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Approximate Analysis of Containment/Deflection Ring Responses to

Engine Rotor Fragment Impact

Richard W.-H. Wu* and Emmett A. Witmer}
MIT, Cambridge, Mass.

The transient responses of containment and /or deflection rings to impact from an engine rotor-
blade fragment are analyzed. Energy and momentum considerations are employed in an approxi-
mate analysis to predict the collision-induced velocities which are imparted to the fragment and to
the affected ring segment. This collision analysis is combined with the spatial finite-element repre-
sentation of the ring and a temporal finite-difference solution procedure to predict the resulting
large transient elastic-plastic deformations of containment/deflection rings. Some comparisons with

experimental data are given.

Introduction

SINCE the advent of the turbojet engine, there have
been, from time to time, failures of turbine rotor blades,
compressor rotor blades, and /or disks on engines of both
military and civilian aircraft.1-% Fragments which are un-
contained (that is, penetrate the engine and nacelle cas-
ing) might injure personnel occupying the aircraft and
might cause additional damage to fuel lines and tanks,
control systems, and other vital components. Although
strenuous efforts have been and continue to be made to
avoid blade/disk failures through improved materials, de-
sign, fabrication, and inspection, a not-insignificunt num-
ber of such failures persist. It is desirable, therefore, to
provide protection a) for onboard personnel of aircraft in
flight and b) for vital components.

Two distinct avenues for providing this protection are
evident. First, the structure surrounding the failure-prone
rotor region could be designed to contain (that is, prevent
the escape of) the rotor-burst fragments completely. Sec-
ond, the structure surrounding this rotor could be de-
signed so as to prevent fragment penetration in, and to
deflect fragments away from, certain critical regions or
directions but to permit fragment escape readily in other
harmless regions or directions. One or both of these
schemes (see Fig. 1 schematic) could, in principle, be em-
ployed in a given design. In any event, this desired protec-
tion is sought for the least weight /cost penalty.

As pointed out in Ref. 1, NASA has been sponsoring a
research program which is designed to meet the objective
of providing the necessary protection to aircraft without
imposing large weight penalties. Starting about 1964, the
Naval Air Propulsion Test Center (NAPTC) under NASA
sponsorship has constructed and employed a spin-cham-
ber test facility wherein rotors of various sizes can be op-
erated at high rpm, failed, and the interactions of the re-
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sulting fragments with various types of containment and/
or deflection structures can be studied with high-speed
photography (a very important capability and asset), in
addition to post-mortem studies of the containment/de-
flection structure and the fragments. Many such tests in-
volving single fragments or many complex fragments im-
pinging upon containment structures of various types and
materials have been conducted2-% and have substantially
increased the body of knowledge of the attendant phe-
nomena. For the past several years NASA has sponsored a
research effort at the MIT Aeroelastic and Structures Re-
search Laboratory (ASRL) to develop methods for pre-
dicting theoretically the interaction behavior between
fragments and containment/deflection structures, as well
as the transient deformations and responses of contain-
ment /deflection structures—the principal objective being
to devise reliable prediction/design procedures and con-
tainment /deflection techniques. Important cross fertiliza-
tion has occurred between the NAPTC experimental and
the MIT-ASRL theoretical studies, with special support-
ive-diagnostic experiments and detailed measurements
being designed jointly by NASA, NAPTC, and MIT per-
sonnel and conducted at the NAPTC. Subsequent analy-
sis and theoretical-experimental correlation work has been
increasing both the understanding of ‘the phenomena in-
volved and the ability to predict these interaction/struc-
tural-response phenomena quantitatively.

Selection of Analysis Method

Because of the multiple complexities involved in the
very general case wherein, for example, the failure of one
blade leads to impact against the engine casing, rebound,
interaction with other blades and subsequent cascading
rotor-failures and multiple-impact interactions of the var-
ious fragments with the casing and with each other, it is
necessary to focus attention initially upon a much simpler
situation in order to develop an understanding of these
collision-interaction processes. Accordingly, rather than
considering the general three-dimensional large deforma-
tions of actual engine casings under multiple rotor-frag-
ment attack, the simpler problem of planar structural re-
sponse of containment structures has been studied. That
is, the containment structure is regarded simply as a
structural ring lying in a plane; the ring may undergo
large deformations but these deformations are confined
essentially to that plane.

