ > 0, there is Stage 2 failure with a velocity of the original
missile and the symmetric plug fragment

[ 12 and combined kinetic energy
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(d)

The asymmetric fragment created by Stage 2 failure wiii then have
velocity V3¢ as defined in Step 5, Section 3.1.2.6 and KEg as
defined in Step 7, Section 3.1.2.6. KEppg and KEg¢ are combined or
left separate based on next collision consideration on page B58.
In this case, thare is Stage 1 failure of the asymmetric ring
structure and Stage 1 containment at the symmetric ring

structure. The Stage 2 behavior depends on the Stage 1 asymmetric

failure mode.

SAl or SA3 mode:

Kinetic energy of fragment t.om asymmetric structure:

Fragment symmetric (see Step 4, Section 3.1.2.6)

Fragment asymmetric (see Step 5, Section 3.1.2.6; V3¢ is denoted as
v3lf here.)

Kinetic energy of symmetric structure and original missile at the

end of Stage 1 [




~N

Available kinetic ene. gy at the end of Stage 1 to be abs.-bed in Stage 2
( ]2
where KE ¢ is the appropriate value from the preceding page.

System kinetic energy at the end of Stage 2

( ]2 where Eis is determined as before.

If KEZ « 0, there is Stage 2 containment.

If KE2 > 0, there is Stage 2 failure with a velocity of the original
missile and the symmetric plug fragment

[ ]a where [ .]2

The kinetic energy of the original missile and the plug from the
symmetric structure is

and the kinetic energy of the fragment from the asymmetric structure is

[ ]a where [ .]2
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KEzps and KEp¢ are combined or left separate based on next collision
considerations as described on page B58.

SA2 mode:

Kinetic energy of symmetric structure and original missile at the end of

Stage 1 T ]e

0

If the SA, fragment band is symmetric at the end of Stage 1,

V3§ =V, and the kinetic energy of the band is [ ]8
(see Section 3.1.2.7.1)

Available missile kinetic energy at the end of Stage 1

( o

Calculate tensile strain energy capability [ ]2 as
described previously.

System kinetic energy at the end of Stage 2
{ 3

If KE2 <« 0, there is Stage 2 con*ainment.
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If KEZ > 0, there is Stage 2 failure and the original missile, the
symmetric structure plug, and the fragment from the 5A2 band all
have velocity
-
[ Ja
g
and combined kinetic energy
[ ]a -
0 [f the SA, fragment band is asymmetric at the end of Stage 1,
obtain V3¢ from Vp; as in Step 3, Secticn 3.1.2.7.1, and ®
v
M, = S m
i e
3K 21 3
&
[ Ja
Determine KEj¢ from Step 3, Section 3.1.2.7.1. Kinetic energy of L
symmetric structure and original missile at the end of Stage 1
[ ]a L
®
®
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Available kinetic energy at the end of Stage 1

[  u

Tensile s%2%n energy capability [
System kinetic energy at the end of Stage 2

[
If KE2 < 0, there is Stage 2 containment.

If KE2 > 0, there is Stage 2 failure and the original missile and the
symmetric plug have a velocity

and combined kinetic encrgy

The fragment from the asymmetric band is handled as on page B62, giving
KEzf. KEZDS and KEZf are combined or left separate based on next
collision considerations on page B58.
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3.1.3.4 OTHER POSSIBLE SIMULTANEOUS COLLISIONS OF ADJACENT RINGS
Other combinations of simultaneous collisions are possible, such as:
Asymmetric impact and brittle fracture
Asymmetric impact and asymmetric impact
Symmetric impact and symmetric impact.
However, none of these combinations has been discovered in existing low

pressure turbine cylinders, so analytical approaches for these cases
have not been developed.
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3.2 COLLISIONS INVOLVING CYLINDER WRAPPERS (SHELLS)

3.2.1 BASIS OF ANALYSIS

The current analysis development assumes that in most cases a blunt
(Hagg-Sankey) type collision with a cylinder wrapper (shell) will occur
only if the first collision is a symmetric case with a radial backing
wall in the path of the disc. In such a case, all subsequent collisions
will be of blunt orientation; however, the circumferential edge of the
radial wall will be the biunt surface since it is assumed that the wall
remains erect.

If a disc is involved in an asymmetric ring collision first, any
subsequent collisions with cylinder wrappers are considered t~ be
piercing orientation.

The procedure used for blunt collisions i1s a slightly modified version

of the basic Hagg-Sankey procedure for long shells as described in
Section 2.0 of this report.

The method used for piercing collisions is based on observation of the

EPRI missile test of this type to which conservative assumptions are
applied (2).
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3.2.2 BLUNT (HAGG-SANKEY) SHELL COLLISIONS

There are two different conditions under which this type of collision
will occur:

0 The collision is caused by an attached wall that is torn through
from the preceding collision (see Figure 3.31). in this case the
circumferential arc length of the contact zone is

L =(r  + %J 6. is established in the preceding

. 01 1 where OC

collision.

1

0 The collision is caused by an unattached wall that has continued on
from a previous perforation (see Figure 3.21). In this case the
circumferential arc length of the contact zone is

r..* EJ o , where o
A ol 2 ¢2 c2
ol originating collisions.

and roz2 are established from the

In the event of an offset center or two center wrapper,
it i< sufficiently accurate to use the local radius for

rol.

Assumptions:

1. One radial edge of the wall fragment is [
]a
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3¢ 4 3t 3= 3t few

_},_wb 4 ¢ ¢ ¢ [_

¢=HINGES

CASE | CASE 2
VIEW A

HORIZ
JOINT

NOTES: ro  awp fo, ARE ASSUMED TO BE THE

CRAWING RADIT, EVEN THOUGH SOME
DISTORTION MAY HAVE OCCURRED FRQOM
PRECEDING CO' LISIONS,

Figure 3.31
BLUNT COLLIS!GNS WITH CYLINDER WRAPPERS

B93




2. The horizontal joint is assumed to provide no shear resistance, but
there is sufficient tensile restraint to develop full tensile
strain of the shell over the region specified below.

3, The derivation is based on a gap between impacting fragments that
is greater than [ ]2, which will usually be the case.

4. If they should happen to occur, the z.ocedure is also applicable to
blunt hits by discs or rings not preceded by walls.

5. There are two basic shell configurations that normally occur in
practice. These are shown in Figure 3.31. Case 1 is handled in
typical Hagg-Sankey fashion, assuming [ 12 tensile strain over

the My elements in Stage 2. Case 2 is assumed to be capable of
sustaining only [ ]2 tensile strain in much the same manner

as a ring. Tensile strain in Stage 2 is taken as [ 1% over the
m,, element plus [ ]2 at the snort side and [ ]2 along the long
side.

Calculation Procedure:

CASE 1: Biaxial tension case

Stage 1 [ ]a
[ e
U s + ¢
P 5 C
M = (2L #w)'z*l.wt m B L wt
Z . c . 21 eC
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If U < .KE, Stage 1 perforation occurs and system velocity after the

collision is found fror

[ ]a

The K.E. of the continuing missile is

If Up > (KE, Stage 1 containment is achieved and Stage 2 occurs.

K.E. of system at end of Stage 2 is

Containment is achieved if KEp < 0.
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If KE; > 0, Stage 2 failure occurs with the following results:
K.E. of continuing missile [
where wall was attached

K.E. of continuing missile [ o
where wall was not attached

Velocity at end of Stage 2

CASE 2: Uniaxial tension case

a
[ ]
S U =E +E
tage 1 ( ]a . . A
2
M =,l(L + + t =
2 ol ( ! wc) t Lc"c ] m21 R Lcuct

Remainder of Stage 1 calculations are the same as Case 1.

Stage 2 U > aKE
[ 12

Remainder of Stage 2 calculations are the same as Case 1.
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3.2.3 PIERCING COLLISIONS WITH SHELLS

If a piercina collision is called for as per Section 3.2.1, it will be
assumed to occur as described here and shown in Figure 3.32.

]a
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NOTE:

1
W

C

CEFINITIONS:

:]a

The disc will carry a previously perforated fragment only if that

fragment achieved a symmetric status during the collision that

produced it.

