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MISSILE ENERGY ANALYSIS METHODS

FOR NUCLEAR STEAM TURBINES
']

FOREWORD
.

!

L3
|

|

This report compiles in one central source all of the current theory,
assumptions, and procedures used to 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:
3
!
I 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.
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j Parts A, B and C of this report and the data output are schematically
connected as follows:

PART A
W

j HD & LP CALCULATION PROCEDURE FOR KINETIC ENERGY

If

| OUTPUT
'

HP & LP KINETIC ENERGY (KE) AND GE0 METRIC
PARAMETERS OF INTERNAL MISSILE FRAGMENTS

If If

PART B PART C
W W

LP TURTINES HP TUTBINES
CALCULATION PROCEDURE CALCULATION PROCEDURE

| FOR KE AB50RBTION FOR KE ABSORBTION

| I i

+ + 4 4
'

j OUTPUT GUTPUT OUTPUT OUTPUT
CONTAINED EXTERNAL MISSILE CONTAINED EXTERNAL MISSILE

! NO EXTERNAL MISSILE KE NO EXTERNAL MISSILE KE. .

NO EXTERNAL KE GEOMETRIC NO EXTERNAL KE GE0 METRIC. .

PARAMETERS | PARAMETERS

| | |
*p .-

! TYPICAL TURBINT MISSLE REPORT
t

INUCLEAR UTILITYI
: +
j INRC!

The above combined with the results from a probability analysis (the
procedure, when investigating stress corrosion cracks in nuclear steart

3 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.
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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

j 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
I

text. Equations as written in this part are based on a system of units i

that are defined as follows: ,

3
TERM UNITS

|

| [ ]b dimensionless

O Energy and work ft-1b

3lb/inWeight density y

| Material temperaure correction, Tc dimensionless

Velocity ft/sec
3 [ ]b dimensionless

2Strength or Stress lb/in
| Mass center ratio Y in.

Kinetic Energy ft-lb

4O Moment of Inertia I in

Length, thickness, distance, radius, diameter in

Angle radians (as noted)
degrees

2] Area in
2

Gravitational constant, g 386 in/sec
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Introduction

In Part A the kinetic energy of external missiles triat hypothetically O
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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1.0 Initial Energy of Fragments of Turbine Discs and Rotors

1.1 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 failure.
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.

1.1.1 Fragment Sizeg

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.

,

D
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.

D
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

3 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.

D
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Westinghouse low pressure turbine discs for nuclear appitcation
contain

la As a result of a hostile environment
[ ]b yf'

left undetected these [ ]b could lead to
[ ]b 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 [ ]b away in the bore will ,
be maximum and may be high enough to cause additional cracks to

propagate. Tha subsequent [ ]b segment rotating about a new

point will have a tendency to refracture into [ ]D 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.

Initial energy calculations show that [ ]b sectors
always have greater energy than [ ]b sectors. The greater

impact area of the [ ]b fragment also makes it a less critical
mi s s i'. e. Therefore only the [ ]b are used for ,
routine penetration calculations.

1.1.2 Fragment Weight

O
The major factors determining fragment weight are

[ ]b These
factors are easily determined. A secondary but substantial
factor, is the [ ]b

A6

N )



__ -_ _-_-__ - _ _ .

).

The typical blade has its greatest potential for failure from
direct [ ]b, just above the [ ]b or in

) the [ ]b just below the [ ]b of the blade.
Occasionally a [ ]b blade of a low pressure turbine will have

htsmaximum[ ]b at a point considerably above the

[ ]b

3
It is entirely possible that the blade may fail from direct
stress at a [ ]b. 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 [
]b 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.

3 The blade materials, whether machined or forged, exhibit a
sufficiently high rate of [ ]b 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 [ ]b is not likely until the
maximum stress is very near the material nominal

[ ]b 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

[ ]b until the base stress is very near the

[ ]b Therefore, the [ ]b ,

corrected for operating [ ]b was chosen for the failure
criterion.

( )
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Typically the only blade row which might suffer blade loss before
disc failure is the [ ]b 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 blades on a disc
increases the fragment energy at failure speed while decreasing a
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 [ ]b does not
control unit failure speed. In these cases, predicting blade

S
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 blade 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. e

1.1.3 Fragment Mass Center

The geometric factor affecting the determination of the transla- ,
tional velocity of the fragment is the location of the potential
[ ]b while the disc is still intact. The
current practice is to calculate the [ ]b with we
blades [ ]b This is chosen since this is the condition e
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
O

cylinder rings. This impact is presumed to absorb substantial
energy from the fragment, both translational and rotatienal, due

,

to blade deformation and friction while also reducing the rota-
tional inertia. Data presently available to Westinghouse does ,
[ ] during deformation of the

A8
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blades. Indicstions are that friction primarily stops rotational
motion while imparting minor damage to the containing cylinder.y
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 cy11nder with the
velocity of the mass center at the instant of fractureg
[ ]b and the moment of secondary fracture

[ ]b

1.1.4 Velocity3

As explained in (1)* a disc fracturing first into [
]b a short time after the initial burst.

I 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 resultant velocity of [ ]U is
higher than the velocity of the segment before any fracture.
This is due to rotation of the [ ]b about its mass-g
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, theg
internal clearances being very small compared to the distance
traveled in free flight [ ]b Since
the events in this interval are [ ]b the
full value of the velocity augmenta.tf on is used as if the

3
fragment were in fr e flight, yielding conservative values.

D

9

* Refers to reference numbers at the end of this part.
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If the assumption is made that fracture is into [ ]b

no velocity augmentation occurs. Fracture may be assumed to be
simultaneous or not, for if one sector comes out the remaining

*
[ ]b will contin;.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 [ ]D

segments can be generalized to study the breaking of any initial
size into smaller sizes. See Appendix B.

e
1.1.5 Disc Rupture Speed

For the purpose of calculating initial fragment energy a disc is
presumed to have failed at two speeds where there would n:t *
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 [ ]b

of running speed. [
]b e

The third speed for which energy is calculated is that at which
3a[

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. e

1.2 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.

L j e
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The following discusses the assumptions and rationale beMnd the
calculation of the factors involved in the kinetic energy. toF

O the most part, the reasoning parallels that for discs. Some
differences exist because of the differences between discs and
rotors.

O 1.2.1 Fragment Size

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

O
]b Based on those fracture patterns, it is assumed that

the HP rotors will [ ]b
extending from the centerline to the end of the main body.

O
The double flow HP rotors are similar to LP rotors except that
the length of the center portion is considerably longer. There
may be a tendency therefore for the rupture to leave the center

e section [ ]b The judgement has been made to include a

[ 3a with the rest of the rotor for two
reasons; a) [

O ]b

1.2.2 Fragment Weight

p 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-

O dered. Should the occasion arise, however, the adjustment can be

made as in the disc type elements.

O
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1.2.3 Fragment Mass Center

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

1.2.4 Velocity

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

o

]b

1.2.5 Rotor Rupture Speed ,

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

]b

e
1.2.6 Fragment Energy

Fragment energies are calculated at running speed and design
overspeed. The energy is 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
low.

O
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2.0 Calculation Procedures

O
2.1 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 overspeed. The speed at which the rotor would burst
must also be determined.g

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

Ee ]a through the diameter. Each [ la also
brens in half at the plane of symmetry. The fracture process is

assumed to occur in [ ]a similar to that of a disc (see
Sect. 2.2) so that there is gain of velocity on two of the

g
[ ]a on each end. See Figs.1, 2 and 3 for various typical
geometries of HP rotors. The heavy lines indicate the
[ ]a

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

[
3 I " *"I* P""P ** *"* *^**"I*I ***I*"* "I*I**** **"*"9*"

O is estimated for the grade of material from data covering the

rotors manufactured of that material.

2.1.1 Rotor Average Tangential Stressg

In order to determine the average 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 |
O Iquadrant mass center may be calculated.

1

|
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2.1.2 Reaction Blade Properties

From HP rotor information tabulate on the worksheets, Fig. 4, the3
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 [ 3a, use for DR the rotor diameter at the

9 inlet side of the blade. There is no D . If the blade has ao

the " Nom Rotor Dia" under the[ Ja, use for DR
blade and for D , the rotor diameter at the inlet side of the

o

blade, neglecting the undercut fillets. See Figures SA, 58 for

D examples of geometry.

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

lated.

D
Calculate the following data and enter on the worksheet.

L oe mean height
-

O

H =He + 1/2 Wn (tan e - tan e )m p s

Where o ando are positive as shown.
p s

Blade mean radiuse

b = 1/2 b - I/4 Wn (tan op + tan e )R e 3

Shroud mean radiuse
- - -

R = 1/2 (De+H ~N tan e ) + Yss e n s

e Shroud weight / row

-

u=[ ]'s

i
D

1
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ROW NO

_

BLD STYLE
BLD NOM WIDTH (IN.) Wp
NO BLDS/ ROW Nb ._. e
BLD HT@ EXIT EDGE (IN.) He

BLD MEAN DIA@ EXIT EDGE De(IN.)
SHRD ANGLE (DEGREES) Og

_

PLTFRM ANGLE (DEGREE) Op e
ROTOR DI A (IN.) Da
ROTOR DI A (IN.) Do .

BLD ME AN HT (IN.) Hm e
BLD ME AN RAD (IN.) Rb
BLD WT/ ROW (LBS.) Wb
BLD WR/ ROW (IN.-LBS.) Wkb

SHRD AREiLIN.2) A
~

S

SHRD F (IN.) 75

SHRD ME AN RAD (IN.) kg
SHRD WT/ ROW (LBS.) W3 g

SH RD W R/ ROW (IN.- LBS.) WRs

PLTFRM A RE A (IN.2) Ap

PLTFRM ME AN R AD (IN.) kp g.

PLTFRM WT ROW (LBS.) Wp
PLTFRM WR/ ROW (IN-LBS.) Wkp

-

ROOT STEEPLE WT/ ROW (LBS.)Wr- g.

ROOT STEEPLE WP/ ROW (IN. RUBS
i
'

I WT/ ROW (LBSJ Wbi
I WR/ ROW (IN.- LBS.) WRhi e
IWT (ROWS THRU ) Wh=

| IWR ( ROWS THRU ) WRh=
| BLADING CF( ROWS THRU )CFh=
| e

Figure 4

HP TURBINEBLO DATA WORKSHEET
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Shroud WR/ row

_ _

WR *W R
s s 3

O

Blade weight / row

Wb"E 3

e
Blade WR/ row

. .

WR =H Rg b b
9

Platform properties

- h 2+hhi2+h2 /3g where h =B tan ey =
2 p pp 2h + h - 9

h = 1/2 (D ~H -D) h
y e e R 2

- .

R = 1/2 DR+Ypp e

A = (1/2 h2+h)8p i p

Platform weight / row
e

_

W =[ la
p

Platform WR/rew
4

_ _

WR =W R
p p p

If the blade has a [ 3a the additional properties

for the blade root and rotor steeple combined material must be 4

calculated.

e
1

A20
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Root-Steeple weight / row

)
W *E 3
r

Root-Steeple WR/ row

) -

WR = 1/4 (Dg+DIW7 O r

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

3 weights and WR of all rows.

Blading CF = Ki [ WR where Kg = 1/g N2 (n/30)2 , [ 3a at N =
1800 RPM (see Sect. 2.1.3 for inclusion of loading from control

2

3 stage). Use N in RPM and gravitation constant g in in/sec .

2.1.3 Control Stage Blade Properties

The information for the [ ]a may be found from HP
)

infonnation. The exact calculation is carried out the same as
for the [ ]a. A modification is made for the
[ 3a type assembly, where the entire portion of
rotor above the bottom of the groove is treated as if it were

7
cut, the same as for a side-entry root. No credit is given to
the rotor fingers for carrying tangential stress because of the
pin holes. See Figures 6A, 6B 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 blade rows on Fig. 4. This approximation
assumes that the blade is solid up to the mean diameter and

Imissing above that.

)
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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 [ ]a, 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 adaf tional sections are added as required.
O See Fig. 7.

For rotors with [ Ja , the sections may extend

from the exit side of the relief on the exit side of the blade to
O 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 (OD) of a section H th a blade may be the

0 rotor diameter ahead of the blade. For sections with tapered OD,
7

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 re weight of the blading.

For each section calculate the required properties.
O

Wg=[ ]3p

3
19 = 1/24 B9 (D9 B

-D

o
A9 = 1/2 89 (Dj-DI8

|

|

For each section determine X , the dist6nce from the axial
9

O centerline fracture plane to the centu of the section. Mul tiply
'

each section weight or sums of weight by it: X and sum the whole.

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

deduct the area for the [ ]a provided to

permit blade roots to be inserted into the [ ]a,

[
e

]a See Fig. 9 for the dimension of the root and slot. The
8 net area is found by deducting from the gross area Ag the

from Fig. 8.raquired quantities. Obtain Ag

G - 2 { (T ej) - 1/2 { (Tj - aj) (D +1 - D )AN1 = A j j j
* i = 1, 3, 5... i = 1, 3, 5...

-[Arj
i = 2, 4, 6...

O

g - 2 [ (T ej) - 1/2 { (Tj - aj) (D ,1 - D )AN2 = A j j j
i = 2, 4, 6... i = 2, 4, 6...

3 -[Ari
i = 1, 3, 5...

is the lessor of Agi and AN2'Net effective area AN

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

3 2.1.5 Rotor Average Tangential Stress

Calculate the average stress in the rotor due to blade forces and
rotor body forces.

D

E Ja
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2.1.6 Rotor Bursting Speed Ratio

The ratio of bursting speed to running speed is e

[ 18

e

where oVLT = rotor material specification minimum
ultimate strength, psi

oVLT " E 3 e
oVLT * E 3a

T = material temperature correction, Fig. 10.c
Estimate the temperature as the [ ]a

and exhaust temperature. e

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 W90 = 1/4 (Total Rotor Weight) lb. from Table,
O

Fig. 8.

[ ]a

e
C Ja

*[ 3a Some units have a
higher value, the correct value should be determined.

*
** Current practice is to calculate the HP rotor at the lowest

failure speed of all the discs on the associated LP.

|
w = 188.5 Rad /sec for 1800 RPMo e
Ky=[ 3a

A30
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[ O

la
e = 65000

1 = average radial thickness of main body of rotor 9

(see Fig. 7a).

[
]a

e
Kinetic Energy KE = [ J'

Report these values on the report sheet, Fig. 11.
O

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 6

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 e
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.
O

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 9

areas At and A *5

[ ]a,

[
]a The 4

l

area calculated is the plan view area. [
j

|

]a The length of this 9

A32
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l
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O

[N(1.) HP rotor=

O N N

(2.) f= (LowestdofLPDiscs)(DiscNo. , S.0. )

N

[N (HighestdofLPDiscs)(DiscNo. , S. O. )g (3.) =

90' SEGMENT MISSILE

O
WEIGHT = 1= y=

g h = 1.0 Ft/Sec KE = x106 Ft.Lb.V =

h = 1.2 Ft/Sec KE = x106 Ft.Lb.V =

O

N*

h= Ft/Sec KE = x106 Ft.Lb.V =

O
* Calc. for Item (2) Above

O

Figure 11 |
,

.

*' HP ROTOR INTERNAL MISSILE ENERGY- REPORTSHEET
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area is usually defined by the relief between the control stage
and the reaction blading. On rotors where there is no relief,

O 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 A2 and A4 are a mix of the outlines used for At and
O A. The tapered area is the same as defined by A . The relief

S S

between control and reaction stages is accounted for since no
material packed into this space would support an impact.

O 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).
O After calculating the following they are entered on Figure 14.

Li - Overall length, inches
L2 - Axial length of reaction blade portion of rotor, inches

L3 - Slant length of reaction blade portion of rotor, inches
L4 - Overall length less central portion, inches

O L'L'L7 - Component lengths, inches5 6

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

O R2 - Rotor radius at base diameter of control stage, inches

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

O

R4 - Rotor radius of relief, inches

R5 - Rotor radius of central portion, inches

RB - Rotor bore radius, inches

A35
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( D C

Calculated Properties

*
W1=2Ri sin 45*

W2=2R2 sin 45*

3 = [(R -R )2 + LL,

i 3 2

A1 = 1/2 L4 (W1+WI2

#
RB (1 - cos 45*)A2=A4+Li

A3=2R8 1L

A4 = 0.5 (R1+RIL2+R4 LL7-RB 1 |LS+R2 L6+R53

A5 * 1/4 " L3 (Rt+R)3

A6 = 1/4 w (R -R5 B I

E is calculated from mass distribution data, see Sect. 2.1.4.