It has been demonstrated for planar structures such as
beams and rings that accurate predictions of large defor-
mation elastic-plastic transient responses of such struc-
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tures with known mechanical properties can be obtained
by the spatial finite-difference method? or by the spatial
finite-element method3-9 provided that one has accurate
information on the distribution and time history of a) the
externally-applied forces or b) the velocities externally-
imparted to the structure. Therefore, the crucial informa-
tion which needs to be determined (if the structural re-
sponse of a containment ring is to be predicted reliably)
concerns the magnitude, distribution, and time history of
the loading or of the imparted velocities which the ring
experiences because of fragment impact and interaction
with the ring. Two means for supplying this information
have been considered:

1) The TEJ concept®1! which utilizes measured ex-
perimental ring position-time data during the ring-frag-
ment interaction process in order to deduce, by a back-
ward solution of the equations of motion, the attendant
external forces experienced by the ring. Such forces could
then be applied tentatively in computer code response-
prediction and materials-screening studies{ for similar
types of ring-fragment interaction problems involving var-
ious other materials, where guidance in the proper appli-
cation of these forces or their modification could be fur-
nished by dimensional-analysis13® considerations and se-
lected spot-check experiments. This approach suffers from
the fact that experimental transient structural-deforma-
tion data must be available; the forcing function is not
determined from basic material property, geometry, and
initial impact information alone.

2) The second approach, however, utilizes basic materi-
al property, geometry, and initial impact information in
an approximate analysis. The primary information pre-
dicted in this approach consists of either the collision-in-
duced interaction forces or the collision-imparted veloci-
ties (or velocity increments); the associated and subse-
quent ring and fragment responses are also predicted.®

Approach 1 is explained in detail in Refs. 10, 11, and
14. The present paper deals with approach 2, and confines
attention to problems involving only a single simple frag-
ment; problems involving more complicated fragments are
currently being studied.

Various levels of sophistication may be employed in ap-
proach 2. One could, for example, employ finite-difference
methods wherein both the containment ring and the frag-
ment are represented by a suitably fine three-dimensional
spatial mesh; the conservation equations are solved in
time for simple configurations by digital computer codes
such as HEMP,15 STRIDE, 16 and Jor HELP,17 which take
into account elastic, plastic, strain hardening, and strain-
rate behavior of the material. Such computations, while
vital for certain types of problems, are very lengthy and
expensive, and are not well suited for the type of engi-
neering analysis/design purposes needed in the present
problem; for complicated or multiple fragments, such cal-
culations would be very complicated, lengthy, and expen-
sive. A simpler, less complicated, engineering-analysis at-
tack within this general framework is needed.

Two categories of such an engineering analysis may be
identified and are termed: a) the collision-imparted veloc-
ity method (CIVM) and b) the collision-force method
(CFM). The essence of each method follows:

a) Collision-Imparted Velocity Meéthod (CIVM)—In
this approach the local deformations of the fragment or of
the ring at the collision interface do not enter explicitly,
but the containment ring can deform in an elastic-plastic
fashion by membrane and bending action as a result of
having imparted to it a collision-induced velocity at the
contact region via a) perfectly-elastic, b) perfectly-inelas-
tic, or ¢) intermediate behavior. In fact, any type of mate-
rial behavior may be accommodated readily. Since the

IStudies of this type have been carried out.12
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Fig. 1 Schematics of the fragment containment and fragment
deflection problems.

collision analysis provides only collision imparted velocity
information for the ring and the fragment (not the colli-
sion-induced interaction forces themselves), this proce-
dure is called the collision-imparted velocity method.

b) Collision-Force Method (CFM)—In this method the
primary information predicted in the collision analysis
consists of the collision-induced interaction forces them-
selves; the associated and subsequent ring and fragment
responses are also predicted.

In the present paper, only the collision-imparted veloci-
ty method (CIVM) is discussed; the status and develop-
ments pertinent to the collision force method (CFM) may
be found in Refs. 8 and 18.

Accordingly, discussed in the following is an approxi-
mate collision analysis from which collision-imparted ve-
locities to the impact-affected ring segment and to the
fragment are obtained; these are then applied to a tran-
sient response code, wherein the structure is represented
by finite elements, to predict the resulting transient
structural response. This procedure is similar to that of
Ref. 19 wherein the structure is represented by the spatial
finite-difference method.

Following a description of the approximate collision
analysis, the governing equations of motion for both the
fragment and the containment ring structure are present-
ed. Next, the solution procedure is described briefly. Then
illustrative examples and comparisons with some experi-
mental data are discussed. Finally, some aspects which
are believed to be worthy of further study are noted.