Figure 3.32

PIERCING COLLISION
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EFFECT1vE MASS OF IMPACTED SHELL

| 2 2
M= oW Lp t+2 (Uavg+ Lp) t or . L(A2+AF) t+2 (“avg+Lp)t ‘

2 avg

MISSILE VELOCITY AFIER COLLISION

MISSILE KINETIC ENERGY AFTER COLLISION

If this is the last collision (i.e., outer cyl.), missiles are reported
as separate components, ‘.e., disc and previously perforated fragment.
The pierced shell is considered to produce no reportable fragments.
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3.2.4 SECONDARY COLLISIONS WITH PREVIOUSLY PERFORATED SHE'LS

A wrapper that has failed as a result of a Hagg-Sankey type collision
caused by a radial wall (see Figure 3.33) may also be subsequently
impacted by the ring(s) and/or disc rim if the hole created by the
initial perforation is not large enough to allow those items to pass
through unimpeded. The 3t flaps are assumea to have been previously
accelerated and may possibly be missing, so that only shell material
beyond the outer 3t boundary is considered for the additional collision.
The analysis procrdure uysed is simply to assume conservation of momentum
in a totally in collision.

For a flat-top cross-section, the method is quite simple. An my, area
is defined by the width w and the arc length Rl”c' The mpp is obtained

from 3t flaps at one end and along one or both circumferential edges as
applicable.

Velocity after collision [ 3
The structure depicted in Figure 3.33 strikes the shell again with the
sloped surface of the blade ring, as shown in Figure 3.34. The average

radius % (R1 + Rz)is used to ob.ain the appropriate arc length.
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Figure 3.33
SECONDARY COLLISION

SINGLE RADIUS EXAMPLE
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Figure 3.54
SECONDARY COLLISION

VARYING RADIUS EXAMPLE
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3.3 REPORTING OF EXITING MISSILE FRAGMENTS

The missile analysis process assumes that fragments created
symmetrically [ ]2 as it proceeds through the
sequence of collisions. This is a generally conservative method of
obtaining lotal exit energies and velocities. Since the disc segments
and various fragments [ 12 upon exiting
from the turbine, they are reported as [ 1A items. Fragments
created asymmetrically are not generally carried through the remainiig
collisions unless they are trapped between the missile and the next
structure impacted. Asymmetric fragments are therefore reported with
the conditiors that they have at the end of the last collision in which
they are known to participate.

The following properties are reported for all exiting missile fragments:
Fragment weight - 1b (rounded to nearest 5 1b)
Exit velocity - ft/sec (rounded to nearest 1 ft/sec)

Exit translational kinetic energy - 106 ft-1b (rounded t> nearest
0,01 x 106 ft-1b)

Other comments related ty specific types of fragients are given below.

DISC SEGMENTS: The exiting mass of the disc segment is assumed to be
the [ ]2
Dimensional parameters are reported as shown in Figure 18 of Section A.

CYLINDER FRAGMENT>: Exiting blade ring and vylinder fragments vary
significantly in shape. Fragments with equivalent rectangular areas are
reported rathe: than furnishing detailed sketches and tables of
dimensions (see Figure 3.35). Arc length at the centroid of the
cross-sectional area is also given. The methods of calculating the
equivalent dimensions are as follows:
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Figure 3.35
LP. CYLINDER & BLADE RING FRASMENTS
EQUIVALENT RECTANGULAR DIMENSIONS
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A. Ring fragments without included stationary blades (see Figure 3.36)

1.

Select a characteristic dimension of the ring, usually th:
overall width of the ring fragment, B,, rounded ‘o the nearest
0.1 inch.

Calculate the equivalent thickness, Hp, from the known
cross-sectional area, Az, and the characteristic width, 92:

(Round H, to the nea‘est 0.1 inch).

From the actual mass of the fragment, mg,, calculate the
characteristic arc length. Lj:

(e
2 o 82H2

L

(Round L, to the nearest 0.1 inch).

For symmetric fragments, mg, is the individual ring elemant
part of my; as defined on page B24.

For asymmetric fragments, mg, is the individual ring element
part of my ¢s defined on page B55.

When my has two or more ring elements, the iranslatioral

velocity for each element is assumed to be that of the
integrated ring mass at its CG.
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Figure 3.36
GEOMETRY USED TO OBTAIN
RING FRAGMENT DIMENSIONS
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B. Ring fragments with included stationary blades (see Figure 3.36):

1.

Calculate the arc length at the centroid of the crcss-section
(do not include stationary blading in this cross-section):

=R _0
L1 mi ¢

(Rcund Ly to nearest 0.1 inch)

From the mass of the fragmert including blades, mg, calculate
the equivalent thickness, Hy, using a characteristic dimension
of the ring fragment width as B; (rounded to the nearest

0.1 inch):

"1
H, =
1 o BlLl

(Round Hy to the nearest 0.1 inch)

For symmetric ring fragments, mg, is the individual ring
element part cf my; including stationary blading. For
asymmetric fragments, mg; is the individual ring element part
of my including stationary blading. Velocity is determined as
in paragraph "A" preceding.

CYLINDER WRAPPER PIECES: Report as part of any wall to which they are
welded in a symmetric collision case. An unattached wrapper that is
blunt impacted creates an my; fragment if Stage 1 perforation occurs,
and no fragment if Stage 2 failure occurs.

LOW ENERGY MISSILES: Exit velocity and kinetic energy are not reported

for missile fragments that have an exit kinetic energy calculated to be
less than [ ]a
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EJECTION ANGLES of the aisc missiles are given by the following
guidelines (refer to Figure 3.37):

0 Discs ) to N-1: 15 degrees measured from the vertical radial plane
pa=.ing through the disc.

0 Disc N: 5 degrees to 25 degrees measured from the vertical radial
plane passing through the disc. Fragments from this disc will
eject only towards the cylinder end wall.

{N is the number of discs in a single flow half).

These guidelines are based on results reported in reference 1.

SAMPLE PAGES: Examples of the format in which fragment data is
presented in customer reports are shown in Tables 3.01 through 3.03
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Locus of ejection
angles (section view, 2

top half) \.,.
| ]

|

* 1

@1 Vertical radial planes 4 Cylinder
passing through all end wall
inner disrs

o, |

-§° 250
¢2 Vertica! radial planes
passing through all g0 ' 7
outer discs (i.e. those |
discs closest to the rotor |
ends, there are two outer
discs/rotor/element).

~

NOTE: Vertex of ejection
sngles located at the point
of first contact between disc
and stationary blade ring

(A common practice is 1o
locate these vertexes at the

point of insection between LP rotor
the radial plane and the
rotor’'s centeriine )
NN
fe =l G-
Inner disc Outer disc

Figure 3.37
EJECTION ANGLES FOR LF. DISCS
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Table 3.01
IPCYLINDER AND BLADE RING FRAGMENT DIMENSIONS
(Refer to Figure 3.35)

FRAGMENT L (in) L (in) B (in) H (in)

NUMEER 90° SEGMENT 120° SEGMENT

C
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Table 3.02
INTERNAL DISC SEGMENT PROPERTIES FOR LP DISCS 1 THROUGH &

100% SPEED 132% SPEED DESTRUCTIVE OVERSPEED
WEIGHT VELOCITY ENERGY VELOCITY ENERGY VELOCITY ENERGY
(1b) (ft/sec) (105 ft-1b) (ft/sec) (165 ft-1b) (ft/sec) (105 ft-1b)

90° DISC SEGMENT

DISC No. 1 C

DISC No. 2

DISC No. 3

DISC No. 4

DISC No. §

DISC No. 6

DISC No. 6* ]ab

120° DISC SEGMENT

DISC No. 1 C

DISC No. 2

DISC No. 3

DISC No. 4

DISC No. 5

DISC No. 6 o
DISC No. 6* ]

*Weight change due to loss of blades prior to reaching destructive overspeed.
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Table 3.03
EXIT MISSILE PROPERTIES FOR WO. 2 LP DISC AND FRAGMENTS

100% SPEED 132% SPEED DESTRUCTIVE OVERSPEED
WEIGHT VELOCITY ENERGY VELOCITY ENERGY VELOCITY ENERGY
(1b) (ft/sec) (105 ft-1b) (ft/see) (105 fr-1v) (ft/sec)  10° ft-Ib)
90° DISC BURST
DISC No. 2
FRAGMENT No. 2.1
ab
FRAGMENT No. 2.2 ]
120° DISC BURST
DISC No. 2
FRAGMENT No. 2.1
ab
FRAGMENT No. 2.2 J

*Exit missile energies of less than 100,000 ft-lb are not reported.
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5.0 Appendices

Appendix A: Derivation of Effective Height of a Radial Wall for
Tensile Straining and Mass Moment of Inertia

Appendix B: Mass Moment of Inertia of Curved Beams

Appendix C: Values of Dynamic Ultimate Strength for Common
Westinghouse Structural Materials
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PFPPENDIX A: Derivation of Effective Height of a Radial Wall for
Tensile Straining and Mass Moment of Inertia

The effective height concept for use in missile absorption calculations
involving radial walls ic based on the method used for finding
circumferential stresses in a thick-walled cylinder with internal
pressure. The equations used are from Formulas for Stress and Strain,
Roark and Young, 5th Ed., Table 32, Case 1, page 504. Figure A.l1 on the
rext page shows the dimensional parameters used and the assumed
distribution of loading.