I
O2.2 Low Pressure (LP) Turbine Destructive Overspeed and Missile

Energy

|

The rotor of an LP turbine for nuclear application must be ;

analyzed to determine the size and energy of missiles that would O

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.

C

C

A38
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I he
The rotor discs are [

]b along radial planes containing the

centerline. In the case of [ ]b, the disc is assumed
O to first [ ]b and then [ ]b 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.

The criterion by which the failure speed is determined is the
speed at which the disc [ ]b equals the

U [ ]b 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 [ ]b, the material throughout is
assumed to have the strength of the hub area.

2.2.1 Disc Average Tangential Stress

O In order to determine the average tangential stress (OAT) the
total outward centrifuge.1 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
O mass center from the center of rotation is determined.

Calculation of the failure speed of a disc is a several step
process. The CAT 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 [

]b 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
D

1

A39



O

The criterion by which a [ ]b is when

the maximum direct stress in [ ]b at point
of fixity equais the material mean ultimate strength.

O

2.2.2 Blade Properties

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

1. Maximum direct stress (psi).

O
2. CF of row of blades at radius of maximum stress (lbs).

3. Weight of row of blades above radius of maximum stress

(1bs).
e

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

*
5. Weight of row of blades above bottom of platform (lbs).

6. B!cde material designation.

O7. Blade operating temperature (OF)

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

*2.2.2.1 Parallel Section Blades

Parallel section blades used in LP turbines normally have a

[ ]b
*from blade center to blade exit. Typical characteristics 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.

O
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f rom the tabulated data most of the remainder of the data may be

calculated.

e
Calculate the following data and enter on the worksheet.

Blade mean height

Hm" E ]

Blade mean radius

Rb*E 3

Shroud mean radius

e- - -

-W tan e ) + YsR = 1/2 (De+He n ss

Shroud weight / row

*
W =[ ]a3

Shroud WR/ row

g- -

WR =W R
3 s s

Blade weight / row

Wb"E 3

Blade WR/ row

- - e
RWRb"Wb b

Platform properties
,

'

| h=[ ]a
1

A42
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.

( )e

1/2 (D3 + h)R =
p

A =h8g p p

Platform weight / row

W =[ Jae p

Platform WR/ row

_ _

WR =W RO p p p

Root - Steeple weight / row

W =[ Jae p

Root - Steeple WR/ row

WR = 1/4 (DR+DIWO 7 O r

where D is taken as the effective outside diameter of the disc0
area abfe to carry tangential stress. See Sect. 2.2.3.

O -

Sum for each 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.

O
Calculate the d1 rect stress due to CF at [ Ja

[ ]a

O
Calculate direct stress due to CF in root below [ ]a

[ 3a

O
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DISCPROPERTIES

DISC (TAT DISC itT'L
,_

TANG STRESS AREA MISSILE OUT'R RAD

DISC WEIGHT STRESS AREA OUTER RAD g
_

DISC WR BORE DIA

MIN SPEC OUT AW TEMP STRENGTILf11REL
,

BLAE SWD. RID. PLTFRM STEEPLES DISC Gir AII)ER DATA

ROW NO NF/NO WEIGHT 5 WEIGHT $ SM, BL,PL STEEPLES LINE o.
1
Z
$
S _ __
k_ e

BLADE DATA DISC . DISC TOTAL TOTAL f%SS RAD

LINE TOTAL G~AT W IGHT WR -

SPEED RATEE COMB. NF/NO R
1.lIKKN/NO ( '

(N/NO ( ,
< tVNO (
< n/n0 <

~ ~ ~

MISSILE PROPERTIES _

N/NO Kv WEIGHT, BS | P, INCHES V FT/SEC KEX10-bFT-LB
a e-

3-

1.0

e-

3a
-

-

| -

1.0 ..Q
| ...U

~

,.

..0
.0 .

t

! .0
| .. 0 ,

a
J

-

.
-

1.0 .0
. .. U

l.0

1.0 ,

LO i ,
figure 16 ;

LP DISC INTERNAL MISSILE ENERGY- WORKSHEET- REPORTSHEET !

'
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where A is the area of the root at the point of fixity.p

3 The failure speed ratio is determined by: ,

[ 3a

) where is the blade mean ultimate strength at operating
ULT

temperature and oD is the larger of oBL or oR. Enter this value

on Figure 15 and Figure 16.

3 2.2.2.2 Tapered Section Blades

Calculate WR / row for [ )]a
B

) [ 3a

where K = 1/g (Nn/30)2 = 92.048 at N = 1800 RPM.
i

) 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.

3 Calculate the failure speed ratio

[ la

3 as in Section 2.2.2.1 except examine the data for the possibility
of a direct stress being greater in the [ ]a at some

other radius than the base.
|

) If the maximum stress is in [ ]a, then on the disc
, j

worksheet enter a second line for N/No > N /N for which weightf o
and WR ' ** ""* * "*

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

)

A45
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B * N / row - (Weight per row of lost portion)W
B

S,

[ 3a

where CF* is the CF force of one blade at radius of failure.
OSince 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
f al to the disc and remaining blade values.

2.2.3 Disc Properties

The disc properties needed are:

1. Cross section stress area, AT
2. Disc weight WD
3. Second moment of cross section area about axis of rotation

- usually termed I

4. Disc free bore average tangentia', stress, OAT
-

5. Disc product of weight x radius to center of mass, WRD

Some of these properties are related.
O

WRD * Y (2w )I where y is the material density, [ ]a

[ ]8

*Much of the data may be available for previously designed
discs. For the purpose of the missile calculation it will be

assumed the stress is [
]a, 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 undercuts may
be disregarded. For the seal lip this is offset by some energy
being absorbed in shearing it off that is not accounted for.

OLarger seal lips should be included for weight and stress area,
etc.

A46
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|

( D '

.O

j The outside diameter of the disc stress area is taken at the

|D bottom of the [ ]a except in the case of multiple
| blade row discs where the outer diameter of the disc between the

steeples may be used if the difference is small.

;O Enter the disc free bore OAT, tangential area A , disc weight andT

WR at the tcp of Figure 16.
!

2.2.4 Disc Average Tangential Stress an.1 dursting Speed Ratio
'

|O
The component of disc stress due to blade and steeple loading is:

|

[ la
O

using corresponding values cf WR. Enter the data on the work-
i sheet.

|C In the third _ zone of the worksheet, show the disc total OAT'
! weight and WR that would exist for the various speed intervals

defined by the successive failure of blades on the assumptica
that the disc has not failed.

'O

Calculate mass center radius:

. .

R = Total WR/ Total W
'

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

|Q
l [ 3a
|

|

f

|O where oVLT = disc material specification minimum ultimate
strength, psi, see Table 1.
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T = material temperature correction, Figure 10.e

9

Disc o<erage temperature is estim3ted as the average of

[ ]a for all discs except the
last. For the last disc, the exhaust side temperature should be
the [ ]a. This is [ 3a for nuclear 9

units.

TABLE 1

DISC MATERIAL SPECIFICATIONS 9

Material Min. oVLT, psi Material Min. oVLT, psi

A [ ]a F [ ]a g

8 [ ]a p [ ja

C [ ]a n [ 3a

D [ ]a 3 [ ja

E [ ]a T [ ]a g.

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.

If the failure ratio for the disc is iiigher than that for one or 9

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 9

determined.

2.2.5 Disc Fragment Weight, Velocity and Kinetic Energy
G

The weight, velocity of mass center and kinetic energy of sectors
of 90*, 120' and 80 included angle are calculated at various
ratios of speed to normal running speed.

I *

|
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For the three sizes, enter t1e weight of the disc fragment at
running speed (N/N = 1.0), design overspeed [o ,

O ]a and, disc failure speed from Section 2.2.4, accounting
for the possible loss of blades before the speed concerned. i

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

|O for all discs and the correspending energy determined.
.

For 90* dix fragment
i

O' /4 (1bs.)Wgo = WTOTAL

!

1 [ 3a
!
!

90=wKh/12ft/sec
.O

V

4

m = 1.0 wo, 1.2 wo etc. as defined above
,

,0
w = 188.5 Rad /sec for 1800 RPMo

.

[ ]"
,

O e = Iw/65000 rad
4

1

1 = radial thickness of disc stress area

[ ]a

[ ]'

For 120* disc fragment

;

W120 * WTOTAL/3 lb

;O ,- 3a

,

M
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0
- 1

/12 ft/secV120 " "Y120

XE120 = 1/2 (1/32.2) W120 120 ,V ft-lb

For 180 disc fragment
-

*W /2 lbW180 T0TAL e
_

yl80 *E 3

180 " * 180/12 ft/sec.V ,

KE180 = 1/2 (1/32.2) W180 180V ft-lb

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

2.2.6 LP Disc Missile Geometry

e
The areas and lengths of certain views of the hypothetical LP
disc fragments are reported to the customer. The 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:

9
1. The outside radius of the missile is equal to the

[ ]a radius on single row discs and the average of

[ ]a on multi-row discs. Also enter Missile
Outer Radius on Figure 16. ,

| 2. The disc, even if asymmetric about the center plane of the
disc web, is symmetric (by using [ ]a and
adjusting positions). ,

A50
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Lowest Frame Burst Speed

.= Disc No. End LP No.3 ,

Greatest Internal Energy at Frame Burst Speed

Disc No. LP No. End Weight Velocity Energy Disc. Temp.
LB Ft/Sec Ft-Lb x 10-6 op :

3
I

1

I

2 |
- . . - . - _

= Q-

|4 ,_

l

i 5 i

6g

Greatest Burst Speeds and Energy
At Burst

. Disc No. Nf LP No. End Weight Velocity Energy Disc Temp |
-

;

i MT. Lb Ft/Sec Ft-Lb x10-6 op'
,,

J

| 1 | ;

k_
- --

2 ! | | _ _ _ _ _ _ . . _

|

3 i,
; j -!s

4 | .

5 | .---- - _ - .

*
i

6 jJ _

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.

J

u

J
Figure 17

iP TURBINEINTERNAL MISSILE ENERGY- SUMMARY- REPORTSHEET
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The dimensions to be reported are:
!

|

chord length of sector at outside radius. (in.)W =

LM = radial length from IR to OR, f.e. from disc bore to
blade base radius. (in.)

2
A1= area of view of rim = W x rim width. in ,

The rim width is determined as follows.

Case 1: For di:,cs with lightweight sealing areas that
are less than [ ]a in radial thickness next

O
to the steeples, the rim width is taken to be the

steeple width or the total width across the steeples
on multi-rew discs.

Case 2. For discs with heavy sealing areas that are
greater than [ ]a in radial thickness next to
the steeples, the rim width is taken out to that width

where the radial thickness equals [ ]a. This
O rule is approximate and may be adjusted either way as

the case warrants.

A2= area of a side view shadow projected onto a plane,

2parallel to the bisecting plane of the sector. (in )

A3= 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 the diameter plus the projected
2area of the disc bore on the section plane. (in )

O
A4= area of a section plane showing the tangential face of

2the disc. A is the same for all sector sizes. (in )4

O

#
O q }
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Appendix A

e Position of Mass Center of Sector

The disc profile may be divided into a number of thin circular arcs of

D radial thickness tj, thickness through the plane bj and mean radius
Rj. The arc size of pieces of a sector is 2a. See Figure A1.

For a single thin ring of radial thickness t, width b, mean radius il and

O arc size 2a, the position of the center of area on the plane face and
thus the CG of the mass is at

sin a=R

D
The weight of a single section is

W = 2aitt>r

:D

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

D
[ ]"

D 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.

O The value I/S(=i) can be ifentified 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

O [Etb
_ jji 3 j

A "{tb *i |
99

:
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For a parallel sided disc segment, the summations may be integrated,
yielding

9
[ ]"

,

3 For convenience in 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.

3 For any sector size

[ Ja

7
and weight

W = 2a([ li t;b,) yg

3
so that the weight moment is

Wy = ( 2a ) ({ li. t .b ) y = * " [y(2a)I]'"

a 1 1 i a
1

For a full circle, the value of Wy will be ( ) 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 R, i.e., WR, such that when R is

9 multiplied by a sector size function (sin a/a), the result is the
distance to the mass center y for that sector.

[ 3a

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

A57i,
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For sum of rotor disc and blades:
O

[ ]*

e
Relation between centrifugal force, K , K , I, W5 , and3 g AT

5The fundamental definition of CF = w
9 e

2 2

. . CF = ( x 2n) 5 = [ x( ) ] W5
*

2 2 #

Define K =[ ( )]

[ la ,

[ ]8

e
The commonly used equation for disc o i'

AT

[ ]8

9
For body force and external loading fractions

2K I 2K (2nI) (yK )(2n I) K (WR)
3 3

*" " "

AT1 " A 2n A 2n A 2eA

K (WE)

| Similarly for the external load a T2 " 2d .

9
,

A58
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K 1 Wii

1

Therefore 'v "AT
.

2nA

The valte of WR for a row of blades is found from the fundamental
# relation.

, Row CFg

1

D

D

D

e

O

O

O

|

D

|A59
D }



( h o
Appendix B

Disc Fragment Velocity Augmentation Factor

O

When a disc fragment rotating about its mass CA.1ter 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 J with mass center at CG . See ,
Figure Bl. The distance from "0" to CG .

d

=S"0 E , s radians (See Appendix A for definition of E)y
J (J/2)

e
For the potential subfragment with angle o the distance is

- * sin (0/2) R , o radiansY
g /2)

9
__

>y__ alwaysy
e 3

The angle between the radius vectors through y and y is
0 e

3 - 6/2 - e/2 =
~

radians=
2

The distance between CG and CG is
J 0

#
D2=y +y - 2y y cos ( /2)

3 0 J u

See Figure B2.;

2 2 e
Also y =D2+y - 2Dy cos a

o a J

O

A60
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2D+y

B 0or Cos a =
2Dy

0 2

Let angle y = 7 - u radians

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

al
6=7

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

The position of the CG's and vectors then moves from the position shown
O

in Figure B2 to that shown in Figure B3, which is the position when
the e fragment becomes free. The velocity components of CG I"

0
Figure B3 are

D _

uDsin (T-6)V = ay -

V = d)cos (y-6)
y

0 or using relations for difference of angles,

V = wy - eDcos (a+6)
X d

O
V = uDsin (u+6)
y

V "Yx4VCGa y

0
Since Ky is the augmentation factor applied to the simplistic velocity
of CG

g

CGo
K =

O V g
6
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The mass radius R and rotational spred u appear in all the various

quantities except 6 is such a way that Ky is independent of R and
dependent on u only in determining 6.

3
Figure B4 shows how Ky varies with fragment size for a typical ;

1 = 26 inches at 1800 RPM (a = 188.5), at 1.2 x 1800 RPM (u = 226.2),
and at 1.9 x 1800 RPM (u = 358.15) for s = n and ,1 = 2w/3.

3

3

3

3

3

3

3

O
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Appendix C

Fragment Subdivision Study

O

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

O
Assume that a disc is rotating about its center with angular
velocity w. Because of a pre-existing crack, the disc fractures in a
[ ]a. In this situation the disc stresses arc completely

O [ 3a, [
3a

Depending on the angular size of the fra; ment under study, the fragment
O will continue to rotate about the original center because it is captured

on the rotor (3 > 180) or will translate and rotate about the CG of the
free fragment ( 3 < 180).

l
O The highest elastic stress in the original and fragmerted states is at

the bore of the disc. The disc is assumed to havi 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

O elastic stress at any point around the bore of the frag.nent equals or
exceeds the original whole disc bore stress, a second failure to a
smaller size can be assumed equally likely to occur.

O 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 a 1.0 is a likely failure site.

O

O
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C
Partial Disc of Sector s s 1800Case 1 -

Fragment rotates about center "0". See Figures C1 and C2.

O

The stress at poir.t P has a direct force component and a bending compon-
ent.

O
*" ERadius to CG , y =

g g

U

Weight of u sector W = W(g) where W is weight of full disc, including S
g

blades, if applicable.