Approximate Collision Analysis

Under consideration is an approximate method for pre-
dicting the immediate consequences of the impact of a
single simple fragment against another physical body such
as the ring shown in Fig. 2. The following simplifying as-
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Fig. 2 Schematic of a containment ring subjected to single-
fragment impact.

sumptions are invoked: 1) In an over-all sense, the frag-
ment is treated as being rigid. It does not undergo bend-
ing or extensional deformations, but at the immediate
contact region between the fragment and the struck
object, the collision process is regarded as being instanta-
neous with a perfectly-elastic, a perfectly-inelastic, or an
intermediate type of interaction. 2) The colliding surfaces
of both the fragment and the target are perfectly smooth;
hence, no forces and/or velocities (or momentum) are ei-
ther transmitted or imparted in the tangential direction
to the ring’s surface at the impact point. 3) During the
collision, the contact forces are the only ones considered
to act on the fragment and (in an antiparallel fashion) on
the ring. The change in the internal forces in the ring as a
result of the current collision are approximated as being
zero because the duration of the impact is so short as to
preclude their effective development. 4) The collision pro-
cess is instantaneous and involves only the fragment and
the containment-ring segment which encompasses the
ring-fragment collision point, as indicated schematically
in Fig. 2. 5) To avoid unduly complicating the analysis
and because of the smallness of the arc length of the tar-
get-ring element, the containment /deflection ring is treat-
ed as an assemblage of straight beams in the derivation of
the impact equations (but by curved beams in the tran-
sient structural response analysis). Also, the mass of each
ring element is considered to be concentrated at its two-
end nodes as indicated in Fig. 3.

Since perfectly smooth surfaces for both the ring and
the fragment are assumed to exist at the impact location,
the instantaneous collision process results in an equal and
opposite impulse, pn, applied to the ring (beam) segment
and to the fragment in the direction normal to the axis of

‘the ring segment; accordingly, the tangential-component
‘velocities are unaffected. Hence, only the normal-direc-
tion components of the velocities are considered in the
impulse-momentum law and the kinetic energy conserva-
tion law used in order to characterize the instantaneous
impact behavior of the system

Translational Impulse -Momentum Law
my[Uy — U] + my Uy’ —Uy] =p, (ring segment) (1)

ml U — Uyl = —p, (fragment) (2)
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Rotational Impulse -Momentum Law

m[Uy" —UilyS —mo[Uy" = Up)6S = —p (@ ~7)S
(ring segment) (3)

Llw, —w.] = p,(1 sing)  (fragment) (4)

Kinetic Energy Conservation Law
1/2m,(U,")? + 1/2my(Uy)? + 1/2mAU,')* +
l/ZIf(uuf’)2 +
= 1/2my(U)? + 1/2my(Up)? + 1/2mp(U)? + 1/2I{w;)?

where my is the mass of the fragment; I; is the mass mo-
ment of inertia of the fragment about its center of gravity;
my and mg are point masses at nodes 1 and 2 of the ring
segment which has a length s; U; and U, are the normal-
direction velocity components at ring-element nodes 1 and
2 immediately before impact; U; and w; are fragment c.g.
normal-direction velocity component and angular velocity
immediately before impact; and Ui/, U2’, U, w are
translational normal-direction velocities and the angular
velocity immediately after impact.

Applying the concept of the coefficient of restitution, e,
which is defined as the ratio of the relative speed of the
ring and fragment at the impact point after impact to
that before impact, Eq. (5) can be replaced by

(Energy Loss)

[(BU + aUy) — (U, —w,’1 sing)]
= —e[(gUy + aU,) — (U; — w1 sing)]  (6)

Recall that 0 < e < 1, where e = 1 represents a perfectly-
elastic impact accompanying which no kinetic energy loss

" occurs. The condition e = 0 denotes a perfectly-inelastic

impact for which the post-impact relative velocity of the
colliding bodies is zero. For e # 1, there is a loss of kinet-
ic energy; however, since the total energy must be con-
served, the lost kinetic energy is simply converted to other
forms such as thermal or heat energy, etc. which are ig-
nored in the present mechanical analysis.

One can solve Egs. (1-4) and Eq. (6) to obtain expres-
sions for Uy’, U2/, Uy, and w;/, the after-impact quan-
tities

U1, = U1 —mg,B(l + e)UR/K (7)

B

Fig. 3 Schematic of the collision model for the fragment
against a ring segment.
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Uy, = Uy —moa(l + e)Up/K ' (8)
Uy = U + mgmy/mp)(1 + e)Ug/K (9)
W, = w; — mgmy/I) (1 sine)(1 + e)Ux/K  (10)

where
K = (mgny/my) + mya® + myf + (mmy/1,)(1 sing)?
and

Ug = (BU; + alU;) —(U; —w,l sing)
=U,—-Uy= relative velocity of the impact
points C and A.-

Governing Equations
Ring-Structure Motion

The assumed displacement form of the spatial finite-
element representation is utilized in conjunction with the
Principle of Virtual Work and D’Alembert’s Principle to
obtain the equations of motion for a ring structure which
is permitted to undérgo large- deflection - elastic-plastic
transient deformation?®.9.29