The derivation is also based on the following additional assumptions:

P
]a
- SN
]a
= 4

]a
q = internal radial pressure from the ring

Maximum circumferential stress at radius r
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theoretical
strain

distribution

WRAPPER

based on effective

F height

Figure A. 1
DIMENSIONS & ASSUMED LOADING FOR
EFFECTIVE HEIGHT OF A WALL
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The total circumferential force is found from the free-body in
Figure A.1:

2F =2rq+F =r
v i
The efiective height h, is defined as the radial dimension outward from

the ring that provides the same circumferential force at the maximum
stress level as does the varying distribution over the full wall height:

- 0c max i riq
2 2
r +rv
¢ 2 .y
172 2 M=
Tl
2 2
e
EFFECTIVE HEIGHT h = p -2
e i 2 2
ro+r
0 i

SPECIAL CASES

Figures A.2 and A.3 depict the method to Le used when a wall is
interrupted by an intervening r.ng or its direction changes from radial
to conical. Essentially it has been conservatively assumed that the

intervening ring hac no effect on the determination of he and that the
conical direction affects only the effective height hy as used in

asymmetric collisions.
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e
!
] ri
Figure A.2
INTERVENING RING

(TYPICAL, LPTYPE I & IV LAST EXTRACTIGN)

Effective wall to use in
calculating properties of
asymm. struck rings.

hg = (hg-3t) cos B + 3t

EFFECTIVE HEIGHT OF WALL FOR SPECIAL CASES

Figure A.3
CONICAL WALL
(TYPICAL, LP TYPE | LAST EXTRACTION)
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APPENDIX B: Mass Mcrent of Inertia of Curved Beams

When a ring element is impacted asymmetrically, there is good reason to
believe that the impacted mass behaves as a curved beam atiempting to
rotate out of its plane about an axis through the center ~€ gravity of
the affected arc (see Figure B.1). This being the case, it is essential
to know the mass moment of inertia of the curved beam :ection to
determine the effective target mass My for use in missiie

calculations. One method of deriving the equations for this purpcse is
given below for relatively simple cross-sections which can be
approximated by a group of rectang’es.

Reference: Formulas for Stress and Strain, Roark and Young, 5th Ed.,
Table 1, Case 19, page 69.

First consider the properties of the plane face area shown in
Figure 3.2. The angle «, the radius R, and the thickness t are known.
The face area is then

A= ot (2R-t) NOTE: .« is in radians
in the equations

Location of centroid
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Figure B.1
AXIS OF CURVED BEAM MOMENT OF INERTIA
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Area moment of inertia about 1-1 axis

3 U 3 stn’
LsR°t (1= 55 + = - —3) x {a + sin o scosu - — —
R 4R
t sin % (1 t g tz)
i e AL R S J
3R «(2-t/R) 6R

The mass momert of inertia of a very thin element (thk. = dx) about its
own 1-1 axis is

plldx
Then the total mass moment of inertia of the element about the mass

center of the solid, applying the parallel axis theorem, is

2.
dlmz = (I1 dx v Adx » x )

To get the total mass moment of the solid, integrate from - ; to + ;:
2 x3 ! ;
a1 Il L + A x dx! = g Iy +A 3 h
- %
" 3
MA NT = -
SS MOMEN Iz = v 4h+ A g5 |
OF INERTIA
Total mass of the solid m=,Ah
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To obtain the mass moment of inertia of a sectiun compused of a group of
rectangles (see Figure B.3 for example):
C. G. OF ENTIRE SOLID SECTION

n n
LMy, LM,
-:1 _’1
Y - X -
m m
1 i 1 i

MASS MOMENT OF INERTIA OF ENTIRE SOLID SECTION

n 2 n 2 n e 2

I = mx, + _my, +, 1 =-m({x +y)
PN T e .

where

n
Mr = mass of entire sciic = . m

1 i
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Figurs B.2
GEOMETRY FOR MASS MOMENT OF INERTIA CALCULATION

LR

K3 =J
Figure B.3
SAMPLE SECTION FOR MASS MOMENT OF INERTIA CALCYLATION
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APPENDIX C: Values of Dynamic Ultimate Strength for Common
Westinghouse Structural Materials

For consistency in calculations, the following values of dynamic
ultimate strength should be used:

MATERIAL SPECIFIED MINIMUM STATIC DYNAMIC ULTIMATE
SPECIFICATION ULTIMATE STREY ~ au STRENGTH, 4 g
(psi) (psi)
( ]a
( ]a
[ ]
[ 1

Ref.: Figure 2.01

Notes: [
]a
(
]a
[ ]
0 ]2

*Expected minimum static ultimate strength. No specified value.
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1.

INTRODUCTION

Part C contains methods and procedures for evaluating the effects of rotor
fragments hittinj the blade rings ard outer cylinders of nuclear HP
turbines. The effects of rotor fragments hitting at four locations around
the outer cylinder are analyzed.
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PART C
NOMENCLATURE AND UNITS'

TERM, UNITS

]a

Strain, in/in.
]a
]a

Radius of rotor, in.
Inside radius of blade ring or section of outer cylinder, in.
Included angle, radi. ns.
Crosc-sectional area, inl.
Width of section, in.
Thickness of section, in.
Radius to center of gravity of cross-section of blade ring, in.
Equivalent thickness, in.
Angle associated with overhanging material, radians.

]a

]a
Length, in.
Volume of material associated with 6., in3.
]a

volume of material for compression, in3.
Radius to center of gravity of cross-section of blade ring for
compression volume, in.

Comp:ession volume of blades, ind.
]a
Volume of blades for 360°, in3,
]a
Volume per ead associated with overhanging material on blade
rings, n3,

Effective weight per end associated with overhanging material on
hlade rings, 1bf.

tlisted in order of appearance.
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Es
UpC
Ec-cyl.
Ec-rmgs
Esc-sect.0
E

rc-sect.ll
AKE

Upca

]a
Effective weight in circumferential direction, 'bf.
Volume of overhanging material in circumferential direction,
ind.
Effective weight in axial direction, 1bf.
Effective weight per end anu per section in axial direction,
ibf.
Volume per end and per section in axial direction, n3,
volume of section of outer cylinder, in3.
Weight of section of outer cylinder, 1bf.
Effective weight of section of outer cylinder in circumferential

direction, 1bf.

]a
Total effective weight, 1bf.
Angle from joint to center of rotor fragment for a particular
section, radians.
Angle from joint to center of rotor fragment, radians.
Strain at ec/Z *8,5, s in/in.
Average tension strain, in/in.
Angie from joint to top of flange, radians.
Change in radius of section of outer cylinder, in.

]a

Total volume of outer cylinder for compression, in3.
Shear area, in2,
Dynamic shear strength, psi.
Shear energy, ft-1bf.
Summation of shear energy and compression energy, tt-1bf.
Compression energy of outer cylinder, ft-1bf.
Compression energy of blade rings, ft-1bLf.
Shear energy of section 0 of outer cylinder, ft-1bf.
Shear energy of section 11 of cuter cylinder, ft-1bf.
Energy luss of inelastic coiiision, ft-1bf.
Summation of shear energy and compression energy for case of

2L > 2tgq, ft-Tbf.
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EscA-sect.O

E'-cA-sect.ll

Esa-cy!.