CF of sector CF xy xu=
0 g 0

,[u sin (0/2)
g n

O
"

1 (WR)=K
u

The forces rormal and parallel to the stress plane are 9

W = CF x sin (0/2)
ON o

O

F = CF x cos (0/2)g3

Direct stress oD"
T

.

^"q y e
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)
Bending moment on disc tangential face l

1

h !

M=F 7 sin e/2 - FON (7 cos 0/2 - ~)es 0 0 A

P
where r is radius to center of area of tangential face

A

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

A
TLet H =

dA

I7
O

Bending stress at P, radius Rj

M (H-R ) _

O- bR(r-H) r^ > H
o =-

<

! Total stress at P

O
D B

Case 2 Partial Disc of Sector a < 180-

l
,

'O Fragment rotates about CG . See Figure C3.
6

The stress at 0 has a direct force component and a bending component.

O RadiustoCG'i sin (0/2Q=
e 6 0/2

Radius to CG , 7 = 8 " R
a s a/2

.

O From Figure C1, where 6 is the size of the trailing piece, y is the size
of the leading piece. The angle between the radius vectors throughCG and CG

0 o
is

|
'g g/ /2" 2 2

0 6-u 9
/e- *

| 2-
i

!

| A67
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e
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ea

Figure C1 Figure C2

CASE 2 e

FRAGMENT B < 180*

[

.

e-

e

ANGLE BETWEEN CFe 4 Few,THE NORMAL TO

THE STRESS PLANE = (f - h) - (90 - c<,)
]a .

Figure C3

e
,
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p The distance between CG and CG
J e

) D2=y2,7 2 -2yis ' * */2

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

the e portion is directed along line CG - CG . The angle between the
o

J CF vector and the normal to the stress plane is 6, where

6 = (f - ) - (f - a)

D Through manipulation of various angle relations

u + y + */
2"*

D y + */ -f"f-"2

6 = ('/ / I - IY + / "/ I- -

2 2 2 2

3 6=j-y- /2

j =D + j - 2D E cos y
g

3 D +E -j

Cos 1 =
,

2Dy
g

) Calculate 6 from above.

The weight of the e segment is

3 W = W( )
g

The CF of the 6 segment is

e 2 0 23 CFO" g" " 2ng "

) Q Y
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O
Resolved on the stress plane

F = CF c0s 6
0N 0

O

F = CF sin 6
Os u

F

The direct stress "D "
T .

Vector F intersects the stress plane at radius y cos 9/2. The moment
eN

of F is
uN

O

M = -Fg (y cos / -r)
e 2 g

The moment for F is G
05

0M=F y sin /
es 0 2

The total moment G

sin e/ sin / cos /

M=Fg3 ( R) - F I -r)
0Ng/ o! O

2 2

Then the bending stress at disc bore is

(H - R ) #
M i

as for e s no =-
b R (r - H)

Total stress at P G

'a
D B

9
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App:ndix D

HP Rotor Ultimate Strength Limits

e

The upper limit of HP rotor ultimste strength to be used for all HP
rotor failure speed calculations were determined by surveying the

3 population of rotors already manufactured. The breakdown of rotors and
materials is shown below:

HP TYPE NO. MAT. SPEC N0. OF SPECIMENS

D
[ ]b [ ]b

[ ]b [ ]b
[ 3b

b
3 [ ]b [ 3

Total specimens [ ]b
[ ]b

3
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 uea a [ ]b

3 increment to the specification minimum as the uniform estimate of the
maximum expected ultimate.

J

J

J
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PART B

NOMENCLATURE AND UNITS

O
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:

O
TERM UNITS

Energy and work ft-lb

e
Mass Ibm

Velocity ft/sec
e

Strength lb/in2

Strain dimensionless

e
Volume in3

Length, thickness, distance, radius in

8
Angle radians

Area in2 ,

3Density, o Ib/in
(.283 unless known

to be otherwise) e

Gravitational constant, 9 32.2 ft/sec2

0
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1.0 INTRODUCTION

Part B is concerned with the determination of whether or not a disc
3 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

h 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 simpla tests of

O plain and symmetrically flanged shells were used to develop
semi-empirical calculation methods to correlate the test results and
provide predictive analytical methods (1)*. The analytical methods were
extrapolated by engineering judgment to be used for predictive

O calculations of the actual, more complex, turbine structures.

There was, of course, a desire to learn more about the actual behavior

of aissiles and targets 1.n other typical turbine configurations. This
O 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

g 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

O 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.

O

O * 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 hole 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

Oglass, 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

desformation 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.
O

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.

O

2.2 INITIAL DISC FRAGMENT ENERGY

It has been observed and reported that only the translational kinetic
Oenergy 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

Ohinders perforation (1).

B6
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The initial translational kinetic energy of the disc fragment is

O
1 2

KE =gMV Mi is the mass of the disc fragment and Vi isgg
the initial velocity of the fragment at its
mass center of gravity.

O
Values of M1 and Vi are obtained as described in Par + A.

2.3 STAGE 1 ENERGY RELATIONSHIPS

O
In the Stage 1 impact there is a transfer of momentum between the
missile fragment (M ) and the effective mass of the containmentg

structure (M ). If the fragment is contained, the fragment will be2

g 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

O

AKE = KEoM +M
2

O
In order for this loss to occur, it must be accounted for by the work of
plastic deformation (U ) required to shear out and compress the materialp

of the impact area.

O
d' YEnergy of compression E s ynam c u m mate=
E2 d

strength

is average compressive straino c
c

V is volume of compressedc
material in impact zone

'O

:

|O ( )
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Kr A t

f2 *d is dynamic shearEnergy of shear E =
3

strength
9

A is the shear areas

t is shell thickness
O

K is an experimental constant which is defined by Ktd = 0.27 od for
typical carbon steels.

The dynamic ultimate strength is shown as a function of the static 8

ultimate strength for ductile steels in Figure 2.01.

Work of plastic deformation Un = Es + Ec
,

G

Stage 1 containment U > LKE
P

Stage 1 perforation U < LKE
P G

For tne long shell case snown in Figure 2.02, the equation for the
velocity of the combined shell fragment and disc fragment af ter
perforition is given here in a modified form of that derived in
Reference 1. 8

.

M M -m f M U

}21 1M+ - M +M - ! ~

KE ,

m21 is the mass of the plug perforated from the shell.

2.4 STAGE 2 ENERGY RELATIONSHIPS 8

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

KE = KE
M M

2

B8
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This energy must be absorbed by a tensile mode of deformation of the
structure.

4
d*t t

t 12 't is average tensileEnergy of tensile deformation E *

strain

G Vt is volume of material strained
in tension

Stage 2 containment Et > KE1
O

Stage 2 failure Et < KE1

If Stage 2 failure occurs, the residua, 'inetic energy of the system is
D

KE2 = KEi-Et

This energy is shared by Mi and M . Only a portion of it will be carried2

O 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.

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

[2gKE}
V I

*
L~M +M

*

22
O 'i 1 2

2.5 EFFECTIVE MASS DETERMINATION OF THE CONTAINMENT SHELL

Reference 1 discusses the determination of effective mass for
O 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

O M2 = m21 + .34 m22, where m21 and m22 are the actual total masses of the

811O ( j
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volumes depicted in Figure 2.02. For symmetrically impacted shells
where all) <3t, hinges will fonn 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 expression for effective mass of an arbitrary size hinged flap
when a <3t is

O

S22e " Kf m22

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

2
*

a
q) +1

f" 2

4(f) +1 4

In these cases, M =m + 1(m ) where n represents the number of
flaps. n

O

3.0 APPLICATION OF PRINCIPLES TO ACTUAL TURBINE STRUCTURES

The basic containment and penetration criteria discussed briefly it. the g
preceding sections and in more detail in Reference 1 are directly

| applicable only to the model 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 g
sections of this report reflects additional test results and the results

j

Note (1): "a" is the smaller dimension of the axial overhang of the
shell beyond the missile or 3t. 9

B12
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of a thorough review of analytical methods to eliminate uncertainties
and incorporate a precise, methodical calculation procedure.

8 Although the methods given here are deterministic rather than
probabilistic (i.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 uncertainty, 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
8 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

O absorb a large amount of energy. Cylinder rings that are
b[ 3 , are the primary

energy absorbers; therefore, a great deal of the analytical effort has
been devoted to the development of realistic and consistent techniques

O 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 colliston
C modes.

O

O

O !

|

~
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3.1 COLLISIONS WITH RINGS - SYMMETRIC VS. ASYMMETRIC

e
SYMMETRIC ASYMMETRIC

RING

\ i CG/
CGi ey -iss

; !

I I I
i i I

e
' MISSILE s

e
.

DEFINITIONS:

SYMMETRIC COLLISION - A collision in which the center of gravity of the e
ring structure being considered lies within the projected boundaries of
the missile impact surface.

ASYMMETRIC COLLISIONS - A collision in which the center of gravity of e
the ring structure being considered lies outside of the projected
boundaries of the missile impact surface.

RING STRUCTURE - Includes mass of separate blade ring, impacted blading, o
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.

e

o

B14
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THEORETICAL BACKGROUND:

3 If the center of gravity (CG) of a body [ ]b of
! a pushing surface, the bearing distribution between the two can achieve

a center of pressure that [ ]b with the CG, thereby imparting a
unifonn translational velocity to the impacted body. If the CG is

;9 [ ]b of the pushing surface, a force couple is
i established that tends to [ ]b being impacted. The

impacted body will attain a [ ]b and a
[ ]b at its CG lower than the velocity of the'

3 missile.
|
|

3.1.1 SYMMETRIC COLLISIONS

1

~

9 3.1.1.1 BASIS OF ANALYSIS

1

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

3 to be used for calculating the CG for symmetrical cases. Flat radial
walls are considered to be [ ]b to their
outer limit. Conical walls are [ ]b to the point where
they intercept another wall or a wrapper (shell).

3
For first collisions, the disc segment is assumed to be oriented such

'that one corner of the segment is [ 3a

for purposes of analysis. This is a conservative assumption that limits
;9 the amount of available shear strain energy in Stage 1 since it is

assumed that [ ]a at the horizontal joint. In
addition, the amount of available tensile [ ]a
at that location, as is the effective target mass M -2

3
i For collisions subsequent to the first, any structural material that is
! perforated as a plug is assumed [ ]a the previous missile

mass and be [ 3a of the missile. The missile in
J these collisions also is assumed to be aligned with the horizontal

joint.

I
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In the first collision, the disc segment will strike a cylinder ring

with its rim. A target mass m21 directly impacted by the disc is
defined [ ]a of the disc rim. The arc length is
specified to be calculated at the top of the [ 3a on the
centerline of the disc. On the " Disc Properties" data sheet, this is
given as " Missile Outer Radius" [Section A, Figure 16j . An additional
amount of target mass m22 is obtained from the overhanging part of the
ring between the disc impact locations. This is shown schematically in

Figure 3.05. The amount of overhang considered for m22 is based on [
]a the effective thickness of the ring or [ ]a the distance to

the next m21, whichever is less.

e

bL mzz
SHEAR PLANE i

CYL /
RlNG

mi ea

DISC
'

SEGMENy
/ DISC

SEGMENT
'

,

i i HORIZ
,

-R- 1 JOINTm -

9
e

e

Figure 3.05 e
TARGETMASS

i

| L20
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3.1.1.2 FIRST COLLISION GE0 METRIC PARAMETERS

O
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 section.

3 '

EFFECTIVE THICKNESS
-

I

i <
-

o

1|2| | i | 4o
ie i

| P [ ja
N w; -

o

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

independently.

.

3 (2) [ ]a that are part of the blade unit and are
[ ]a together, are assumed not to have an
overhang effect. [ 3a that are
[ ]a do have the overhang effect.

O
(3) More complex shapes with slanted surfaces can !;e

calculated more precisely.

3 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. ;

=190 DISC SEGMENT e
D 2 |

Arc length of disc rim L
D 2 D

Q Q )
,
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| Arc length of disc is transferred to inside of [
) Ja by compressive contact. The contact angle subtended is

i R

=fx (e = radians unless other specified)e

3 The angle asociated with the involved overhanging material is designated e ,g

j and is the smaller of the two following possibilities:

R

(1) eGn "
~

D i

or

3t
here R = radius to CG of x-section of ring "n"

(2) OGn " R mn

D mn (n=1, 2...)

2
Il Wj,)t

t =

en A
3:

and A = x-sect. area of ring "n"n

|) RD = radius to top of [ ]a (" Missile outer radius")
Rg = inner radius of first ring shearing material contacted

120* DISC SEGMENT eD"

Arc Length of Disc Rim LD" D

| R

bxd) Subtended contact angle o
c 3 R

9

Overhang angle (smaller of the two)

R 3t
3 (1) e O "

Gn Gn " R
= -

' ''''

1 mn
|

B23
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3.1.1.3 EFFECTIVE MASS MATERIAL

EFFECTIVE MASS MATERIAL OF RINGS
O

Includes separate [
]a (if impacted by the disc).

Circumferential effective mass is defined by angle e
Kn c fn Gn

where K is determined as follows:fn

For overhang Case (1), L =e " * ****

Gn mn

fL
{_0:. \

" or obtain from Figure 3.07.Calculate K =

f
s

4 +1,

\ e|n
*

For overhang Case (2), Kfn = .34

EFFECTIVE MASS OF RINGS M ={e 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 angle e . %
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.

O

MASS OF PERFORATED FRAGMENT

m H + pe [R A (n=1, 2....)
21 2B

where M is defined as follows.2B

EFFECTIVE MASS MATERIAL OF BLADING - M2B
O

B24
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Only [ ]a that are directly impacted by the disc segment

are considered as part of M -2 j

g

The mass of [ ]a is
calculated over the angle o .

O EFFECTIVE MASS MATERIAL OF A WALL

Circumferential effective mass angle o =0 =0 +K o
w Kn c fn Gn

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

1 I

f y to Radial dimension:

,

t, w+ +-- Use h as shown at thew

h = r -r; left.w o

O EFFECTIVE MASSy

Ii
r +r
(n 3) h tM U p

2w w 2 yg
-,

'

'

,

%

.

'

,

4

't

:

(
,

B25
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SPECIAL CASE - Offset c:nter

When the true center of the wall radius r ' is offset from the rotorg

iscenter by a distance d, a fictitious on-center radius ro ,
calculated. It is taken to be the distance from the rotor center to the

| 1

outer edge along a line at the angle y o , shown as r below. It can be
c o

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

e
1

IO

IROTOR 6
7 {c

e
CENTER HORIZ.

A+
,

Io / JOINT* ,

TRUE
CENTER *

TOTAL LFFECTIVE TARGET MASS g

M2=M2R + M2B + M w2

4

9

%

e

B26
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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
i M

AKE = KE * O " '"" * "
oM +M

1 2 collision
D

and M1 = 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 AKE. A conservative evaluation decided that this condition
exists when

j
i

h
; L < 2t (Refer to Figure 3.05)e

or
i

|

D
( Lo < te

for the innermost ring'

(2) Stage 1 containment is also achieved for L > ?.te when the sum of3
|

the energies that can be dissipated in shear and compression are

! such that
i 1

| '

r

U =E +E > aKE '

C p s c !

|
|

| P

| Shear strain energy E 1 [od "i t ]n " "9 *I=
3

i n 1 one shear plane at o
O C

B27j N )
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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.

O
These cases will usually be obvious and the shear energy is

calculated as described in Section 3.1.2.4 for sag mode.

Walls attached to rings being sheared are
O

[
]a

M

[[ (o o R A) +o ]*

Compression strain energy E =

c 12 d c cm cn dB p 9

where A = area of cross-section that isc

in compression (M2B material
considered separately)

O

.

| R = radius to centroid of Acm c

The compression cross-section is defined by the [ ]a
O

the confines of the missile width (see Figure 3.08). It extends
radially to the [ ]a 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, " "# # "
dB'

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

O
If U < AKE, Stage 1 failure occurs, and the disc and cylinder fragments

p
exit from the collision with a velocity

*
[ 18

O

B28
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and kinetic energy [ 3a

3 If U > AKE and Stage I containment is achieved, the kinetic energy of
the system is

[ ]d

3

'3

D

s

!
;

!

4

.

!,

'O

t

:

O

:

O

i

;
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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:

E > KE

e
t < KE , Stage 2 failure occurs, and the system kinetic energy isIf E

1

KE = KE -E = KE - aKE - E
2

e
Tensile strain energy, E

t

Continuous

[ e
]a are the only structural elements asumed to be capable

of absorbing tensile strai; energy.

The horizontal joint is assu:'ed to provide [ ]a g
continuity such that tensile ; train is [ ]a at that
location.

Based on minimum test results, the tensile strain va ue t' sed is [ 3a g

throughout ring cross-section , from the location at y o to the far end
of the O verhang. From the 7 o location,the strain is assumed toG
decrease linearly from [ 3a 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 g
over which the strain is assumed uniform (see derivation in
Appendix A). The angle c a waH is O.e same as %at of 2e ring to

G
which it is attached.

1
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r -r
(Se Figure 3.10)EFFECTIVE HEIGHT he"#1 2 2

+ r,0F RADIAL WALL r
9

o
EFFECTIVE TENSILE STRAIN VALUE (Calculated for each tensile element)

[ ]^ e

TENSILE STRAIN ENERGY

e
1

= g { [o c (e e ^ "E ' ****

Cn c mn n
n

Note: Fo r a wall , A = h t,e

e

! 1

| and R = r, + 7 h

* e
The resulting velocity from a Stage 2 failure is

[ ]8 e

and the kinetic energy of the fragments continuing as a missile is
e

[ la

e
!

e

|
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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
O Stage 1 or 2 failure, it is assumed that the

[ ]a (unless specified elsewhere) will

[ ]a to any subsequent collisions. The outside
for calculatingradius of the outermost part becomes the new value of RD

O the new angles of target mass involvement. Similarly, the

previous o becomes the new O "*

D
symmetric ring collision (highly unlikely), it is then handled as on the
preceding pages, using the [ 3a as the

O [ 3a

Most collisions subsequent to a symmetrical ring collision will be
cylinder walls in collision with cylinder wrappers. This type of

O collision is dealt with in Section 3.2.2.

O

O

O

O

O

B35g N J



( h a

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
[ la ,

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

[ 3a. From the mass ,
moment of inertia, the actual mass, and the eccentricity of the impact,
an effective mass is found to use in the basic energy relationships of
Stage 1 and Stage 2.

O
Unless otherwise specified, definitions of symbols given in
Section 3.1.1 are also applicable hereaf ter.

3.1.2.2 FAILURE MODE CONSIDERATIONS g

The potential for a number of different failure modes in Stage 1 require
that the analyst first be able to identify the [ ]a in
order to assess the analytical approach to be used in determining g
effective mass and other energy considerations. The true Stage 1 shear
failure modes have been categorized as being of three types, designated
SA , SA , and SA3-1 2

O

B36
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SA1 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 resistar.ce away from the impact zone usually yields ;

this shear failure mode. I

SA This mode is represented by a circumferential shear plane that2
3 is continuous around a half-ring (see Figure 3.12). This mode

occurs similarly to SA1 when the adjacent disc segments strike
closely together.

3 SA This mode is identical to the usual symmetrical mode failure,3

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 (see rigure 3.13).

3

Brittle Fracture Mode:

The 1979 test series revealed another mode that may also exist. For
3 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 SA1 shear mode, but
the energy absorption is usually considerably less. This is largely due

3 to the fact that almost no momentum is transferred to the material
outside the perforated fragment.

D

3

3
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Determination of Mode for Comon Turbine Structures

Fabricated Back-Up Ring and Wall Assembly:
t

If a ring is backed by a
[ ]a will influence the
possible shear ner' oration modes.

O

1) [ ]a is located within the
bounds shown by positions "A" and "B", SA1

and SA2 are the only shear modes
considered possible, provided that the e
portion of m2 mass to the left of the
shear plane is greater than that to the
right of the p' lane.

O

2) [ ]a is to the right of position
"A", SA3 is the most like., failure mode,
although SA1 and SA2 should also be
checked at or near section "C-C", i .e. , on 9

the other side of the [ ]a

3) [ 3a is to the left of position

"B", brittle fracture mode will govern. O

For cases 1) and 2) above, M2 is based on the entire ring cross-section and
effective [ 3a of height h .e

O

For case 3) above, M2 is based only on the fracture fragment.

h all cases, the [ ]a is considered to provide no r. hear resistance
#effect in Stage 1.

9
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Separate Blade Ring with Fabricatod 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

D some of the different possibilities. All three shear failure modes and
the brittle fracture mode are possible. The same principics are used in
deciding which mode pertains in a particular case. Blade ring and
back-up ring are [ ]a for calculation of M -2

Impacts on Corners of Blade Roots:

A fairly comon asymmetric impact situation is one in which the disc
O corner overlaps the [ ]a held in a separate

[ ]a (see Figure 3.17). Usually the overlap is
relatively small [ ]a, and the 1979 tests showed

that the disc segment merely smeared the corner of the [ 3a andC impacted solidly on the [ ]a. Therefore, for most cases it

is assumed that the disc impacts the primary ring and that the
[ 3a is left behind and is not involved in the
collision as an energy absorber or as part of M . The exceptions to2g
this are cases where it is evident that the overlap is large or where
the [ ]a 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

O
[ 3a in the calculation of M '2

3.1.2.3 EFFECTIVE MASS OF RINGS IMPACTED ASYMMETRICALLY WITHOUT

BRITTLE FRACTURE FAILURE

If an evaluation has been made of the asymetric ring structure assembly
and it has been determined that the trittle fracture code does not

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

3a

O
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Using the same relationships as for symmetric collisions, the following
values are calculated for each ring element:

i

o o t o o
e c g o g g

|
|

The effective height of any attached wall is found by'

9 r -r -

h, = ri 2 2
_r +r

9 g .J

O where he is interpreted as shown in Figure 3.10 for the simplest
| configuration.

When a ring is impacts asymmetrically, it is

O [
]a. However, the relatively flexible

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

|O [ 3a as shown in Figure 3.19, and its mass
effect can be [ ]a that will
develop at the joint of the wall and ring.

|3 PROCEDURE:

r +r
1. Calculate mass of effective wall m, = a ('2 ) h t, pe

|

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

u * w *
J where A is the fictitious area=p , w

2A or (suggest .1 x .1 = .01 in )j

!
3

|

I
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3. The mass and moment of inertia properties of the ring with the
lumped wall are then determined:

D
=[[o R A p]+m +Mm

2 Kn mn n w 2B
|

mass moment of inertia of all the elements acting as aICBM =

j 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.

"
9 Effective target mass M #

2 2
a #

! *2 R CBM

where aR = the horizontal distance between

3 the centerline of impact and the CG of the m2
mass.

M

Tht. relationship of the masses can be expressed by the ratio K = 3 where
c m

CBM
K = *

2
+

*2*R CBM

The value Kc is used in subsequent calculations.g
|

SPECIAL CASES OF ASYMMETRIC EFFECTIVE MASS DETERMINATION

|

3' 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

i

| height he is interpreted as shown. rach of the two rings is considered

D E

! ]a are shown in Figures 3.20 and 3.21. The value of (M }R1 is2

the value used in the initial collision calculations. A special

technique is also used to assess the effects of the initial collision on
' (M I2 R2, which is described in Section 3.1.2.7.2.3

1
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3.1.2.4 ENERGY LOSS IN STAGE 2

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

2
AKE = KE

g1g2
4 where VE and Mi are as before, and M2 is the effective mass of theg

asymmetric target as determined on the page immediately preceding. This

energy loss can be achieved under the following conditions:

4 If SA is the lowest energy shear mode and is an allowable mode3

according to the guidelines given, then the energy loss in Stage 1 will
be [ ]a

e If SA1 or SA2 is the lowest energy of the allowable shear modes in a
parti. alar case, then the energy loss in Stage I will be [

]a

e If Stage 1 containment is achieved, the kinetic energy of the system
(My and M ) is2

[ ]a .

O
Calculation of shear strain energy:

SA1 mode [ ]a for the simple case
O

shown in Figure 3.11. Obviously, for more
complex cases the calculation may not be
quite so simple, but the principle is the

p same.

""o q j
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SA2 mode [ la for the simple case
shown in Figure 3.12.

O

SA3 mode [ ] for the simple case shown*

in Figure 3.13.

Calculation of compression strain energy E #c

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

- O

Strain energy of Stage 1: (U ) san = ESAn + E (n=1,2,3)
p c

e m e east enugy being consNeed, Rage 1
If aKE > (U ) san
perforation will occur in that mode. The kinetic energy of the system e

t and M ) at the end of Stage 1 is [ ]a The velocity(M 2
of the system at the centerline of impact is

O

[ ]a

3.1.2.5 ENERGY LOSS IN STAGE 2 3

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: Et > KEt g

t < KE , Stage 2 failure occurs, and the system kinetic energy isIf E t

[ la ,

,

O
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Calculation of tensile strain energy Et

# Continuous

[
3a are the only structural elements assumed to be capable

of absorbing tensile strain energy.
_/

The horizontal joint is assumed to provide

[ ]a such that tensile strain is assumed to
be [ ]a at that location.

:)

Based on minimum test results, the tensile strain value used is [ ]a in
1

the area of maximum tensile straining, from the angular location 7 e to

f G. ecdon kom 7 othe end at e +K0 n "#
c

J joint, the maximum tensile strain is assumed to decrease from

[ ]a

In contrast to symmetrical ring cases where the tensile strain energy of
3 each structural element could be calculated on the basis of assumed

uniform strain across any section, there is no such straightforward
technique for evaluating the tensile strain energy in an asymmetrically
impacted ring. The tensile strain tends to ba greatest on the edge neat

3 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

D

[ ]a

This formula is based on the logic that the effective mass M2 represents
3 a reasonable expectation of the participation of the entire mass m2 I"

the straining process. It can be seen that this formula essentially

leads to the same result as i.he symmetric case if the eccentricity of
the impact is allowed to go to [ 3a

O
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1

From the basic equation E = goy *t the form for asymmetric use isdt
developed.

O
EFFECTIVE TENSILE STRAIN VALUE

[ Ja ,

TENSILE STRAIN ENERGY

M 9
d 2

t * I2 I *t
One problem with the above equations is what to do when the target mass
M is composed of [ ]a separate ring elements, since there is e2

only provision for one value each of and c The approach that has.

d
been adopted in these instances is to use [ ]a
of based on the proportional masses of the different materials. For

d
astablishing c , the values of e associated with the major ring element e
(usually a blade ring) are used.

Another problem occurs if M2 is composed of
[ ]a These do not participate in tensile e
straining; therefore M2 is recalculated for tensile straining by leaving
out the

[ ]a

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

is [ ]a if containment is not achieved.
e

e
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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, m2*

Fragments from Stage 1 failures:
O

SA1 mode Fragment of arc o with circumferential shear boundary as-

c
shown in Figure 3.11.

8
SA2 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.

O

SA3 mode Fragment of arc o consisting of entire ring section-

without the effective wall he.

3 Fragments from Stage 2 failures:

A failure that results af ter Stage 1 containment produces a fragment of
arc o , consisting of the entire ring section without the effective wall

c'
he.

A failure that results from the continuation of a Stage 1 SA2 shear mode
produces a fragment of arc o with an SA2 circumferential boundary.

The masses of these failure fragments, designated m3, are found in the
same manner as m2, using the revised boundaries as described.

J Velocities at the CG of target masses and failure fragments:

[D
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Determination of the velocity at the CG of the , target mass m2 at the end
of a collision 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, e

1. Designate V2=Y21 or V22 as the case may be.

2. The velocity of the CG of tbc entire target mass m2 is e

[ ]a

3. Occasionally the rotational velocity of the target is also desired: e

[ la

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

]a The kinetic energy of the combined
exiting missile would be e

[ la

5. If the CG of a failure fragment is outside the missile impact zone e
as shown in Figure 3.22, the fragment will [

]a and its translational velocity can be found by linear
interpolation as follows:

i #
[ 3b Note that dCG is positive if the

! CG of the fragment is between the

CG of the target mass and the
centerline of impact. dCG IS 8

negative if the CG of the
f ragment is farther from the

centerline of impact than the CG
of the target mass, e

B56
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DIMENSIONS FOR FRAGMENT VELOCITY DETERMINA TION
1

B57
' ( )



( D 9

6. For closely spaced rings as shown in Figure 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 frsgment rotates clear of

Oring #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 [ la the rotational energy of the

8ring #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[ la

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

e
2g KE

( M) where n refers to collision number.(M ) e

2

7. If 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

[ 3a
e

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

e,

|

[ Ja

e

e
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3.1.2.7 SPECIAL CASES OF ASYMMETRIC COLLISIONS

l STAGE 1 FAILURE3.1.2.7.1 STAGE 2 DEVELOPME.T AFTER AN SA2 e

As noted earlier, if an asymmetric case results in an SA2 mode failure
during Stage 1, the disc segments are still enveloped 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:

1. Determine the mass properties of the sheared-off band as a target *
mass over the angle e basd on t of W baM and estaMish U N

K
g

band is symmetric or asymmetric with respect to the missile
segments as per previous criteria. Actual target mass = m3K'

2. If the fragment band is symmetric, calculate the Stage 2 tensile
energy absorption capability (E ) for the band segment as one

would for an ordinary symmetric ring. Since the fragment is
symmetric, its overall velocity at the beginning of Stage 2 is
taken to be V21 (see page B52). The missile energy at the end of
Stage 1 to be absorbed in Stage 2 is

[ ]8 e

If (E )SA2 > KEIDf, Stage 2 containment is achieved.t

If (E ) < KE , KE = KE ~

t SA2 g2 IDf

[ ]8

e

Missile energy after Stage 2 [ Ja where m3C

is the tensile failure fragr.; ant over

the angle e

B60
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3. If the fragment band is asymmetric, obtain from the original target

3 mass [ ]a and then calculate [ ]b

for the fragment band. Determine an effective mass M to be used3K

for calculating tensile strain energy: [ ]a
a

The effective tensile strain value c for the fragment band is calculated
as on p5ge B54, and the tensile strain energy is

'

[ .]a

The kinetic energy in a fragment such as this is composed of both a
translational term and a rotational term. If we assume that the fragmenta

" continues to rotate at the same velocity as the original target mass, then

[ Ja

The kinetic energy of the fragment band at the end of Stage 1 is then

[ ]a
.

* The disc or initial missile energy at the end of Stage 1 is

[ ]a
|

Thus, the energy at the end of Stage 1 to be absorbed in Stage 2 is

[ 3a

If (E It SA2 > KEIDf, Stage 2 containment is achieved.

If (E )SA2 < E ]at

J

[ ]a

B61
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j Kinetic energy of initial missile after Stage 2

*
[ ]8

The fragment band produces a tensile failure fragment of the same
cross-section over the angle e which is designated m3c and has

*
effective mass

[ ]8

S
Velocity of m3c fragment CG [ Ja

Kinetic energy of m3c fragment after Stage 2

4
[ ]a

VE2D and KE2f are combined or left separate based on next collision
considerations as described nn page 858.

e

3.1.2.7.2 WALL CONNECTED RINGS

The method used to determine the effective target mass for these
*

configurations (see Figures 3.20 and 3.21) was discussed on page .

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.
O

For the example shown in Figure 3.24, all three rings are used to obtain

| (U )SA3, since thep
! [ la

O
the wall while they are shearing through in the SA3 n. ode. The two inner

| rings are treated as a unit for M2 mass calculation, while the outer
ring and walls are lumped as shown for the M2 calculation. If a Stage 1

failure occurs, the missile will continue unimpeded to a
9

[ la
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Fcr th] cxample shown in Figure 3.25, the eccentricity between the

connecting wall and the missile edge leads to the usual SA1 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 rotational

l

velocities. This means that Ring #2 can be considered as
[ ]a from the shear fragment being produced in Stage 1 of,
Ring #1.

The question of whether or not the shear fragment and missile
[ la 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 [ ]a of the ring occurs just as in a

, Stage 2 situation. If sufficient [ ]a energy is availablea
in Ring #2, the ring will hold in tension and its velocity will
[ ]a The missile from the Ring #1 she?r 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 stationary structure and not produce any reportable fragments.

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

tJ

1. Assess the outcome of the Stage 1 collision with Ring #1 (R1). If

as usual there is Stage 1 SA1 failure, then (KE )pi and (Y21)R1 arey

obtained as shown on page B52. The velocity of the CG of the,
J

entire target mass is

- [ ]a
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Note that while ( )R1 refers to Ring #1 data, this data is with the
#lumped data of Ring #2 included.