EsA-rings

Es-sect.o
Es-sect.ll

Up

E‘:’-cyl.
ET-ring 1

ET-ring 2
KEp

W2 1w
V22w

Shear energy of section 0 of outer cylinder for
{ Zteq. ft-1bf.
Shear energy of section 11 of outer cylinder for
2L > Zteq, ft-1bf.
Shear energy of outer cylinder in axial iirection for
2L > Zteq, ft-1bf.
Shear energy of blade rings in axial direction for
2L > Zteq, ft-1bf.
Shear energy of section 0 for modified procedure, ft-1bf.
Shear energy of section 11 for modified procedure, ft-ibf.
Summation of shear energy and compression energy by modified
procedure, ft-1bf.
Tension energy of outer cylinder, ft-1bf.
Tension energy of blade ring No. 1, ft-1bf.
Tension energy of blade ring No. 2, ft-1bf.
Kinetic energy of rotor fragment after collision, ft-1bf.

]a
Weight of rotor fragment, 1bf.
Effective weight of cylinder, 1bf.
Effective weight of blade ring No. 1, 1bf.
Effective weight of blade ring No. 2, 1bf.
Height of horizontal joint flange on outer cylinder, in.
Flange dimension, in.

]a
]a

Volume of overhanging materia’ of flange, in3,
Effective weight of overhanging material in axial direction of
flange, 1bf.
Average included angle, radians.
Included angle of material above flange for hit above joint,
radians.
Volume of material associated with s, ind.
Fully effective weight for g, 1bf.
Wall volume of overhanging material in circumferential direction

for hit above joint, ind.
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ring 1

ring 2

Effective weight of overhanging material in circumfereniial
dircction for hit above joint, Tbf.
Shear energy of flange, "t-1bf.
Clearance hole diameter, in.

]a
Flange ligament mate:ial, ind.
Total effective weight of cylinder wall, for hit above joint,
1bf.
Total volume for tension energy of oiL.:er cylinder wall for hit
above joint, ind.
Tension energy of flange, ft-1bf.
Tension energy of wall, ft-1bf.
Tota! tension energy, ft-1bf.

Included angle of material, ec/2 - 8¢, vor hit at joint,

- radians.

Fully effective weight of cylinder wall for hit at joint, 1bf.
Volume of material of outer cylinder wall for hit at joint, in3.
Volume of overhanging material of outer cylinder wall in
circumferential direction for hit at ioint, ind.
Effective weight of overhanging material in circumferential
direction for hit at jointi, 1bf.

Total effective weight of cylinder wall for hit at joint, 1bf.
Total volume of oucer cylinder wall for tension energy and hit
at joint, in3,
Gravitational constant, 32.2 ft/secz.

Velocity of rotor fragment after collisiun, ft/sec.

Fragment kinetic energy of blade ring No. 1 after collision,
ft-ibf.

Fragment kinetic energy of "iade ring No. 2 after collision,
ft-1bf.

Fragment kinetic enerqy of cylinder after collision, ft-1bf.
Width of blade ring or cylinder fragment, in.

Height of blade ring or cylinder fragment, in.
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1.0

NUCLEAR HP MISSILE ANALYSIS

The HP element is a double flow design similar to the HP double flow
design shown in Sigure 3.1, and consists of a forged single-piece double
flow rotor, a cast steel outer cylinder, and four cast steel blade rings
supported inside the outer cylinder. Steam from four control valves
enters nozzle chambers at the center of the turbine 2lement through four
inlet pipes (two in the cylinder base and two in the cylinder cover).

In these chambers, the steam is distributed equally to both halves of
the rotor and flows axially through the blading to the exhaust chambers
at each end of the HP cylinder.

The potential for an HP missile will be determined at four locations
around the outer cylinder. Four rotor fragments per end, each fragment
being a 90° section, are assumed to hit the cylinder and blade rings.
The four locations are: a hit at the horizontal joint, a hit above the
horizontal joint, a hit above the flange, and a hit at the top of the
cylinder.

The calculations will be performed for rated speed and design
overspeed. It is not necessary to calculate missiles at the ductile
bursting speed of the HP rotor since this bursting speed is higher than
the theoretical terminal speed of the unit.

No HP missile calculations will be performed for rotor fragments hitting
below the flance of the horizontal joint.

]
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2.0

COLLISION PROCESS

The HP missile analysis for nuclear turbines will be based upon a single
collision process. The rotor fragment is assumed to contact both blade
rings and the associated stationary blades at the same time. In turn,
the blade rings cortact the outer cylinder at the two blade ring fits,
Figure 3.1.

The material between the blade ring fits on the outer cylinder and over
an angle 8. is considered fully effective, Figure 9.1.

Nozzle chambers are not considered available mass for reducing the
translational kinetic energy of the rotor fragment.
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3.0

LA

ASSUMED FAILURE MODE

The nuclear HP turbine has several variations. Some typical
corfigurations are shown on Figures 3.1 through 3.3.

The failure mode is for a rotor fragment to contact the two blade rings
which in turn contact the blade ring fits on the outer cylinder. If the
blade rings and outer cylinder are to fail, the primary failure of the
outer cylinder will be near the steam inlet side of the No. 1 blade ring
fit and near the steam exhaust side of the No. Z blade ring fit. The
primary failure will probably be a tension failure.

Since the length of the rotor fragment is longer than the length of the
outer cylinder for the primary collision, the rotor fragment may make
contact with additional material of the outer cylinder and nozzle
chambers after the primary coliision.

[
]a

This failure mode will be assumed for all configurations as well as for
all orientations around the cylinder.

The ejection angle of rotor fragments is assumed to be % 5° measured

from the vertical radial plane passin:c through the rotor and
perpendicular to the rotor longitudinal axis.
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HF ROTOR CONSIDERATIONS FOR MISSILE ANALYSIS

The rotor is assumed to fracture at the transverse centerline and at
each end. The two sections of the rotor each break into four parts thus
generating eight rotor fragments. The two end sections of the rotor do
not become missile-, Figure 4.1.

Each rotor section fails in steps with the result that two fragments
gain velocity and two lose velocity. The four rotor fragments per
section are assumed to be at the higher level for all containment
calculations.

In predicting the ability of the rotor fragment to penetrate the turbine
casing, test results and analytical considerations indicate that the
translational kinetic energy of a fragment is of much greater importance
than the rotational kinetic energy. Rotational kinetic energy tends to
*a dissipated as a result of friction forces developed between the
surface of the disc or rotor fragment and the stationary part.
Therefore, rotational kinetic energy is not considered in the
penetration calculations.




Figure 4.1
KP ROTOR FRACTURE SEQUENCE
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MATERIAL PROPERTIES

The nuclear HP cylinders and blade rings are made from
{ ]b. The dynamic strength of this material
will be set at [ 1® The ultimate strength of [

]b This value is based on the minimum purchase requirements. The
ratio of the dynamic strength to the ultimate strength is 1.35*.
Therefore, this ratio yields a dynamic strength for
[ 10 \

Using the same method, the dynamic strengths for the horizontal joint
bolting are:

Material Tyt (psi) o4 (psi)

]b
]b

The stationary blades are considered available material for compression
energy. The stationary blades are made from material containing

[ 12, which has a higher dynamic strength than

[ 72 However, for simplification of the calculation
procedure, the stationary blades are assumed to have the same dynamic
strength as the carbon steel castings.

*Refers to Reference Numbers at the end of this part.
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6.0

OUTER CYLINDER FOR HP MISSILE ANALYSIS - GENERAL DISCUSSION

The outer cylinder is divided into sections. The sections extend from
the No. 1 blade ring fit to the No. 2 blade ring fit. The Figures 6.4,
6.6, v.8 and 6.10 show the sections for the Nuclear Turbines.

The nominal thickness of the casting wall at the vertical centerline of
the cylinder is selected as the thickness that represents the remainder
of the cylinder wall. The wall thickness at all other locations is
greater than the nominal thickness at the vertical centerline. This
point is the result of casting feeds.

Another set of sections is established for the flange of the horizontal
joint. The division of the flanges for the Nuclear Turbines is shown on
Figures 6.5, 6.7, 6.9 and 6.11.

Detailed analyses for the calculation of the effective weignts in the
areas of inlet and exhaust connections are not performed. The nominal
wall thickness of the casting is assumed to exist through the

openings. Openrings in castings have local reinforcement material that
is added to the nominal wall thickaness. The amount of added material is
equal to the volume of material that is removed by the opening.

@ - ®
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Figure 6.5
HORIZONTAL JOINT OF OUTER CYLINDER, TYPICAL HP TYPE Il
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Figure 6.7
HORIZONTAL JOINT OF OUTER CYLINDER, TYPICALHPTYPEIIIAOR B
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Figure 6.9
HORIZONTAL JOINT OF OUTER CYLINDER, YYPICAL HP TYPE I A
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Figure 6.79

VERTICAL CENTERLINE OF OUTER CYLINDER, 7YPICALH" TYPEI B
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Figure 6.11

HORIZONTAL JOINT OF OUTER CYLINDER, TYPICAL HP TYPE | B




7.0 OUTER CYLINDER 20LTING AND BLADE RING BOLTING AT THE HORIZONTAL JOINTS

1. The tension strength of the wall of a bl e ring is stronger by a factor
of 8 than the tension strength of the bolts that hold together the two
halves of the blade ring, Figure 7.1.

2. The tension strength of the ¢ ter cylinder is stronger by a factor of
4 than the tension strength of the horizontal joint bolting. This
situation does not indicate undersized bolts but rather the fact that
there is a signiTicant increase in wall thickness above the necessa)y
amount for pressure and temperature considerations. This increase in
thickness is primarily at the blcde ring fits.

3. The difference in load carrying capacity of the walls and bolting

results in modifying the available tension strain energy that can be
removed from the system during a collision.
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Figure 7.1
HORIZONTAL JOINT BOLTING DIAGRAM, TYPICAL
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WLIGHT AND VOLUME DETERMINATION - GENEKa. DISCUSSION

The material involved in the collision process will be determined by the
establishment of radial lines. Al material between the radial lines

will be considered fully effective, [ 12 A1l material outside of the
radial lines will be considered partially effective, Wp,. .

Select a representat.ve rotating row for each blade ring. Select a
rotating row that is in line with the fit of the blade ring, Figures 3.1
and 3.2. Base the radius of the rotor on the base diameter of the
selected rotating blade, Rp. Base the radius of the blade ring on the
diameter above the rotating blade, R;, Figure 9.1.

The included angle, 5., between the radial lines for each blade ring is:

This included angle will be used not only for the blade rings, but also
for the outer cylinder.

Some turbine designs have the No. 1 blade ring extending underneath the
No. 2 blade ring, Figure 3.3. For this configuration, the included
angle, 6., for “he No. 2 blade ring is established by selecting the
first rotating row in the No. 2 blade ring.
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9.0

HIT ABOVE FLANGE - WEIGHT AND VOLUME DETERMINATION FOR BLADE RINGS

Once the radial lines have been established, some physical properties of
the blade rings have to be calculated. The cross-sectional area, A,
weight, volume, wtz and center of gravity of the cross-section are
required for each blade ring. An average cross-sectional area is
selected for 2ach blade ring. The effect of material removed by dowel
pins, horizontal joint bolting and support keys is not included in the
analysis.

The amount of weight and volume to be included in the energy
calculations for the overhanging material is established by the
following rules, Figure 9.1:

A. Determine the center of gravity of the cross-section of the blade
ring, Rg.

B. Determine the equivalent thickness, teq' of the blade ring,

according to Ewtz

W Figure 9.6.
C. Calculate the angle associated with the cverhanging material, 6,,.

The angie is the smaller of:

_ 1 »
a. 8, = (-8,
or
3t
e
S R
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D. The effective weight and volume of the overhanging material is:

[ 2

The efficiency factor, K¢, is determined from the curve,
Figure 9.2, where:

L . "m %22
= . g
eq
3te
For the case of 8,, = — 1, set K, to .34.
22 Rm f

The selected amount of material in front of the rotor fragment is
dependent upon the tvpe of calculation to be performed. The weight of
the material directly in front of the rotor fragment is established for
all calculations by:

[ o

The volume of material to be selected is dependent upon the type of
calculation. The volume of material for tension strain energy is:

-
H

Va1 * V22

3
Rm ec A+ 2 Rm 922 A (in™)

The volume of material for compression is:

For the majority of blade rings VC' = Vp1- However, some blade rings
have shapes shown on Figure 9.3. For these cases the volume of
compressed material is defined as the material immediately in
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front of the rotor fragment, but not including the material past
undercuts. For Figure 9.3 only the shaded volume is considered in
compression.

For turbine designs with _he No. 1 blade ring extending underneath the
No. 2 blade ring, [
]G

The No. 1 b'ade ring on HP Turbine Type II[I is composed of two rings
connected by ribs. The center of gravity of the cross-section,
equivalent thickness and assigned tension strain value is determined as
though the rings were rigidly connected thus forming a single body,
Ffigure 9.4.

The stationary blades are included in the analysis. The inner shroud,
airfoil and outer shroud are considered added weight to ¥>1- The volume
- of the stationary blades can be included in the compression volume.
However, the stationary blade volume cannot be included in the tension
strain energy volume. In addition, unly the stationary blades
encompassed by 9. are included in the analysis:

Vo1 = V3600 (9C/2h) (ina) compression volume of blades
W15 = Yo1p (.279) (1bf) weight of Jlades.
Therefore:
v * v; * Voun (in)
hyy = Wyy + Wy (1bF)

A tabulation form for blade ring properties is shown on Figure 9.5.




Figure 8.1
DETERMINATIGN OF 8 AND 8,
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Figure 9.2
EFFECTIVE MASS FACTOR, K¢
REF. “THE CONTAINMENT OF DISC BURST FRAGMENTS BY

CYLINDRICAL SHELLS” - HAGG & SANKEY
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° Figure 9.3
HIT ABOVE FLANGE - MATERIAL IN COMPRESSION
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TURBINE AXIAL §

Figure 9.4
NO. 1 BLADE RING FOR HP TYPE lll B
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Figure 8.5
BLADE RING TABLE




EQUIVALENT THICKNESS OF BLADE RING

Figure 9.6




10.0

HIT ABOVE FLANGE - WEIGHT AND VOLUME DETERMINATION FOR OUTER CYLINDER

The relationship of the four rotor fragments and the affected material
on the outer cylinder for a hit above the flange is shown on
Figures 10.3 and 10.4.

The radial lines established for the blade rings extend through the
outer cvlinder. The amount of material above each blade ring is

gove ned by radia! lines established by 8. for that blade ring The
material between the blade ring  on the outer cylinder, Section 5 of
Figure 6.4, is controlled by an average of 8. for the two blade rings.

Sections numbered 1 through 10 are considered material that is fully
effective, Wp;. Sections 0 and 11 form the material that is partially
effective, Wy ., Figure 6.4. The axial lenath of the material for Wy,
is set by [ 12  An unwrapped
section of an outer cylinder showing the relative proportions of Wy, and
Wpp is shown on Figure 10.2.

There are many styles of blade rings. Some blade rings have only a
partial fit, Figure 10.1. For these blade rings, Sections 1 through 10
are still considered to be fully effective, Wy1. However, the volume of
material for compression on the outer cylinder will be the volume of
material that is in front of the partial blade ring fit.

The effective weight for Sections O and 11 is determined by using the
standard Hagg and Sankey correction factor, Figure 9.2.

[ ]a

The volume and effective weight of the material between the rotor
fragments, V,,, and Wozas 1s established using a procedure similar to
the procedure for the blade rings. However, a correction factor is
applied to each section rather thar to the total
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cross-section as in the blade ring procedure. Therefore, calculate the
angle associated with the overhanying material for each section.

The angle is the smaller of:

or

The effective weight and volume per end of the overhanging material for
each section is:

The efficiency factor, K¢, is determined from the curve on Figure 9.2
where:

~

]d

A tabulation form for properties of the outer cylinder is shown on
Figure 10.5.
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Figure 10.1
BLADE RING - PARTIAL FIT
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Figure 10.2 .
HIT ABOVE FLANGE - PLAN VIEW ]
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Figure 10.3
HIT ABOVE FLANGE
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11.0

HIT ABOVE FLANGE - CALCULATION OF TENSION STRAIN VALUES AND TENSION
ENERGY FOR BLADE RINGS

One rotor fragment is assumed to hit the blade rings and outer cylinder
at a point above the flange of the outer cylinder. Since the location
of the hit determines the strain values for the blade rings, the exact
location of the hit has to be established.

The majority of the sections of the outer cylinder have the overhanging
material controlled by Iy = -%— ('%T" 9c)‘ Therefore, set the angle of
the rotor fragment such that the 90° line is above the flange,

Figure 11.1.

The height of the flange as well as the distance of the flange from the
center changes with each section of the flange. Also, 8. and 8,, for
the outer cylinder may not be the same for eac.. section.

The angle of the rotor fragment that is hitting above the flange is
established by selecting the lowest angle above the horizontal joint.