2. Determine the velocity at the centerline of the connecting wall:

[ Ja (See Figure 3.25) #

3. Calculate the radially directed kinetic energy of Ring #2 (R2) at
the end of Stage 1 of the R1 collision:

O

[ ]a

4. Determine the tensile strain energy capability of R2 in the first
t

collision: [ Ja*

where (c t)R2 is the effective tensile strain of R2 as Gdetermined on page B54.

5. If (Eg)R2 < (KE ) , R2 will fail in tension and allow the first
collision ;.issile to pass through unimpeded. The missile will be

#composed of the disc segment, M , and the R1 shear fragment,D

(mg)R1, and the energy of the combf ned pieces will be

[ ]a
e

t1 R2 > (KE )R2, R2 will hold in tension. The missile fromI t6. If (E
the R1 shear failure will strike R2 and a second collision must be
evaluated, where the missile initial energy is'

O

| [ ]a
|

|

9
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7. In the second ce'.lision with R2, it is assumed that the connecting
wall has broken from the remaining stationary part of RI.

~O Therefore, R2 will appear as shown in Figure 3.26 during the second
collision. Note that the angle o must be adjusted by the standard
procedure for second collisions struck by f hit collision
fragments. A normal Stage 1 calculation is then made with the

is the most likely shear mode.O known information. SA3

If (AKE)R2 > (U )R2 , Stage 1 perforation of R2 occurs with a8.
p

resulting additional fragment based on the R2 ring body only. The

O fragment will probably be an asymmetric type and its
characteristics are determined as shown on pages B55 to B58. The

'

disc plus the R1 shear fragment wiil continue on to a piercing
collision with the outer cylinder with combined energy

O
.

[ 3a

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

4

9. If (AKE)R2 < (U )R2, Stage 1 containment is obtained and R2
proceeds into Stage 2 for the second time. It is assumed that the

O 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

O

[ la

where ( )* are the quantities based on angles of the second

collision and (KE )R2 was calculated in Step 3.O g

O
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10. The kinetic energy of the system after Stage 2 is

O
3a[

If (KE )R2 < 0, verall containment has been achieved.
2

O
If (KE )N > 0, the disc segment and R1 shear fragment will2
continue on to a piercing collision with the outer cylinder with
combined energy

[ 3a

The R2 ring fragment will be as determined on pages 855 to B58 and
be reported as exiting the turbine with kinetic energy and velocity

O as determined in this collision.

3.1.2.7.3 BRITTLE FRACTURE

As stated earlier, tests have shown that

O [ ]b type will occur at locations
like 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,
E , which is defined below and is related to the momentum transferO b

energy and the energy of SA1 Stage 1 failure. There is no Stage 2

energy absorption relative to this mode of failure.

O The procedure to use is as follows:

1. Determine the possible SA1 mode Stage 1 strain energy absorption
value based on the fragment defined by the shaded area, A . Theb

O 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

O [ 3a
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It will be hssumed that this value is one possible limit of the
[ 3a energy loss; i.e., the energy loss cannot
exceed that which would be lost by Stage 1 type failure.

O

2. Determine the mass of the ring fragment, m2b, that would result
from [ la

here bb is the radius to them =A o p
2b b c mb

centroid of the Ab area.

3. Determine the eccentricity coefficient, X , of the fractureb
fragment:

"
where ab is the distance frcm theK =

m a + (I centerline of impact to the CG of mCBM b 2b g
is the mass moment ofand (ICBMIb

inertia of m2b'

The effective mass of the fragment is M2b = K m2bb g

4. The maximum energy loss due to an inelastic collision is

[ ]a e

It will be assumed that this is the other possible limit of brittle
fracture energy loss.

e
5. Therefore, the energy of brittle fracture is the lesser of the two

limits:

UI Eb 8
Eb = the lesser of

2.KE

'

e
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6. The energy of the system after the collision is

KE1 = KEo - Eb
f

3 and the velocity at the center of impact is
.

[ ]a

3 7. Since the fragment is asymmetric, its CG velocity [ 3a

and translational kinetic energy [ 3a

13

The missile energy is [ 3a

.O
3.1.2.7.4 HUB COLLISIONS

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

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

9 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

.3 for the various parameters used in energy calculations. All
calculations and decisions then follow previously established
procedures. NOTE: Any stationary remnant of a previously impacted ring

| or other cylinder structure will not be considered as capable of
D sustaining a hub collision because of the uncertainty of its final

location and energy absorption capability remaining after the preceding
| collision.

O
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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 discussed symmetric and asymmetric collisions with ,
[ ]a 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 most common example of this type collision is the one shown in
Figure 3.29, which is the [ ]a impacting the [
]a (symmetric impact) and the [ ]a (brittle fracture). ,
However, other examples exist in some of the LP turbines. The procedure
for calculation is somewhat tedious but relatively straightforward.

Procedire: ,

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

6
4. Determine the target mass of the symmetric ring structure, M

25
based on the procedure of Section 3.1.1.3. For the flow guide

structure shown, to simplify accounting for the 3tc flap on the
cone, increase the mass directly impacted by the addition of an g.

equivalent piece t wide beyond the impact edge.c

9
!

} b
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5. The maximum possible kinetic energy loss of the brittle fracture

fragment by itself is

O
[ Ja where M2=M2b + M2S

and the energy loss of brittle fracture is e

U
PbE = the lesser of e

isKE
b

6. Compute Ups = Ec5 + EsS for the symmetric ring structure. For the e
flow guide structure shown, an sat type failure mode will govern.

7. Determine the maximum possible Stage 1 energy loss of the combined

impacted masses: e

[ ]a

e~

8. Determine the Stage 1 result:

(a) If JCE > E +U Rage 1 pedoradon occurs and We system energy e
at the end of tb, collision is3

[ ]a (Go to Step 10)

O
(b) I f !.KE < E +U , Stage 1 containment is achieved and leads to

Stage 2(Step 9$

0
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9. If Step 8(b) governs, obtain the tensile strain energy of the

symmetric ring structure, EtS. For the flow guide examp'le, the tc
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

|

[ 3a

|

If KE < 0, overall containment has been achieved.

3
| If KE2 > 0 Stage 2 perforation has occurred (go to Step 10),

10. If perforation occurs in either Stage 1 or Stage 2, the systemj

j velocity in the line of impact is

V = [ ]a where n refers to Stage 1 or 2 as applicable.

h 11. The major missile (disc segment + symmetric fragment) continues to
!

I the next collision at velocity V n and kinetic energy2

[ 3a where m is the mass of the symmetric21S
. ring fragment bounded by the shear planes.

|

| 12. The brittle fracture fragment exits with a CG velocity [
! ja
D
r

and translational kinetic energy [ ]a

h
,

i

D

; 1

|
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3.1.3.3 COLLISION INVOLVING SYMMETRIC IMPACT AND ASYMMETRIC IMPACT

WITHOUT BRITTLE FRACTURE

O
Collisions of this type have been found to occur in certain locations of
some'[ ]a ( 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:

O
1. Evaluate the effective target mass for each of the two ring

structures: M25 = symmetric target mass

M2A = asymmetric target mass g
.

M2 =M2S + M2A

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

Symmetric [ Ja

O

Asymmetric [ ]a

O

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

Symmetric U
p3 = Ec5 + EsSq based on the appropriate modes

Asymmetric UpA = EcA + EsAd described in earlier sections

|
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4. Determine the outcome of the Stage 1 processes:

(a) If AXE <[ 3a ,
3

Ja(b) If AKE3>[

] e(c) If aKE >
S

(d) If AKE <[ ]a

5. Consider the meaning of the Stage 1 results in Step 4: O'

(a) 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 O

3a where E and Eg are determined as shown[ ts

in previous sections.

O

2 < 0, overall containment has been ac..leved.If KE

If KE > 0, under most conditions (see page B58 for exception) the
2

original missile plus the symmetric plug fragment will continue ,

together alone at the velocity [ ]a and with

ccmbined

O
kinetic energy [ 3a

.

The asymmetric fragment created by Stage 2 failure will then have ,

velocity V3f a* sefined in Step 5, Section 3.1.2.6, and KEf as
defined in Steo 7, Section 3.1.2.6.

O

I
'
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(b) This is the result when both ring structures have Stage 1
' failure. What happens aftr;r that is a function of the Stage 1

) asymetric failure mode.

SA1 or SA3 mode:

J
L Ja

3 Kinetic energy of original missile and fragment from symetric
structure:

3 [ Ja

_

Kinetic energy of fragment from asymetric structure:

J
Fragment symetric (see Step 4, Section 3.1.2.6)

[ 3a)

In this case, the missile into the next collision would consist of

) M1 + m21S + m3 and total kinetic energy would be KEDSf = KEDS + KEf

Fragment asymetric (see Step 5, Section 3.1.2.6)

[ 3a

J

881J ( y
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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.

O

SA2 mode:

O
[ 3a

Kinetic energy of original missile and fragment from symm.etric structure
at the end of Stage 1:

[ 3a e

The asymmetric structure at the end of Stage 1 has formed the continuous

band typical of SA2 failures. Refer to Section 3.1.2.7.1 of this e
report.

|

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

V3f " V21 and kinetic energy of the band is e

[ ja where m3K is the fragment band mass over the
angle o determined on the basis of te ofg p
that fragment.

I The available missile kinetic energy at the end of Stage 1 then is
[ 3a e

Calculate the tensile strain energy capability of the band as for a

(E ISA2*symmetric ring: t

e

n8:?
t

.
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1

F Dy

If (E )S 2 > KE
age c n a nmen s ached.1DSf,

'

If (E )SA2 1DSf, KE - (E )SA2
< KE = KE) t 2 1DSf t

[ 3a

3

The missile leaving the collision will be M1 + m21S + m3c where m3c
is the tensile failure fragment from the band over the angle o .
The missile energy leaving the collision will be

)

[ .]a

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

the CG velocity of the asymmetric target mass: [ ]a

J Fragment band velocity [ ]a

Obtain (E )SA2 and KE f as given in Step 3, Section 3.1.2.7.1.t l

J
KE1DS is the same as the preceding case.

Energy at end of Stage 1, KE1DSf = KE1DS + KElf

J
If (E )SA2 > KE1DSf, Stage 2 containment is achieved.t

If (E )SA2 < KE10Sf, KE2 = KE1DSf - (E )SA2 |t t

D

[ ]a

J
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Energy of initial missile and symmetric fragment at end of Stage 2,

[ ]a ,
,

The asymmetric fragment band is handled the same as on page 861,

giving KE2f-
4

KE20S and KE2f are combined or left separate based on next
collision considerations as described on page 858.

(c) In this case, there is Stage 1 failure of the symmetric ring structure e
and Stage 1 containment at the asymmetric ring structure. The entire

asymmetric ring structure then enters Stage 2 tensile straining. 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 G

: 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

O

[ 3a

where [ ]a g,

is obtained from M2A as on page 854.and eta

verall containment is achieved. 9
If KE2 < 0,

| If KE > 0, there is Stage 2 failure with a velocity of the original
2

missile and the symmetric plug fragment
O

[ ]a and combined kinetic energy

!

[ .]8 e
f
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The asymmetric fragment created by Stage 2 failure will then have,

3 velocity V3f as defined in Step 5, Section 3.1.2.6 and KEf as
defined in Step 7, Section 3.1.2.6. KE2DS and KEf are combined or
left separate based on next collision consideration on page 858.

g (d) In this case, there 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.

O
SA1 or SA3 mode:

3 [ Ja

Kinetic energy of fragment te am asymmetric structure:

3
Fragment symmetric (see Step 4, Section 3.1.2.6)

.

[ ]83

is denoted asFragment asymmetric (see Step 5, Section 3.1.2.6; V3f

V here.)3 31f

[ 3a

J

Kinetic energy of symmetric structure and original missile at the

3 end of Stage 1 [ ]a

.
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Available kinetic ene:gy at the end of Staga 1 to be absebed in Stage 2

[ 3a

e
where KE lf is the appropriate value from the preceding page.

System kinetic energy at the end of Stage 2

O
[ ]a where E tS is determined as before.

If KE2( 0, there is Stage 2 containment.
O

If KE > 0, there is Stage 2 failure with a velocity of the original

missile and the symmetric plug fragment

9
[ la where [ .]a

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

[ 3a e

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

9

[ ]a where [ .]a

|

| 9
|

9
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KE2DS and KE2f are combined or left separate based on next collision
considerations as descrfbed on page B58.

SA2 mode:

[ ]a

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

O Stage 1 [ ]a

o If the SA2 fragment band is symmetric at the end of Stage 1,
V3f * Y21 and the kinetic energy of the band is [ ]a
(see Section 3.1.2.7.1)

.

Available missile kinetic energy at the end of Stage 1

[ 3a

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

System kinetic energy at the end of Stage 2

[ ]a

If KE2 < 0, there is Stage 2 con *.ainment.

O

O
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If KE > 0, there is Stage 2 failure and the original missile, the
symmetric structure plug, and the fragment from tne SA2 band all
have velocity

e

[ la

e
and combined kinetic energy

[ Ja e

o If the SA fragment band is asymmetric at the end of Stage 1,2

obtain V31f from V21 as in Step 3, Sectirn 3.1.2.7.1, and #

31f
"3K V *3K

* *

g

e
[ ]a

Determine KElf from Step 3, Section 3.1.2.7.1. Kinetic energy of O

symmetric structure and original missile at the end of Stage 1

[ ]a e

o

e
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Available kinetic energy at the end of Stage 1

D
E 3a

O Tensile s+. rain energy capability [ ]a

System kinetic energy at the end of Stage 2

3 [ la

2 < 0, there is Stage 2 containment.If KE

If KE > 0, there is Stage 2 failure and the original missile and the
2

symmetric plug have a velocity

*
E 3a

and combined kinetic energy

[ 3a

e

The fragment from the asymmetric band is handled as on page B62, giving

KE KE20S and KE2f are combined or left separate based on next |2f.
collision considerations on page B58. j

3

1

3
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3.1.3.4 OTHER POSSIBLE SIMULTANEOUS COLLISIONS OF ADJACENT RINGS

Other combinations of simultaneous collisions are possible, such as:

9
Asymmetric impact and brittle fracture

Asymmetric impact and asymmetric impact

9
Symetric impact and symmetric impact.

However, none of these combinations has been discovered in existing low
pressure turbine cylinders, so analytical approaches for these cases e
have not been developed.

O

O

O

9

9
!

9

390
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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 blunt 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 ta be'

piercing orientation.

The procedure used for blunt collisions is a slightly modified version
of the basic Hagg-Sankey procedure for long shells as described in

j 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).)

)
,

t

)
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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:

o The collision is caused by an attached wall that is torn through
from the preceding collision (see Figure 3.31). In this case the 9

circumferential arc length of the contact zone is

L = (r +1)e where e is established in the preceding #
c 01 2 c1 c1

collision.

o The collision is caused by an unattached wall that has continued on
from a previous perforation (see Figure 3.31). In this case the 8

' circumferential arc length of the contact zone is

r

8(r + )e where e and r 2 are established from theL =
g 2 2 o

ol originating collisions.

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

F
ol-

Assumptions:

1 e
1. One radial edge of the wall fragment is [

3a

e

e
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O
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.
e

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

4. If they should happen to occur, the procedure is also applicable to e
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 e
typical Hagg-Sankey fashion, assuming [ 3a tensile strain over
the M2 elements in Stage 2. Case 2 is assumed to be capable of
sustaining only [ 3a tensile strain in much the same manner
as a ring. Tensile strain in Stage 2 is taken as [ ]a over the e
m element plus [ 3a at the short side and [ 3a along the long

21
side.

Calculation Procedure: o

CASE 1: Biaxial tension case

Stage 1 [ ]d 9

[ ]a
e.

U =L +E
p s c

e
M = a 't(2 L +w)t + L w tj m =pLwt

2 21

e
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[ 3a

D
If U < aKE, Stage 1 perforation occurs and system velocity after the
coli sion is found fror

D
[ 3a

g The K.E. of the continuing missile is

[ 3a

e

If U > LKE, Stage 1 containment is achieved and Stage 2 occurs.

D
[ 3a

.

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

[ 3a

F

Containment is achieved if KE2 < 0.

D
|

D
,
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If KE2 > 0, Stage 2 failure occurs with the following results:

e
K.E. of continuing missile [ 3a

where wall was attached

K.E. of continuing missile [ 3a e
where wall was not attached

Velocity at end of Stage 2
e

[ 3a

e
C'ASE 2: Uniaxial tension case

Oa

U =E +EStage 1
]a p s c[

e
M = p((L +w)t + L w t] m =p Lwt

2 c c cc 21 cc

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

Stage 2 U > AKE
P

[ ]
| e

Remainder of Stage 2 calculations are the same as Case 1.

e
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3.2.3 PIERCING COLLISIONS WITH SHELLS
|

D If a piercing 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.

[
O

e
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NOTE: The disc will carry a previously perforated fragment only if that
! fragment achieved a symmetric status during the collision that

produced it.
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EFFECTWE MASS OF IMPACTED SHELL

*
M*#("M L t + 2 (W +L)t ogo[(A+A)t+2(W +L)tj

2 2 F

MISSILE VELOCITY AFlER COLLISION

e
[ 3a

O MISSILE KINETIC ENERGY AFTER COLLISION

.

[ 3a.

O

If this is the last collision (i.e., outer cyl.), missiles are reported
as separate components, f.e., disc and previously perforated fragment.

O The pierced shell is considered to produce no reportable fragments.

O
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3.2.4 SECONDARY COLLISIONS WITH PREVIOUSLY PERFORATED SHELLS

A wrapper that has failed as a result of a Hagg-Sankey type collision e
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 e
accelerated and may possibly be missing, so that only shell material
beyond the outer 3t boundary is considered for the additional collision.
The analysis procedure used is simply to assume conservation of momentum

in a totally in collision. g

For a flat-top cross-section, the method is quite simple. An m21 area
is defined by the width w and the arc length R o . The m22 is obtained
from 3t flaps at one end and along one or both circumferential edges as ,
applicable.

[ ]a

e

Velocity after collision [ 3a

e
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

radiusf(R1 + R )is used to obtain the appropriate arc length.2

|

e

e
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SECONDARYCOLLISION
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3.3 REPORTING OF EXITING MISSILE FRAGMENTS
,

# The missile ar.alysis process assumes that fragments created
symmetrically [ ]a as it proceeds through the
sequence of collisions. This is a generally conservative method of
obtaining total exit energies and velocities. Since the disc segments

D and various fragments [ 3a upon exiting
from the turb'ne, they are reported as [ ]a items. Fragments
created asymmetrically are not generally carried through the remaining
collisions unless they are trapped between the missile and the next

D 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 - lb (rounded to nearest 5 lb)

O Exit velocity - ft/sec (rounded to nearest i ft/sec)

Exit translational kinetic energy - 106 ft-lb (rounded t) nearest
0.01 x 106 ft-lb)

Other comments related to specific types of frag 6,ents are given below.

DISC SEGMENTS: The exiting mass of the disc segment is assumed to be
3 the [ ]a

! Dimensional parameters are reported as shown in Figure 18 of Section A.

CYLINDER FRAGMENTS: Exiting blade ring and cylinder fragments vary
D significantly in shape. Fragments with equivalent rectangular areas are

reported rather 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 |

3 equivalent dimensions are as follows: |

|
|
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LP. CYLINDER & BLADERING FRAGMENTS

EQUIVALENTRECTANGULARDIMENSIONS *
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A. Ring fragments without included stationary blades (see Figure 3.36)

-O
1. Select a characteristic dimension of the ring, usually th'!

overall width of the ring fragment, B , rounded to the nearest2

0.1 inch.

'O
2. Calculate the equivalent thickness, H , from the known2

cross-sectional area, A , and the characteristic width, B :
2 2

O A
2

"2 B'
*

2

'

to the neo.'est 0.1 inch).!O (Round Hp

3. From the actual mass of the fragment, mf2, calculate the
characteristic arc length. L :2

O

"f2'

2"oB H
2 2

O
to the nearest 0.1 inch).(Round L2

For symmetric fragments, mf2 is the individual ring element

o part of m21 as defined on page B24.

For asymmetric fragments, mf2 is the individual ring element
part of m3 es defined on page B55.

O
When m3 has two or more ring elements, the translational
velocity for each element is assumed to be that of the
integrated ring mass st its CG.

:O
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B. Ring fragments with included stationary blades (see Figure 3.36):

D 1. Calculate the arc length at the centroid of the cross-section
(do not include stationary blading in this cross-section):

" U
1 ml c

O
to nearest 0.1 inch)(Round Li

2. From the mass of the fragmer.t including blades, mfi, calculate
the equivalent thickness, H , using a characteristic dimensione i

of the ring fragment width as B1 (rounded to the nearest

,
0.1 inch):

.

O m

H =
1 pBL

.

O (Round H to the nearest 0.1 inch)
i

For symmetric ring fragments, mf1 is the individual ring
element part cf m21 including stationary blading. For

O asymmetric fragments, mf1 is the individual ring element part
of m3 including stationary blading. Velocity is determined as
in paragraph "A" preceding.

e 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 m21 fragment if Stage 1 perforation occurs,
and no fragment if Stage 2 failure occurs.

O
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 [ 3a ;

O |

1

|
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EJECTION ANGLES of the disc missiles are given by the following

guidelines (refer to Figure 3.37):

O
o Discs 1 to N-1: t5 degrees measured from the vertical radial plane

paling through the disc.

o Disc N: 5 degrees to 25 degrees measured from the vertical radial
O

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

.

O

O

.

O

\

O

O
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Locus of ejection
angfes (section view, 42
top half)

,n,,,,,,,, ,m xxxxxx

"

E

| } Il
* I Cylindergg Vertical radial planes |

7 end wallpassing through all *

C inner discs y -
f-

'50 250
;

42 Vertica! radial planes
passing through all I l

,
* i f

outer discs (i.e. those | I $n fI
discs closest to the rotor I I

ends; there are two outer
.O discs / rotor / element).

~~

..

.

NOTE: Vertex of ejection
'"9 es located at the pointfO of first contact between dise IO
and stationary blade ring. h h
( A common practice is to > /

locate these vertenes at the / h
#point of insection betwee" LP rotor

the radial plane and the /
rotor's centerline.)

be t-,
-

. a 2

:o Inner disc Outer disc

i

O
Figure 3.37

EJECTIONANGLES FOR LP. DISCS
1
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Table 3.01

LP CYLINDER AND BLADE RING FRAGMENT DIMENSIONS

(Refer toHgure 3.35)
;

e-

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

0NUMEER 900 SEGMENT 120 SEGMENT

e

E

.

e

e

,

e

|

| e

-a
| _.

1 e
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TeNe 3.02

INTERNAL DISC SEGMENTPROPERTIES FOR LP DISCS 1 THROUGH 6

100% SPEED 132% SPEED DESTRUCTIVE OVERSPEED

W EIGitT VELOCITY ENERGY VELOCITY ENERGY VELOCITY ENERGY

6 ft-lb) (ft/see) (106 ft-lb)6 ft-lb) (ft/see) (10(Ib) (ft/sce) (10

090 DISC SEGMENT

(DISC No.1

DISC No. 2

DISC No. 3

DISC No. 4

g DISC No. 5

[ DISC No. 6

DISC No. 6*

0120 DISC SEGMENT

(DISC No.1

DISC No. 2

DISC No. 3

DISC No. 4

DISC No. 5

DISC No. 6
]gDISC No. 6*

.

* Weight change due to loss of blades prior to reaching destructive overspeed.

Y
--- - _ _ _ _ _ _
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[ D

Table 3.03

EXITMISSILE PROPERTIES FOR NO. 2 LP DISC AND FRAGMENTS

100% SPEED 132% SPEED DESTRUCTIVE OVERSPEED

WEIGIIT VELOCITY ENERGY VELOCITY ENERGY VELOCITY ENERGY
6 6 0(Ib) (ft/sec) (10 ft-lb) (ft/sec) (10 ft-lb) (ft/see) 10 ft-lb)

900 DISC BURST
._

DISC No. 2 _

en FRAGMENT No. 2.1

)ab[ FRAGMENT No. 2.2

1200 DISC BURST
_

DISC No. 2 _

FRAGMENT No. 2.1

]FRAGMENT No. 2.2

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

N ]
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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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/.PPENDIX 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 is 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,

O Roark and Young, 5th Ed., Table 32, Case 1, page 504. Figure A.1 on the
next page shows the dimensional parameters used and the assumed

distribution of loading.

* The derivation is also based on the following additional assumptions:

1. [

G
3a

2. [

e

la

3. [
e

la

q = internal radial pressure from the ring
G

Maximum circumferential stress at radius rj

2 + r$
2

rO g
,q ;

c max 2
r -r

o i
|

|

O
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WRAPPER

WALL ,
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l

e .

RING

e-

|

4

WALL
|

'

n

E C
| Assumed

G
| theoretical

_

| s t r a i n --- .
i-

l
- distribution
| h M

L- -s\ d _ __(-

6 max. Strain distributionC|
I i f based on effective O

F F height

Figure A.1

DIMENSIONS & ASSUMEDLOADINGFOR e
EFFECTIVEHEIGHTOFA WALL
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| The total circumferential force is found from the free-body in
j Figure A.1:
)

2F = 2r q + F = r q

| The effective height h is defined as the radial dimension outward frome

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

I

i c max " " "19<

P
2 2
+#

o 1
9

.

2 2 "e=rq
9

~

o i
2 2

r -r
EFFECTIVE HEIGHT h =r

e i 2, 2

o i

SPECIAL CASES

Figures A.2 and A.3 depict the method to be used when a wall is
b interrupted by an intervening ring or its direction changes from radial

to conical. Essentially it has been conservatively assumed that the

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

s
3 asymmetric collisions.

)
1

-

|

|

!
l
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Figure A.2

INTERVENINGRING

(TYPICAL, LP TYPEII& IVLASTEXTRACTION) *

Io
i ea

Effective wall to use in
h

t o calculating properties of
asymm. struck rings,

Do-3 t) cos ,6 + 3 th =

h he
3 ,3 3

.-
- y

1

*
EFFECTIVE HEIGHT OF WALL FOR SPECIAL CASES

FigureA3
CONICAL WALL

(TYPICAL, LP TYPEILASTEXTRACTION) *
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APPENDIX B: Mass Mceent of Inertia of Curved Beams

3 When a ring element is impacted asymmetrically, there is good reason to
believe that the impacted mass behaves as a curved beam attempting to

| rotate out of its plane about an axis through the center M gravity of

| the affected arc (see Figure B.1). This being the case, it is essential

j to know the mass moment of inertia of the curved beam section to
j determine the effective target mass M2 for use in missile
I calculations. One method of deriving the equations for this purpcse is

given below for relatively simple cross-sections which can be

;9 approximated by a group of rectang?es.
|
!
' Reference: Formulas for Stress and Strain, Roark and Young, 5th Ed.,

Table 1, Case 19, page 69.
|

3
First consider the properties of the plane face area shown in

| Figure 3.2. The angle a, the radius R, and the thickness t are known.

The face area is then

.O

| A = at (2R-t) NOTE: a is in radians
! in the equations

(3 Location of centroid

2 sin u t 1-

y = R [1 - 3a (1 p + 2 - t/R } I
.O

|

|

p
:

!
:

P
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| AXIS OFCURVED BEAMMOMENTOFINERTIA
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Area moment of inertia about 1-1 axis

2 3 2

1 =R t((1 b + b - 3) x (a + sin a .cosa - " ") +
1 2R 2 ap

2 2 2
t sin u t t

2 *II K+ 7Il
3R a(2-t/R) 6R

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

O pI dx

Then the total mass moment of inertia of the element about the mass
center of the solid, applying the parallel axis theorem, is

O

dl = p (I dx v Adx . x )
l

h hTo get the total mass moment of the solid, integrate from y to + 7:

+b# 3

Im " " (Il jdx + A jx dx]=p [I x+Afj h

Y

O 3
MASS M0 MENT Imz " # II h + A h jl
OF INERTIA

O Total mass of the solid m=pAh

O

.
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( h o
To obtain the mass moment of inertia of a section composed of a group of
rectangles (see Figure B.3 for example):
C. G. OF ENTIRE SOLID SECTION

9

n n

1mj 1mijg 9j
Ij=n - 1

=
n ,

1m imj
1 1

MASS M0 MENT OF INERTIA 0F ENTIRE SOLID SECTION
O

n 2 n 2 n 2 2

I * A *f i + l *i i +Al ~ $ (* + )
mz m

1 1 1 i
O

where

n
#mT = mass of entire solic = c m

1

O

O

,

O.

i

| *
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GE0 METRY FOR MASS M0 MENT OFINERTIA CALCULA TION
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SAMPLE SECTION FOR MASS M0 MENT OFINERTIA CALCULA TION
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APPENDIX C: Values of Dynamic Ultimate Strength for Comon
Westinghouse Structural Materials

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

MATERIAL SPECIFIED MINIMUM STATIC DYNAMIC ULTIMATE ,
SPECIFICATION ULTIMATE STREr ~ o STRENGTH, o

(psi) (psi)

[ 3" e

[ 3a

[ 3" e

( 3a

Ref.: Figure 2.01 ,

Notes: [
3a ,

[
3a

; e
i [ ]

[ 3a

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

e
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I. INTRODUCTION

:D 1. Part C contains methods and procedures for evaluating the effects of rotor
fragments hittir.3 the blade rings ar.d 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
i

NOMENCLATURE AND UNITS

q
SYMBOL TERM, UNITS''

C Ja
i

[ 3a

Strain, in/in.cg
3a[

[ 3a

Radius of rotor, in.
RD

R Inside radius of blade ring or section of outer cylinder, in.jg
e Included angle, radiens.

c
2

A Cross-sectional area, in .

w Width of section, in.

t Thickness of section, in.
O

R, Radius to center of gravity of cross-section of blade ring, in.

t Equivalent thickness, in.eg
Angle associated with overhanging material, radians.

022
[ 3a

:o 3a'

C

| L Length, in.
V Volume of material associated with e ' I" -

21 c
3a[,n 3

[ V' Volume of material for compression, in ,
e

R ,' Radius to center of gravity of cross-section of blade ring for

j compression volume, in.
3

I V Compression valume of blades, in ,
21b~q

3a[
3Volume of blades for 360 , in . |

V360
3a[

fo
Volume per end associated with overhanging material on bladeY220
rings, in .

j

|
W Effective weight per end associated with overhanging material on

22D
! blade rings, Ibf.

|O
i

iListed in order of appearance.

l
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[ 3a

W Effective weight in circumferential direction, Ibf.22c
V YOIume of overhanging material in circumferential direction, g22c ,

d
in .

22A Effective weight in axial direction, lbf.W

W Effective weight per end ano per section in axial direction,22Af
i bf. g

3
22Ai Volume per end and per section in axial direction, in ,V

3V Volume of section of outer cylinder, in ,j

W9 Weight of section of outer cylinder, lbf.
W Effective weight of section of outer cylinder in circumferential e22ci

direction, lbf.

[
3a

W Total effective weight, lbf. gT

Angle from joint to center of rotor fragment for a particularsh .

section, radians.

eH Angle from joint to center of rotor fragment, radians,
c' Strain at e /2 + 022 * I"/I"' 8c

cT Average tension strain, in/in.

ef Angle from joint to top of flange, radians.

AR Change in radius of section of outer cylinder, in.c

[ Ja ,
3V Total volume of outer cylinder for compression, in ,c-cyl.

2
A Shear area, in ,

s

Td Dynamic shear strength, psi.
,

| E Shear energy, ft-lbf. gs

U Summation of shear energy and compression energy, ft-lbf.pc

c-cyl. Compre'ssion energy of outer cylinder, f t-lbf.E

E Compression energy of blade rings, ft-lbf.
c-rings

E Shear energy of section 0 of outer cylinder, f t-lbf. gsc-sect.0
cc-sect.11 Shear energy of section 11 of outer cylinder, ft-lbf.E

AKE Energy loss of inelastic co)lision, f t-lbf.

pcA Summation of shear energy and compression energy for case ofU

2L > 2teq, ft-lbf. g

*( )
___ ___
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:

Shear energy of section 0 of outer cylinder for
| EscA-sect.0

f 2L > 2teq, ft-lbf.
E,cA-sect.11 Shear energy of section 11 of outer cylinder forr

2L > 2teq, ft-lbf.
Shear energy of outer cylinder in axial direction for- E; sA-cyl.
2L > 2teq, ft-lbf.|

E Shear energy of blade rings in axial direction forsA-rings
2L > 2teq, ft-lbf.
Shear energy of section 0 for modified procedure, ft-lbf.Es-sect.0

E Shear energy of section 11 for modified procedure, ft-lbf.
; s-sect.11

U Summation of shear energy and compression energy by modified
p

| procedure, ft-lbf.
Tension energy of outer cylinder, ft-lbf.ET-cyl.

| E Tension energy of blade ring No.1, ft-lbf.T-ring 1
Tension energy of blade ring No. 2, ft-lbf.ET-ring 2

|
KE Kinetic energy of rotor fragment after collision, ft-lbf.