The lowest angle is established by inspection of the angles at
Sections 2 and 8 of the outer cylinder, Figure 11.1.

A. For Section 2 calculate:

3 = .j_c_
2

h t8y * 9y

B. For Section 8 calculate:

]
z_—cu+e

h =2 22

+9f

Select the lowe t value of 8 and set value to CIE




For the remainder of the calculations the overhanging material
forming 8,, is considered to be part of the outer cylinder wall

regardiess of the flange angle 6.

Once the location of the rotor fragment is determined, the average
tension strain, ey, for 2ach blade ring can be established. The strain
increases from

[ 12
This approach is conservative since there is a second rotor fragment
that is hitting the lower part of the blade ring. This second fragment
increases the strain in the blade rings t~ a value higher than zero.

The average tension strain and associated tension energy is ralculated
for each blade ring.

For a typical blade ring, the strain value, ¢', is determined by:

C
' 8y = (5 *+ 65,
8

H

The tension strain energy for the material of the blade ring is:

where y - v + v




€ 1.5
er ¥y ® ‘T. e L
€ 1.5¢
MY TEYEY g

Repeat thc calculation for each blade ring. The method for setting the
maximum hoop tension strain, ¢, is discussed in Section 13.0. »

A second appraach is to set *he angle of the rotor fragment such that
the [ 12 the wall
material of the outer cylinder. -

This approach yields rotor fragments after the collision with lower
energy than the reported method. The reason is that the flange is a
stronger member that is capable of absorbing mcre tension strain energy »
and shear energy than the wall of the outer cylinder.
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Figure 11.1
HIT ABOVE FLANGE - ESTABLISHING 8
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Figure 11.2
BLADE RING STRAIN DIAGRAM - HIT ABOVE FLANGE
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12.0 HIT ABOVE FLANGE ~ESTABLISHING STRAIN LIMITS FOR OUTER CYLI “ER

s The wall of the outer cylinder is censidered to be [

12 The wall of the outer cylinder is not a simple long shell or a
simple short shell. Containment tests of long shells show that the

maximum [

ri

Containment tests of short shells show
[

[

]b
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13.0 HIT ABOVE FLANGE - ESTABLISHING STRAIN LIMITS FOR BLADE RINGS

The maximum tension strain of each blade ring is a function of the
tension strain in the outer cylinder and a function of the geometry of
the outer cylinder and blade rings. There may be small gaps, [

12, between the outer cylinder and blade rings before the rotor fragment
contacts the blade rings. Once the collision occurs the blade rings and
outer cylinder remain in contact. The wall of the outer cylinder fails
when the hoop tension strain reaches [ 13. Blade rings which are
considered short shells would normally fail at a hoop tension strain of
{ ]2, The short shells are considered to be solid rings with
no horizontal joint bolting. Since the blade rings are in contact with
the outer cylinder, very high local strains will occur in the blade
rings at the locations above which the outer cylinder fails. Therefore,
the maximum hoop tension strain, ¢, in the blade ring is greater than

( 2

Once the collision starts, the outer cylinder is strained in the hoop
direction. The center of gravity of the cross-section of the outer
cylinder moves outward a distance of AR. .t failure:

[ »

Since the blade rings are in contact with the outer cylinder, the center
of gravity of the blade ring cross-section is strained to a higher value
than [ 12 by the equation:

[ *

The maximum tension strain for each blade ring is calculated because the
geometry of the outer cylinder and blade rings is different for each
blade ring. In addition, base the radius of the outer cylinder for
blade ring No. 1 on R. for Section 2 and for blade ring No. 2 on R. for
Section 8, Figure 6.4. This convention is conservative since additional
material on either side of these two sections will increase R. and
increase the failure strains of the blade rings.
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A limit is pl ced on the tension strain of the blade rings. In no case
is the tension strain in the blade rings to [ ]2
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14.0

HIT ABOVE FLANGE - STAGE 1 PROCESS

The primary failure o® the nuclear HP turbine is a stage 2 or tension
failure. However, the stationary parts have to be checked for a
possible stage 1 failure. The general method for caiculating a stage 1
process is discussed in Reference 1.

Since stage 1 occurs before stage 2, a stage 1 failure eliminates the
possibility of taking credit for the tension strain energy in some or
all of the stationary parts.

The collision process is assumed to be a [ 1.

Therefore, the volume of compressed material includes not only the blade
rings but also the outer cylinder. The rules for determining the
compressed volume of the blade rings are discussed in Section 9.0.

The volume of material that is compressed on the outer cylinder is the
material immediately in front of the blade riny fits. The volume of
Sections 1, 2, 3, and 7, 8, 9 of Figure 6.4 is the material considered
to be compressed by the rotor fragment hitting the blade ring which in
turn hits the outer cylinder. The affected material is encompassed

by 8. For a typical section, Figure 10.5:

2 3

Therefore, the total volume of material that is compressad on the outer
cylinder is:

v =1V, (ind).

c-cyl.
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Some biade rings for the HP Type III have partial contact with the fit
on the outer cylinder. Therefore, include as material for compression
on the outer cylinder only the material that the blade ring contacts,
Figure 10.1.

The compression enf ‘gy, Ec» is based on the compression volume and a
compression [ . The [ 1® is based on measurements
of the change in thickness of a plate or ring after impact. The method
assumes uniform strain through the thickress of the plate or ring. The
actual strain through the plate is a maximum at the surface next to the
impact. The strain quickly reduces as the distance from the contact
face increases, Figure 14.1.

The tests did [ P
However, the effect can be e£stimated by incpection of the curve,
Figure 14.1. Since the majority of the strain energy in compression is
accounted for by the material near the contact surface,
[

1® Therefore,

[ 1® in the
blade rings is not included in the analysis.
[ ]b

The second source of energy for a stage 1 analysis is shear energy,
[ 1
where "A." is shear area and “t" is the thickness.
The [ ]b is an experimentally determined constant that is made up of

two effects. The dynamic shear strenjth, t,4, is a function of the
aynamic plastic flow strength, o4, according to:

[ 1°

X




STRAIN, €

]ab

THICKNESS, ¢

Figure 14.1
COMPRESSION STRAIN
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The secon¢ effect relates to how parts shear. From tests one side of
the shear plane can be moved [ 1P before the part fails in shear.
Therefore, the two effects yield the shear energy:

[ ®

The possible shear planes to be considered are dependent upon the
circumferential distance between rotor fragments. The possible shear
planes for both the blade rings and outer cylinder are established by
the distance between rotor fragments, 2L, as expressed by a multiple of
the thickness of the blade ring:

A. For the condition 2L < 2teq or 2Ry, 8yp < Zteq. the rotor fragment
cannot shear through the blade ring. The blade rin. will not fail
in stage 1. The only possible failure mode is a stage 2 failure of
the blade ring. In addition, the outer cylinder can fail only
along circumferential planes through Secticns 0 and 11 of
Figure 6.4. A stage 1 failure will cause a 360° ring to be punrhed
out of the outer cylinder. To determine the failure mode calculate

Upc:
Upc ) Ec-cyl. : Ec-rings F Esc-s'ct. 0 ! Esc-sect. 11
where
[ ]b
°q
Ec-cyl. 12 (.07) vc-cyl.
%d
Ec-rings =12 (.07 (vc-rfng 1? vc-ring 2!

C 55




Compare Upc to AKE where AKE is:

{

A.l.

A.2.

where:

For U c? AKE

p

Stage 1 is contained and the failure process enters stage 2.

For Up» < AKE

Stage 1 is not contained and the rotor fragment fails a 360°
ring out of the outer cylinder.

For the condition 2L > Zteq or 2R, 855 > 2teq the rctor
fragment can shear across the face of a blade ring. For this
condition the outer cylinder can be sheared not only along
circumferential planes but also along axial planes, Sections 1
through 1U of Figure 6.4. To determine the failure mode,

calculate UpcA’

UpcA " Ec«-cy}. y Ec-rings * Esca-sect. 0 * Esca-sect. 11

*2 EsA-rings +e EsA-cyl.
[
( P
[
[ )
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10.

B.1. For Upep > AKE

pc

Stage 1 is contained and the failure process enters stage 2.

B.2. For U < AKE

BCA
Stage 1 is not contained and the rotor fragment fails a plug
out of both the blade rings and outer cylinder.

The energy of the rotor fragment after the collision for condition B.2
is calculated according to Equations 12 through 15 of Reference 1.