R

[ la

W Weight of rotor fragment, lbf.g

Effective weight of cylinder, lbf.Weyl.
Effective weight of blade ring No.1, lbf.Wring 1
Effective weight of blade ring No. 2, lbf.Wring 2

h Height of horizontal joint flange on outer cylinder, in.
s- F1ange dimension, in.

[ Ja
,

| [ 3a
3

V Volume of overhanging material of flange, in ,22f
Effective weight of overhanging material in axial direction ofW22f
flange, lbf.

e Average included angle, radians.cav
j e, Included angle of material above flange for hit above joint,
,

radians.!

O' 3
-

Volume of material associated with e , in .V21w w

W Fully effective weight for e , lbf.21w w

Wall volume of overhanging material in circumferential direction
V22wc

'

3for hit above joint, in ,

!

|
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W Effective weight of overhanging material in circumferential22wc

direction for hit above joint, Ibf.

sf Shear energy of flange, 7t-lbf.E ,
d Clearance hole diameter,19.

[ 3a
3V Tf Flange ligament material, in ,

W Total effective weight of cylinder wall, for hit above joint,Tw ,
lbf.

Y Total volume for tension energy of ot;er cylinder wall for hitTw
3above joint, in .

ETf Tension energy of flange, ft-lbf. ,
E Tension energy of wall, ft-lbf.Tw

T Total tension energy, ft-lbf.E

e Iricluded angle of material, e /2 - ef, for hit at joint,g c
radians. ,

| W Fully effective weight of cylinder wall for hit at joint, Ibf.21e
3V Volume of material of outer cylinder wall for hit at joint, in ,21e

Y Volume of overhanging material of outer cylinder wall in22ec
3circumferential direction for hit at joint, in , p

22ec Effective weight of overhanging material in circumferentialW

direction for hit at joint, lbf.

W Total effective weight of cylinder wall for hit at joint, lbf.Te
V Total volume of outer cylinder wall for tension energy and hitTe ,

3at joint, in ,

2g Gravitational constant, 32.2 ft/sec ,

V Velocity of rotor fragment after collision, ft/sec.R

KE ring 1 Fragment kinetic energy of blade ring No. I after collision,

ft-lbf.

ring 2 Fragment kinetic energy of Made ring No. 2 after collision,KE

ft-lbf.

cyl. Fragment kinetic energy of cylinder after collision, ft-lbf. yKE

B Width of blade ring or cylinder fragment, in.
,

H Height of blade ring or cylinder fragment, in.

|

e.
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1.0 NUCLEAR HP MISSILE ANALYSIS

|

1. The HP element is a double flow design similar to the HP double flow

design shown in cigure 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 element 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.

2. 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.

O
3. 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.

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

D

D :
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2.0 COLLISION PROCESS

1. 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.

O

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

*
3. Nozzle chambers are not considered available mass for reducing the

translational kinetic energy of the rotor fragment.

9

9
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3.0 ASSUMED FAILURE HODE

1. The nuclear HP turbine has several variations. Some typical
,

'

configurations are shown on Figures 3.1 through 3.3.

2. The failure made is for a rotor fragment to contact the two blade rings
. hich in turn contact the blade ring fits on the outer cylinder. If thewn
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. I blade ring
fit and near the steam exhaust side of the No. 2 blade ring fit. The
primary failure will probably be a tension failure.

3. 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 nozzleg
chambers after the primary collision.

[

Jag

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

O
5. The ejection angle of rotor fragments is assumed to be 1 5' measured

from the vertical radial plane passing through the rotor and
perpendicular to the rotor longitudinal axis.

O

.O

\
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4.0 HF ROTOR CONSIDERATIONS FOR MISSILE ANALYSIS

:) 1. 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 missiler., Figure 4.1.

D
2. 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

D calculations.

3. In predicting the ability of the rotor fragment to penetrate the turbine
casing, test results and analytical considerations indicate that the

O translational kinetic energy of a fragment is of much greater importance
than the rotational kinetic energy. Rotational kinetic energy tends to
ha dissipated as a result of friction forces developed between the
surface of the disc or rotor fragment and the stationary part.

O Therefore, rotational kinetic energy is not considered in the
penetration calculations.

D
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5.0 MATERIAL PROPERTIES

# 1. The nuclear HP cylinders and blade rings are made from

[ ]b. The dynamic strength of this material

will be set at [ ]b Th,e ultimate strength of [
]b This value is based on the minimum purchase requirements. The

O ratio of the dynamic strength to the ultimate strength is 1.35*.
Therefore, this ratio yields a dynamic strength for

[ ]b
,

O 2. Using the same method, the dynamic strengths for the horizontal joint
bolting are:

Material o lt (psi) od (psi)u

O
[ ]b

[ ]b

O 3. The stationary blades are considered available material for compression
energy. The stationary blades are made from material containing

[ 3a, which has a higher dynamic strength than

( [ 3a However, for simplification of the calculation
C procedure, the stationary blades are assumed to have the same dynamic

strength as the carbon steel castings.

C
l

O

f

D
* Refers to deference Numbers at the end of this part.
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6.0 OUTER CYLINDER FOR HP MISSILE ANALYSIS - GENERAL DISCUSSION

1. The outer cylinder is divided into sections. The sections extend from o
the No. I blade ring fit to the No. 2 blade ring fit. The Figures 6.4,
6.6, 6.8 and 6.10 show the sections for the Nuclear Turbines.

2. The nominal thickness of the casting wall at the vertical centerline of g

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. e

3. 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. e

\

4. Detailed analyses for the calculation of the effective weights in the
areas 'of inlet and exhaust connections are not performed. The nominal

wall thickness of the casting is assumed to exist through the g.

openings. Openings in castings have local reinforcement material that
is added to the nominal wall thickness. The amount of added material is
equal to the volume of material that is removed by the opening.
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7.0 OUTER CYLINDER 80LTING AND BLADE RING BOLTING AT THE HORIZONTAL JOINTS

D 1. The tension strength of the wall of a bl Je 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.

J 2. The tension strength of the cdter 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 significant increase in wall thickness above the necessary

D 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
I7 results in modifying the available tension strain energy that can be

removed from the system during a collision.

J
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8.0 WEIGHT AND VOLUME DETERMINATION - GENERAL DISCUSSION

)
1. The material involved in the collision process will be determined by the

establishment of radial lines. All material between the radial lines
will be considered fully effective, [ ]a All material outside of the
radial lines will be considered partially effective, W22*)

2. Select a representat;<e 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, Rg. Base the radius of the blade ring on the
diameter above the rotating blade, R , Figure 9.1.j

3. The included angle, e , between the radial lines for each blade ring is:c)
n R

9
O *T Rc

9

This included angle will be used not only for the blade rings, but also
)

for the outer cylinder.

4. 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, e , for the No. 2 blade ring is established by selecting thec
first rotating row in the No. 2 blade ring.

D

L

|

|

C 27) % )



f C

9.0 HIT AB0VE FLANGE - WEIGHT AND VOLUME DETERMINATION FOR BLADE RINGS

1. Once the radial lines have been established, some physical properties of 9

the blade rings have to be calculated. The cross-sectional area, A,
2weight, volume, wt and center of gravity of the cross-section are

required for each blade ring. An average cross-sectional area is
selected for each blade ring. The effect of material removed by dowel O

pins, horizontal joint bolting and support keys is not included in the
analysis.

2. The amount of weight and volume to be included in the energy e
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 G

ring, R -m

B. Determine the equivalent thickness, teq, of the blade ring,
according to 2 e

Iwt , Figure 9.6.

C. Calculate the angle associated with the overhanging material, 022'
O

The angle is the smaller of:

I -O Ia. e *
22 2 c

.

or

3t
9b. 0 *

22 R
9

9
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D. The effective weight and volume of the overhanging material is:

D
[ 3a

O The efficiency factor, K , is determined from the curve,
f

Figure 9.2, where:

L _ R, e22

O eq
3t

, set K to .34.For the case of 0 *
f22 R

m

3. The selected amount of material in front of the rotor fragment is
'O dependent upon the type of calculation to be performed. The weight of

the material directly in front of the rotor fragment is established for

all calculations by:

l

O [ 3a

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

O

T" 21 + 22

R e A+2R 0 A II" I=
m c m 22

O

The volume of material for compression is:

B 5

R, e A*V =
c c c

For the majority of blade rings V ' " Y However, some blade ringsc 21

have shapes shown on Figure 9.3. For these cases the volume of
compressed material is defined as the material immediately in

O

C 29
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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.

O

4. For turbine designs with ;he No. 1 blade ring extending underneath the
No. 2 blade ring, [

]"
e

5. The No.1 biade ring on HP Turbine Type III 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, 9

Figure 9.4.

6. The stationary blades are included in the analysis. The inner shroud,

airfoil and outer shroud are considered added weight to W21 The volume G

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, only the stationary blades
encompassed by e are included in the analysis: 9c

3(e /2n ) (in ) compression volume of bladesV21b " Y3600 c

W21b " Y21b (.279) (lbf) weight of .alades. O

Therefore:

V *Y *Y II" '
c 21b

W *N *W IIDII
21 2 21b

7. A tabulation form for blade ring properties is shown on Figure 9.5. 9

O
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10.0 HIT AB0VE FLANGE - WEIGHT AND VOLUME DETERMINATION FOR OUTER CYLINDER

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

Figures 10.3 and 10.4.

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

gove.ned by radial lines established by e for that blade ring.. Thec
material between the blade rings on the outer cylinder, Section 5 of
Figure 6.4, is centrolled by an average of e for the two blade rings.c

D

3. Sections numbered 1 through 10 are considered material that is fully

effective, W21 Sections 0 and 11 form the material that is partially

effective, W22c, Figure 6.4. The axial length of the material for W22c
O is set by [ ]a An unwrapped

section of an outer cylinder showing the relative proportions 'of W21 and
22 is shown on Figure 10.2.W

] 4. 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, W21 However, the volume of

material for compression on the outer cylinder will be the volume of
O material that is in front of the partial blade ring fit.

5. The effective weight for Sections 0 and 11 is determined by using the
standard Hagg and Sankey correction factor, Figure 9.2.

7 [ 3a

6. The volume and effective weight of the material between the rotor

fragments, V22A and W22A, is established using a procedure similar to
# the procedure for the blade rings. However, a correction factor is

applied to each sect _f on rather thar, to the total

J
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cross-section as in the blade ring procedure. Therefore, calculate the
angle associated with the overhanging material for each section.

O

The angle is the smaller of:

a. e22 * I "2 -e}c
..

or

b. [ ]a

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

*

O

[ ]a

The efficiency factor, K , is determined from the curve on Figure 9.2 9f,

where:

L R 0

t - c 22t
O

[ ]a

7. A tabulation form for properties of the outer cylinder is shown on 9
Figure 10.5.

O

,

O
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11.0 HIT AB0VE FLANGE - CALCULATION OF TENSION STRAIN VALUES AND TENSION

ENERGY FOR BLADE RINGS

1. 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.
O

2. The majority of the sections of the outer cylinder have the overhanging

22 2 2 c). Therefore, set the angle ofmaterial controlled by 3 I -O*

the rotor fragment such that the 90* line is above the flange,
~

Figure 11.1.

3. The height of the flange as well as the distance of the flange from the
center changes with each section of the flange. Also, o and0 f0Fc 22 O
the outer cylinder may not be the same for eaci. section.

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

O

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

O
A. For Section 2 calculate:

C

"h" T *022 * *f
0

B. For Section 8 calculate:

! e
c

. h 2 22 * 0 f+0O *

|

O
| Select the lowe.t value of sh and set value to eg.
|

9
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For the remainder of the calculations the overhanging material
is considered to be part of the outer cylinder wallforming 022

e regardless of the flange angle of.

4. Once the location of the rotor fragment is determined, the average

tension strain, cT, for each blade ring can be established. The strain

4 increases from

[ ]"
This approach is conservative since there is a second rotor fragment
that is hitting the lower part of the blade ring. This second fragment

D increases the strain in the blade rings ta a value higher than zero.

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

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

C

9 gg)6 -(g +0,

O c =c
e
H

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

O

E ]8

7 where V V
T 21 + 22

*

,

e +c V V

ci T* I II I** |Y
2 2 2

J I

+c T
(e +*)=

2 T

'
V

(f- + 1.Sc ) |D =
2

C 45
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.

cT 1* Ic + 1.Sc I YY T. 2 T

eT " T * 1. Sc
c O-

2

Repeat the calculation for each blade ring. The method for setting the
maximum hoop tension strain, c, is discussed in Section 13.0. g-

6. A second approach is to set the angle of the rotor fragment such that
the [ ]a the wall
material of the outer cylinder. g

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 mere tension strain energy e
and shear energy than the wall of the outer cylinder.

O

O

O

,

(

O

|

O
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12.0 HIT AB0VE FLANGE -ESTABLISHING STRAIN LIMITS FOR OUTER CYLI.'ER

e
1. The wall of the outer cylinder is considered to be [

]a 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 [
b,

]b [ 3

Containment tests of short shells show
]b[

Ee

]b

e

-e

O

e

O

:

O
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13.0 HIT AB0VE FLANGE - ESTABLISHING STRAIN LIMITS FOR BLADE RINGS

1. The maximum tension strain of each blade ring is a function of the
Otension strain in the outer cylinder and a function of the geometry of

the outer cylinder and blade rings. There may be small gaps, [
]a, between the outer cylinder and blade rings before the rotor fragment
contacts the blade rings. Once the collision occurs the blade rings and

Oouter cylinder remain in contact. The wall of the outer cylinder fails
when the hoop tension strain reaches [ ]a. Blade rings which are
considered short shells would normally fail at a hoop tension strain of

[ ]a. The short shells are considered to be solid rings with
O

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, c, in the blade ring is greater than

#
[ ]a

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

O
cylinder moves outward a distance of AR 4t failure:c

[ ]a

OSince 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 [ 3a by the equation:

S[ ]a

3. The maximum tension strain for each blade ring is calculated becausa the

geometry of the outer cylinder and blade rings is different for each
O

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 f0"

c c
Section 8, Figure 6.4. This convention is conservative since additional
material on either side of these two sections will increase R andc

O
increase the failure strains of the blade rings.

l

I
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| 4. A limit is plc.ced or the tension strain of the blade rings. In no case
~ is the tension strain in the blade rings to [. ]a

|
|

|

O

1
I

b
1
i

i

!
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D
1

|
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14.0 HIT AB0VE FLANGE - STAGE 1 PROCESS

1. The primary failure of 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 calculating a stage 1
process is discussed in Reference 1.

9
2. 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.

O

3. The collision process is assumed to be a [ la,

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. ,

4. The volume of material that is compressed on the outer cylinder is the
material immediately in front of the blade ring fits. The volume of

Sections 1, 2, 3, and 7, 8, 9 of Figure 6.4 is the material considered ,
to be compressed by the rotor fragment hitting the blade ring which in
turn hits the outer cylinder. The affected raterial is encompassed

by e . For a typical section, Figure 10.5:c

V = (A R O " *j c ci

Therefore, the total volume of material that is compressed on the outer

cylinder is: ,

I'"Vc-cyl.' E Y *i

G

G
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5. Some blade rings for the HP Type III have partial contact with the fit
j on the outer cylinder. Therefore, include as material for compression
O on the outer cylinder only the material that the blade ring contacts,

Figure 10.1.