The energy of the rotor fragment after the collision for condition A.2
is calculated following the rules for a hit above the flange

Sectior 15.0. The outer cylinder will extend from Sections 1 throo : 10
of Figure 6.4. A stage 1 calculation is not repeated for this 360°
ring.

The energy of the rotor fragment after conditions A.l1 and B.l is
calculated following the rules for stage 2.

The failure mode for all nuclear HP turbines that have been calculated
to date is a normal stage 2. All units show containment in stage 1.

A modification to the procedure which produces a conservative check for

stage 1 is:
Up N Ec-cyl. r Ec-rings ! Es-sect. 0 T Es-sect. 11
where
{ 1®
[ ®
If Up > AKE stage 1 is contained.
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15.0 HIT ABOVE FLANGE - CALCULATION OF MISSILE ENERGY FOR STAGE 2

l. If the stage 1 process is contained, the residual energy if any, of the
rotor fragment can be calculated for stage 2:

For the wall of the outer cylinder

For the blade rings

g
.1 d
Erring 1 =012 o1 Vilring 1 (fE-10F)

g

E f d v ]

T-ring 2 " 12 €1 Vrlping 2 (f-10F)

where ey and VT are the strain values and effective volumes of each
part.

The kinetic energy of the rotor fragment after the collision is:

~a

]a

where Er = Er_cy1. * Eroping 1 * ET-ring 2-
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16.0 DUTER CYLINDER AND BLADE RINGS - HIT ABOVE JOINT

A rotor fragment oriented so that the edge of the fragment is near the
horizontal joint results in straining the flange ¢f the outer

cylinder. The amount of material that is considered fully effective is
established by radial lines extending througn the blade rings and outer
cylinder, Figures 16.1 and 16.2.

There are three included angles, one for each blade ring and an average
of the two blade rings. The included angle for the average of the two
blade rings, 8.5y will control the orientation of the rctor fragment,
Figures 16.1 and 16.2. The center of the rotor fragment will be set at
an angle of 8.,,/2 above the horizontal joint.

The small amount of material encompassed by 8,, that is below the
horizontal joint will not be included in the analysis. The horizontal
joint bolts are significantly weaker in shear energy than the wall of
flange.

The weight and volume of material for the wall of the outer cylinder is
composed of the material from the top of the flange to the center of the
rotor fragment plus one-half of the material calculated for the hit
above the flange, Figure 16.1.

The flange of the outer cylinder is considered to be a series of solid
blocks fur which the volume and weight of each section is calculated,
Figure 6.5. Sections numbered 1 through 10 are consider>d to be
material that is fully effective. Sections O and 11 form the material
that is partially effective, Wyp.. The axial length of the material
forming Section 11 is [ 12. The
axial length of the material forming Section 0 is [ 14, The
axial length may be limited by the distance to the center of the turbine
[ 12. The efficiency factor, K¢, is selected from

Figure 9.2.
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6.

Except for the overhanging material associated with 8,5, the weight and
volume of material for the blade rings will follow the calculation .
procedure for a hit above the flange. The overhanging material below
the horizontal! joint is not included in the analysis.

Tabulation forms for the properties of the flange and wall of the outer
cylinder are shown on Figures 16.3 and 16.4.
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Figure 16.1
HIT ABOVE JOINT
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Figure 16.4
OUTER CYLINDER - HIT ABOVE JOINT TABLE




17.0

HIT ABOVE JOINT - CALCULATION OF STRAIN VALUES AND TENSION ENERGY FOR
BLADE RINGS

The tension strain for the blade rings increases from 0% near the joint
to a maximum of ¢ at the center of the rotor fragment. From the center
of the rotor fragment to the next rotor fragment the tension strain

is ¢, Figure 17.1.

The tension strain energy for the materia: of a blade ring is:
°d
ET"‘i"Q - ‘Tz"’ ET VT (ft‘.'bf)

(% e fa,, (v21” , Yo
T [ ) re (7

The maximum hoop tension strain, ¢, in a blade ring is set by the radius
ratio:

The method is discussed in Section 13.0.

The calcula.ion is repeated for each blade ring.
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Figure 17.1
BLADE RING STRAIN DIAGRAM - HIT ABOVE JOINT
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18.0 HIT ABOVE JOINT - CALCULATION OF STRAIN VALUES AND TENSION ENERGY FOR

QUTER CYLINDER

The wal! of the outer cylinder is considered to be strained to [ 1°,
The included volume of material is one-half the volume of material
calculated for a hit above the flange plus the volume of material
designated as Vpy, and Voo, Figures 16.1 and 16.4.

The tension strain energy is:

. v
B SO I ST

S 4 2 2

The flange is considered as a beam with holes along the neutral axis,
Figure 18.1. This beam is loaded by the rotor fragment and urdergoes
two types of deformation, bending and tension. The bending causes
tension on the outer fibers away from the fragment and compression on
the inner fibers nearer to the fragment. The tension loading causes
deformation primarily at the holes and is greatest at the minimum
section at the surface of the hole and diminishes away from the neutral
axis, Figure 18.2. Therefore, the deformation of the beam is
concentrzted at the holes and at the ligaments equal to the hole
diameter. The peak strain at fracture for the beam material is equal to
the true strain at fracture which is the natural logarithm of A,/A

i i RA) where RA is the reduction in area and the true strain
has a value of [ e

or an (

The peak strain of [ ]? will be that at the hole surface at the
minimum section and will decrease to near zero in the axial direction at
the full section. For the outer ligament the strain at the minimum
section is nearly constant from the peak strain at the surface of the
hole to the maximum bending strain at the outer surface but the strain
also decreases to near zero in the axial direction at the full
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section. The average strain at rupture for the outer ligament is

[ ]2 For the inner ligament, the strain decreases from the
peak strain at the surface of the hole to near zero at the inner surface
and decreases to near zerc in the axial direction. The average strain
at rupture is thus only [ 12 The average strain at rupture for the
combined ligaments is thus [ 13, A conservative value of [ 12 is
recommended for the volume of material in the ligaments at the holes in
the beam.

The calculation should include all flange bolt holes along the length of
the flange, Sections O through 11 of Figure 6.5. However, the material
at the blade ring fits should not be included. This material may not be

in the plastic zone, because of the increased cross-sections relative to
the cross-sections through the flange at other locations.
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LIGAMENT STRAIN VALUES
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19.0 HIT ABOVE JOINT - STAGE 1 PROCESS

1. The calculation procedure for stage 1 with a hit above the joint follows
the general concepts discussed in Section 14.0. However, a hit above
the joint involves possible shearing of not only the cylinder wall but
also the flange.

2. The derivation of the energy in shear is discussed in Section 14.0.

3 The flange is considered a solid block for calculation of the energy of
compression. The method is conservative since the energy to shear
through the longitudinal center plane of a bolt is greater than the
compression energy of the volume of material removed by the bolt hole.

4. It is assumed that any shear plane through the flange occurs at a
location where a bolt hole exists. Inspection of outer cylinder
drawings shows that the shear planes through Sections 0 and 11 of the
flange may not occur at a bolt hole, Figure 6.5. A conservative
assumption is to assume shear through a section that contains a bolt
hole.

5. Even though the flange material is not homogeneous through the cross-

section, the total thickness, t, is used in determining the distance
through which the shear force acts.
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Therefore, the equation for shear energy, Ec¢, for each plane through
the flange is:

[ ®

[ ®
T ; .
[ ;_ e R TR NORLL

] e e

2

|
"

——— ——— — — .r - N ——
| ' "j

The calculation procedure with regard to compressed material follows the

method in Section 14.0. The volume of material that is compressed on
the flange is the material immediately in front of the blade ring
fits. The volume of Sections 1, 2, 3 and 7, 8, 9 of Figure 6.5 is the
flange material that is considered to be compressed. The remainder of
the outer cylinder material that is encompassed by B¢ is the wall
material of the outer cylinder, Sections 1, 2, 3 and 7, 8, 9 of

Figure 6.4. The rules for volume of compressed material are discussed

in Section 14.0.