6. The compression ent?gy, E , is based on the compression volume and ac
compression [ ]b. The [ ]b is based on measurements

' of the change in thickness of a plate or ring after impact. The method
assumes uniform strain through the thickness of the plate or ring. The

| actual strain through the plate is a maximum at the surface next to the
O impact. The strain quickly reduces as the distance from the contact

'

face increases, Figure 14.1.

| 7. The tests did [ ]b
However, the effect can be estimated by inspection 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,

[
O ]b Therefore,

[ ]b in the
blade rings is not included in the analysis.
[ ]b

;O

| 8. The second source of energy for a stage 1 analysis is shear energy,

[ ]b
to
|

| where "A " is shear area and "t" is the thickness.s

| The [ ]D is an experimentally determined constant that is made up of
O two effects. The dynamic shear strength, rd, is a function of the

aynamic plastic flow strength, aq, according to:

| [ ]a
o
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The second effect relates to how parts shear. From tests one side of
l the shear plane can be moved [ ]b before the part fails in shear.

Therefore, the two effects yield the shear energy:
|

[ ]D

|

) The possible shear planes to be considered are dependent upon the9.;
,

I 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 < 2t,q or 2R,022 < 2teq, the rotor fragment
cannot shear through the blade ring. The blade rint 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 Sections 0 and 11 of
Figure 6.4. A stage 1 failure will cause a 360* ring to be punched
out of the cuter cylinder. To determine the failure mode calculate
Upc

+ EUpc " c-cyl. * c-rings * sc-s'ct. 0 sc-sect. 113

where

D
| [ 3

h

0

Yj(*07)VC-Cyl.C-Cyl.

(.07) (Vc-ring 1+ Yc-ring 2}E =
c-rings

.
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U

Compare U to aKE where AKE is:pc

b[ l

A.1. For Upc > AKE

e
Stage 1 is contained and the failure process enters stage 2.

A.2. For Upc < aKE

O
Stage 1 is not contained and the rotor fragment fails a 360
ring out of the outer cylinder.

6. For the condition 2L > 2t or 2R 822 > 2teg ,the rotorgq m

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 10 of Figure 6.4. To determine the failure mode, ,
calculate UpcA

U
cA c-cyi. + c-rings scA-sect. 0 + scA-sec t. 11

*

sA-rings + 2 EsA-cyl. O+

where.

[ ]b

e

b[ l

'
b[ 3

b[ 3

C 56
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B.1. For UpcA > AKE

) Stage 1 is contained and the failure process enters stage 2.
!

| B.2. For UpcA < AKE

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
O is calculated according to Equations 12 through 15 of Reference 1.

The energy of the rotor fragment after the collision for condition A.2

|
1s calculated following the rules for a hit above the flange

3 Section 15.0. The outer cylinder will extend from Sections 1 thror,.; 10
of Figure 6.4. A stage 1 calculation is not repeated for this 360*
ring.

O The energy of the rotor fragment after conditions A.1 and 8.1 is

| calculated following the rules for stage 2.

I

! 10. 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

i stage 1 is:
'

U =Ec-cyl. + Ec-rings + Es-sect. 0 + Es-sect. 11p

where

b[ 3
;

[ ]b'

D

If Up > AKE stage 1 is contained.

3 (
- -. _ - . . . - _ . -
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15.0 HIT ABOVE FLANGE - CALCULATION OF MISSILE ENERGY FOR STAGE 2

1. 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

O
[ Ja

For the blade rings
O

Y} ring 1 ( f t-1 b f)E *b 2' ' T TT-ring 1

*
E * [" 2 Y} ring 2 ( f t-lb f)~~ C

TT-ring 2 T

where cT and VT are the strain values and effective volumes of each O
part.

The kinetic energy of the rotor fragment after the collision is:

O

[.

Oya

where ET=ET-cyl. + ET-ring 1 + ET-ring 2*

O

O
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16.0 OUTER CYLINDER AND BLADE RINGS - HIT AB0VE JOINT
'

l
e

1. A rotor fragment oriented so that the edge of the fragment is near the
horizontal joint results in straining the flange of the outer
cylinder. The amount of material that is considered fully effective is
established by radial lines extending through the blade rings and outer

4 cylinder, Figures 16.1 and 16.2.

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
e blade rings, scav, will control the orientation of the retor fragment,

Figures 16.1 and 16.2. The center of the rotor fragment will be set at

an angle of ecav/2 above the horizontal joint.

O that is below the3. The small amount of material encompassed by 022
horizontal joint will not be included in the analysis. The horizontal

joint bolts are significantly weaker in shear energy than the wall of
flange.

4. 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

O above the flange, Figure 16.1.

5. The flange of the outer cylinder is considered to be a series of solid
blocks for which the volume and weight of each section is calculated,

D Figure 6.5. Sections numbered 1 through 10 are considered to be

material that is fully effective. Sections 0 and 11 form the material
The axial length of the materialthat is partially effective, W22c.

forming Section 11 is [ ]a. The
D axial length of the material forming Section 0 is [ ]d. The

axial length may be limited by the distance to the center of the turbine
[ ]a. The ef ficiency factor, K , is selected from

f

Figure 9.2.

D (
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6. Except for the overhanging material associated with 022, 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 g,

the horizontal joint is not included in the analysis.

7. Tabulation forms for the properties of the flange and wall of the outer
cylinder are shown on Figures 16.3 and 16.4. g

4
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17.0 HIT AB0VE JOINT - CALCULATION OF STRAIN VALUES AND TENSION ENERGY FOR

BLADE RINGS

D
1. The tension strain for the blade rings increases from 0% near the joint

to a maximum of c at the center of the rotor fragment. From the center

of the rotor fragment to the next rotor fragment the tension strain

|g is c, Figure 17.1.

2. The tension strain energy for the material of a blade ring is:
0

S Y (ft-lbf)ET-ring * 1 T T

V Y Y"d 21

| " - pl- [ c I I+5 (212'+ 22 )}2 2 2
!
!

3. The maximum hoop tension strain, c, in a blade ring is set by the radius3
ratio:

R R

" '000 S'"I'"c=cT R Rc
m m

O
The method is discussed in Section 13.0.

4. The calculation is repeated for each blade ring.

3

O

3

i

i

|
c

.

|
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18.0 HIT AB0VE JOINT - CALCULATION OF STRAIN VALUES AND TENSION ENERGY FOR

OUTER CYLINDER

O
1. The wall of the outer cylinder is considered to be strained to [ ]b,

The included volume of material is one-half the volume of material
calculated for a hit above the flange plus the volume of material

|3 designated as V21w and V22w, Figures 16.1 and 16.4.

The tension strain energy is:

O [ ]b

where

V V Y Y
2 21 22c 22A 3

, , , (in )
2 2 2 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 ur.dergoes

O 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

O section at the surface of the hole and diminishes away from the neutral

axis, Figure 18.2. Therefore, the deformation of the beam is
concentrated at the holes and at the ligaments equal to the hole
diameter. The peak strain at fracture for the beam material is equal to

O the true strain at fracture which is the natural logarithm of A /Ag

or in (1 RA) where RA is the reduction in area and the true strain |
has a value of [ ]a

O The peak strain of [ ]a will be that at the hole surface at the
minimum section and will decrease to near zero in the axial direction at-

J 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

O hole to the maximum bending strain at the outer surface but the strain j

also decreases to near zero in the axial direction at the full |
.

|

C 67
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[ O

section. The average strain at rupture for the outer ligament is

[ ]a 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 zero in the axial direction. The average strain

at rupture is thus only [ ]a The average strain at rupture for the
combined ligaments is thus [ ]a. A conservative value of [ 3a is
recommended for the volume of material in the ligaments at the holes in ,

the beam.

3. The calculation should include all flange bolt holes along the length of
the flange, Sections 0 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.

S'

,

O

O

O

9
|

O
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19.0 HIT AB0VE JOINT - STAGE 1 PROCESS

~

1. The calculation procedure for stage 1 with a hit above the joint follows l,
J

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 shearg
through the longitudinal center plane of a bolt is greater than the

; compression energy of the volume of material removed by the bolt hole.
|

|3 4. It is assumed that any shear plane through the flange occurs at a

j 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

|g 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 distanceg
through which the shear force acts.

O

1

|3
!

!

:D

|

l

i
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Therefore, the equation for shear energy, Esf, for each plane through
the flange is:

O
b[ 3

[ ]b g

1
i
; ____ - - - - ,

- t
_

h
_

h ,r

6. 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 9

fi ts. 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

is the wallthe outer cylinder material that is encompassed by ec
material of the outer cylinder, Sections 1, 2, 3 and 7, 8, 9 of G

Figure 6.4. The rules for volume of compressed material are discussed

in Section 14.0.

7. The blade rings with partial contact with the outer cylinder wisl have G-

for compressed material on the outer cylinder only the materici of the
flange and wall that the blade ring contacts. <

O

G
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20.0 HIT AB0VE 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
|

(lbf)WTf * W21f + W22f

3
VTf = ligament material, Section 18.0 (in )

Outer Cylinder Wall

21 + 22c + 22A (lbf)W *N21w + W22w * 2 2 2Tw

21 + Y22c + Y
V

22A II"3IV *Y21w + Y22wc * 2 2 2Tw

|
\

| Blade Rings

W

IW21 + IW *ring 1 ring 1
Y

22
IIY21 + 2 ring 1V *T-ring 1

Y
I 22

IIY21 + 2 ring 2I W '
ring 2

V

22) ring 2IY21 +Y *T-ring 2 2

I

J
!
1

C 73
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2. The tension strain energy for each of the components is:

Outer Cylinder Flange e

[ ]b

e
Outer Cylinder Wall

b[ l
e

Blade Rings

*"d 21 21 22
lring1 O

T-ring 1 12 [2 I ** I +E *
2 2 2

*"d 21 21 22
Ilring2b I ** I +ET-ring 2 " 12 2 2 2 2

0

3. The kinetic energy of the rotor fragment after the collision is:
W 2

E
)KE = keg (yR ,y ,y ,y ,y ,

W

) -

~ET (WR+WTf + WTw + Wring 1 + Wring 2

where e

ET=ETf + ETw + ET-ring 1 + ET-ring 2

0

4. 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 g

|

energy. The only tension strain energy that can be considered in the

C 74
*

.
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.a/

inelastic collision is the flange tension energy. The flange being

treated like a beam is strained in the axial direction.
>

5. A stage 1 failure for a hit above the joint results in taking no credit
for tensien strain in the flange regardless of the distance between
rotor fragments. The shearing of the flange results in the loss of

3 tension capability of the flange.

|

|

D
|

J *

]

]

D

D

D
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21.0 HIT AT JOINT - OUTER CYLINDER AND BLADE RINGS

1. A rotor fragment that is oriented so that the center of the fragment O
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.

O
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. e

The weight and volume of material for the blade rings follows the.

calculation procedure for a hit above the flange.

O
4. A tabulation of the properties of the wall of the outer cylinder is

shown on Figure 21.4.

O

O

O

:

e

O
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l h

OUTER CYLINDER-HIT AT JOINT

[ ]ab
t A R O oc c f

SECTIONS (in.) (in.2) (in.) (rad.) (rad.) (rad.) (in.) (in.3) (Ibf.) (Ibf.)
0
1

2
3

4

5
6

2 7
o 8

9

10 {
11

Fi.qure 21.4 ab
OUTER CYLINDER- HITA TJOINT TABLE A
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22.0 HIT AT JOINT - TENSION STRAIN VALUES AND ENERGY FOR OUTER CYLINDER +
,

1. The wall of the outer cylinder is strained to a value of [ ]b. The

volume of material is V21e + Y22ec + #22A, Figure 21.3 and 21.4.
Therefore, the tension strain energy is:

O

[ ]b

!

3 *

2. 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.

O

O

|
!

O

,3

3
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23.0 HIT AT JOINT - TENSION STRAIN VALUES AND STRAIN ENERGY FOR BLADE RINGS

-

1. The tension strain for the blade rings increases from
*

[ ]a near the edge of the rotor

fragment, Figure 23.1. For simplification of the calculations the
maximum strain for each blade ring will be considered to reach [

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

a
* C Y (ft-lbf)E T-efng T T

.
a e

I"
1 2 T

O
2. Since the maximum strain and volume of material for each blade ring may

be different, the calculation is repeated for each blade ring.

3. Because of the physical contact between the blade rings and outer
cylinder, the maximum hoop tension strain, c, in a blade ring is set by
the radius ratio:

C
**S cT R 9m

The method is discussed in Section 13.0. [ ]a

9

i

:
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24.0 HIT AT JOINT - STAGE 1 PROCESS

1. The calculation procedure for stage 1 with a hit at the joint follows O

the concepts discussed in Sections 14.0 and 19.0. The difference is
that both the flanges of the cover and base of the outer cylinder are
included in the analysis.

9-

O

O

O

e

e

|

|
,

!
o

.I

C 84

L j e



!

D. ( )
i

25.0 HIT AT JOINT - CALCULATION OF MISSILE ENERGY FOR STAGE 9

D 1. A hit at the joint involves a significant amount of flange material
combined with wall material and blade ring material. The weight and

volume of material involved in the collision for stage 2 is:"

O Outer Cylinder Flange
!

I

WTf = 2 (W21 f + W22f) (lbf)

3
O VTf = 2 (Ligament Material), Section 18.0 (in )

Outer Cylinder Wall

D
IIDf)WTe * W21e + W22ec + W22A

II" IYTe * Y21e * Y22ec + Y22A|)
Blade Rings

|

IW21 + Y22} ring 1
'

W *ring 1

I

IV21 + Y22} ring 1Y *T-ring 1

IW21 + W22) ring 2D W * 'ring 2

IY21 + V22} ring 2Y "T-ring 2

D

D

C 85
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) O
2. The tension strain energy for each of th; components is:

Outer Cylinder Flange

*
[ ]b

Outer Cylinder Wall ,

[ ]b

e
Blade Rings

*ad
2)Y) ring 1E *b I TT-ring 1 12

O

a cg
IYlring2E *b I TT-ring 2 12 2

4
3. The kinetic energy of the rotor fragment after the collision is:

W 2
R

)= keg [y ,g .y . .R

W

-E I ] (ft-lbf)
T WR+WTf + WTe + Wring i + Wring 2

i G
where

T Tf + Tw * T-ring 1 * T-ring 2*

O

O
!
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26.0 HIT AT TOP

G 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 outer cylinder and blade rings
4 follows the calculation procedure for a hit above the flange.

3. The calculation procedure for staos 1 with a hit at the top is the same
as the procedure for a hit above the flange, Section 14.0.

O
4. For the stage 2 process, the wall of the outer cylinder is strained to

[ ]b The tension strain energy is:

4 [ ]b

5. The entire tension volume, V , of a blade ring is strained to a value
T

9 of c. Therefore,

[ . ]b

O
The tension energy for the blade rings is:

0 0

* I (ft-1bf)T-ring 1 12 *T T ring 1 * ( 12E *I T ring 1

o
"d

* Y } ring 2E *I TT-ring 2 12

0

,

O
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The kinetic energy of the rotor fragment after the collision is:

W 2 g
R

R o (WR+Weyl. * Wring 1 + Wring 2
KE *

W

) (ft-lbf)
-ET (WR+Wcyl. + ring 1 + Wring 2

where

E =ET-cyl. + ET-ring 1 + T-ring 2T g

6. Since the value of tension strain, c , for each blade ring is a constant
for the entire tension volume of that blade ring, any residual energy of
the rotor fragment, KE , will be less than the residual energy of a O

R

rotor fragment that is hitting above the flange. Therefore, a hit at

the top does not have to be calculated.

O

O

O

O

O
n
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27.0 FRAGMENT SIZES TO BE REPORTED TO CUSTOMER

3 1. 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

For a stage 2 failure, there is more material thanrotor fragment, W21

3 W inv lved in the collision process. However, the exact sizes of the21
pieces is not known. Tes'ts show that the material composing W21 breaks

for theinto several pieces. However, the convention of using W21
is thereported fragments will be followed. For a stage 1 failure W21

3 exact amount of material for the blade rings and cylinder fragments.

2. 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.

O
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, KE , after
R

the collision is the hit that is reported to the customer.

O
4. The energies of the blade rings and cylinder fragments after a stage 2

failure are:

O 2g KE-

g R (ft/sec)VR" \ W
R

1 W 2

R) ring 1ring 1*(2 YO KE
g

1 W 2

R) ring 1ring 2*(~2~ YKE
g

0
2

1 21

cyl. *(2 R)cyl.Y
g

O
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