The blade rings with partial contact with the outer cylinder wil have
for compressed material on the outer cylirder only the materizi of the
flange and wall that the blade ring contacts.
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20.0 HIT ABOVE JOINT - CALCULATION OF MISSILE ENERGY FOR STAGE 2
1. Since the collision involves flange material, wall material and blade
ring material; a careful accounting of material and strain volumes
should be followed. Assuming containment in stage 1, the stage 2
process follows:
Outer Cylinder Flange
Wre = Ve * Vgpe  (1DF)

Vig = ligament material, Section 18.0 (in3)

Quter Cylinder Wall

e W N
g 21 . "o2c  %aom
Wiw = Worw * Yopuc 7t 7 7 (10f)
Vo, ¥ v
P a1, Yooc , Yo (403

Tw 21w * Yoowe t 7 . Sl |

Blade Rings

N22
Weing 1 = (W1 * 7 ping 1
Vr-ring1 = Yy * !%g)ring 1
Weing 2 = (W * !%Z ring 2
Yroring2 = Wy * !%g)ring 2
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The tension strain energy for each of the components is:

Outer Cylinder Flange

Outer Cylinder Wall

Blade Rings

o9 € V5 Va1 Y22 "

4

Er.ring 1 * 1 7 ) v -

‘ring 1

g

, . % a , Y22
T-ring 2 12

A
i) te _?~_"ring 2

[
(8

The kinetic energy of the rotor fragment after the collision is:

, Wa 2
KEp = KE, QHR F W Wt Hring : e wring 2)
- 7 HR
- & \W * Wpe * Wp, ¥ uring 7 Hring 2) (ft-1bf)
where
Er = Ere * By * Eroping 1 * Eroring 2

The decision process for containment in stage 1 follows the same rules
in Section 14.0. However, if there is a stage 1 failure for a hit above
the flange and containment in stage 1 for a hit above the joint, the
outer cylinder wall and blade rings are assumed to support no tension
energy. The only tension strain energy that can be considered in the
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inelastic collision is the flange tension energy. The flange being

treated like a beam is strained in the axial direction.

A stage 1 failure for a hit above the joint results in taking no credit

for tensien strain in the flange regardliess of the distance between

rotor fragments. The shearing of the flange results in the loss of

tension capability of the flange.




HIT AT JOINT - OUTER CYLINDER AND BLADE RINGS

A rocor fragment that is oriented so that the center of the fragment
hits the horizontal joint results in straining not only the wall of the
outer cylinder but also the flanges of the cylinder cover and base,
Figures 21.1 and 21.2.

The calculation procedure for determining the volume and weight of
material is similar to the method for a hit above the joint. The
primary difference is that the flange material composes the major
resistance to the rotor fragment, Figure 21.3.

The weight and volume of material for the olade rings follows the
calculation procedure for a hit above the flange.

A tabulation of the properties of the wall of the outer cylinder is
shown on Figure 21.4.
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Figure 21.3
OUTER CYLINDER - HIT AT JOINT
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OUTER CYLINDER-HIT AT JOINT

]ab

SECTIONS (rad.) (rad.) (in.)  (in.3)

0
1
2
3
4
5
6
2 7
S 8
9
10
11

Figure 21.4 ab

OUTER CYLINDER - HIT AT JOINT TABLE J
® ™ o « *
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22.0 HIT AT JOINT - TENSION STRAIN VALUES AND ENERGY FOR OUTER CYLINDER

The wall of the outer cylinder is strained to a value of [ ]b. The
volume of material is Vp o + Vozec * Vooa» Figure 21.3 and 21.4.
Therefore, the tension strain energy 1s:

The calculation method for the tension strain energy of the flange is
identical to the method discussed in Section 18.0. The only difference
is that two flanges instead of one are involved. Therefore, the
calculated strain energy for a hit above the joint is multiplied by two.
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HIT AT JOINT - TENSION STRAIN vALUES AND STRAIN ENERGY FOR BLADE RINGS

The tension strain for the blade rings increases from
L 12 near the edge of the rotor
fragment, Figure 23.1. For simplification of the calculations the
maximum strain for cach blade ring will be considered to reach [

.J® The tensica strain energy of the material for a blade ring
is:

(o]
- .8
Oﬂ €
o vl 2L

Since the maximum strain and volume of material for each blade ring may
be different, the calculation is repeated for each blade ring.

Because of the physical contact between the blade rings and outer
cylinder, the maximum hoop tension strain, ¢, in a blade ring is set by
the radius ratio:

R
- <
R 'F;“

The method is discussed in Section 13.0. [ |
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Figure 23.1
HIT AT JOINT - BLADE KiNG STRAIN VALUES

C 83

ab




24.0 HIT AT JOINT - STAGE 1 PROCESS

L« The calculation procedure for stage 1 with a hit at the joint follows
the concepts discussed in Sections 14.0 and 19.0. The difference is
that both the flanges of thc cover and base of the outer cylinder are
inclucded in the analysis.

C 84




25.0 HIT AT JOINT - CALCULATION OF MISSILE ENERGY FOR STAGE ~
A hit at the joint involves a significant amount of flange materiai
combined with wall material and blade ring material. The weight and
QT volume of material involved in the collision for stage 2 is:
Quter Cylinder Flange

Vrg = 2 (Ligament Material), Section 18.0 (ind)

Quter Cylinder Wall

Wre = Waje * Wopec * Wppp  (1DF)

- . ind
Ve = Vale * Vozec * Voor (i)

Blade Rings

Weing 1 = ‘M1 * V22)ping 1
Vicring 1 = (Y21 * V22)ring 1
Hring 2 : (HZI . H22)ring 2
Vicring 2 = (Y21 * V22)ping 2
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The tension strain energy for each of the components is:

Quter Cylinder Flange

Quter Cylinder

Blade Rings

g €
rd

]
Eroring 1 = 1127 77 Vilving 1

o) €
s r_d . ]
Eroring 2 = (T2 77 Velring 2

3 The kinetic energy of the rotor fragment aftur the collision is:

r HR 2
R o R W W * Wring 1 * Pring ?
e Wp ] (ft-1bf)
TN ¥ W * W * W01 * Wring 2

B o B ok, ¢k
w

4+ £
T Tf T T-ring 1 ‘T-ring 2

C 86

N ) F )




26.0 HIT AT TOP

1. Figures 26.1 and 26.2 show the rotor fragment and the effective material
for a hit at the top.

2. The weight and volume of material for the cuter cylinder and blade rings
follows the calculation procedure for a hit above the flange.

3 The calculation procedure for stao~ 1 with a hit at the top is the same
as the procedure for a hit above the flange, Section 14.0.

4. For the stage 2 process, the wall of the outer cylinder is strained to
[ 1® The tension strain energy is:

- ]b

5. The entire tension volume, Vy, of a blade ring is strained to a value
of e. Therefore,

[ 1

The tension energy for the blade rings is:

ag
( d

g
. (2 s et~ "
Eroring 1 = (T2 51 V1'ring 1 = (12 ¢ Vrlring 1 (fE-10F)

g
o d
Eroping 2 © (17 ¢ VT)ring 2
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The kinetic energy of the rotor fragment after the collision is:

"R 2
KER o KEO (HR + Hcyl. + “ring " - Hring :
"R
- & (“R vy, ? Hring 1 * “ring 2) (ft-1bf)
where
E

T Ereeyt. * Eroring 1 ¥ Eroring 2

Since the value of tension strain, ¢, for each blade ring is a constant
for the entire tension volume of that blade ring, any residual energy of
the rotor fragment, KEp, will be less than the residual energy of a
rotor fragment that is hitting above the flange. Therefore, a hit at
the top does not have to be calculated.
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Figure 26. 1
HIT AT TOP
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FRAGMENT SIZES TO BE REPORTED TO CUSTOMER

The rotor fragment will be the same size and weight as used for the
missile calculations. The fragment sizes and weights for the blade
rings and outer cylinder will be based upon the material in front of the
rotor fragment, Wp;. For a stage 2 failure, there is more material than
Wy, involved in the collision process. However, the exact sizes of the
pieces is not known. Tests show that the material composing “21 breaks
into several pieces. However, the convention of using “21 for the
reported fragments will be followed. For a stage 1 failure Wy, is the
exact amount of material for the blade rings and cylinder fragments.

The blade rings and cylinder fragments are represented as curved bars
according to the following rules, shown on Figures 27.1, 27.2 and 27.3.

Since four hits per end with a total of eight hits per turbine are being
considered, the hit that results in the highest rotor energy, KER, after
the collision is the hit that is reported to the cus*omer.

The energies of the blade rings and cylinder fragments after a stage 2
failure are:

Vp = / " (ft/sec)

1 W 2
KEring | S R Jring 1
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