[m){g*} + {P*} + [H*Kg*} = {F*} (11)

where {g*}, {g*} represent the generalized displacements
and generalized accelerations, respectively, for the com-
plete assembled discretized ring structure (the asterisk as
in Ref. 8 means that these quantities are defmed with re-
spect to a global coordinate system); [M*] is the mass
matrix for the complete assembled discretized structure;
{F*} is the agsembled vector of externally- applied loading;
{P*} is an assembled internal force matrix which replaces
the conventional stiffness3:21 terms [K*] {¢*| for small
displacements but also includes some plastic behavior
contributions; and [H*]{g*} represents generalized loads
arising from both large deflections and also plastic behav-
ior. As explained in Ref. 8, the quantities {P*} and [H*]
are found by the numerical evaluation by Gaussian quad-
rature of pertinient volume integrals of each ring finite ele-
ment, and then assembling this information for the eptire
structure in global coordinate form.

Note that Eq. (11) represents the unconventional form
of the equations of motion. The conventional form of these
equations as defined, for example in Refs. 8 and 21 could
also be used, if desired.

The timewise solution of Eq. (11) may be accomplished
by employing an appropriate timewise finite-difference
scheme such as the central difference method, for exam-
ple. Equation (11) at time instant j may be written in the

form
bege}, = P} - (Pt = Tvdg*h;  (12)

Let it be assumed that all quantities are known at any
given time instant t;: Then one may determine the gener-
alized displacement solution at time t;+1 (i.e., {g*};+1) by
the following procedure. First, one employs the timewise
central-difference expression for the acceleration {§*};

i+, = dg*hy.

It follows that one can solve for {g*};+1 since {G*}; is al-
ready known from Eq. (12) and all other quantities in Eq.
(12a) are known. However, a fragment-ring collision may
occur between time instants ¢; and £;j41; this would re-
quire a correction to the {g*};+1 found from Eq. (12a).
Thus, one uses and rewrites Eq. (12a) to form a trial value

—2{g*}; + {g*}; -/ (A1) (12a)
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(overbar):

{ag*};, = {ag*}; + (an¥{g+}, (12b)

where
{ag*}; = {g*); —{a*} -y
{ag*h . =%},

fa* = la*h + {ag#h + {ag"), +

—{g*}; = trial increment

s {AQ*};'
At = time increment step§
Note that t; = j(At) where j =0, 1, 2, ..., and {Ag*}o =

0.

Fragment Motion

In the present analysis, the fragment is assumed to be
undeformable; hence, its equations of motion are

mY; =0 (13)
msZ; =0 (14)
Iflﬂ =0 (15)

where (Y7,Zr) and (Y;,Z,«) denote, respectively, the global
coordinates and acceleration components of the center of
gravity of fragment (see Fig. 4) and ¢ represents the an-
gular displacement of the fragment.

" In timewise finite-difference forms, Egs. (13-15) become

(8Y));., 1 = (ay)), (16)
(Azf)j+l = (AZf)j (17)
(89);, 1 = (AY); (18)

where the overbar signifies a trial value which requires
modification, as explained later, if ring-fragment collision
occurs between t;and ¢;+1.

Solution Procedure

The following procedure indicated in the flow diagram
of Fig. 5 (and described also in Refs. 8 and 19) may be
employed to predict the motion of the ring and the rigid
fragment, their possible collision, the resulting collision-
imparted velocities experienced by -each, and the subse-
quent motlon of each body.

Step 1

Let it be assumed at instant ¢; that the coordinates
{g*};, (Yy);, and (Z;);, and coordinate increments {Ag*};,
(AY;);, and (AZ;); are known. One can then calculate the
strain increments, A¢; at all Gaussian stations along
and through the thickness of the ring, from the strain-dis-
placement relations.

Step 2

Using a suitable constitutive relation for the ring mate-
rial, the stress increments, Agj, at corresponding depth-
wise and spanwise Gaussian stations can be determined
from the now-known strain increments Ae; (see Ref. 8).
Since the o;-3 are known at time instant ¢;_;, the stresses
at t; are given by ¢; = ¢;-1 + Ag;. This information per-

§See Ref. 8 for criteria for selecting an appropriate At size.
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FOR p,, SEE EQ. 19.

Fig. 4 Inspection for determining a

j+1° collision of the fragment with the

ring (*“T” above letter in Fig. 4b
equivalent to overbar in text).

"MAXIMUM PENETRATION

CONDITION
T
NOTE: 1. (pi)j+l = (asi) 41
T
= - Ae*y S (U -
2. (ai)jﬂ w, UC)j(ut ) v, 1 (be*)

i)
where At* is the time interval from

actual impact until tj+l
(see Ey. 23a)

b) Penetration Inspection

mits determining the quantities {P*} and [H*] on the
right-hand side of Eq. (12), where for the present problem
{F*};is regarded as being zero.

Step 3

Solve Eq. (12) for the trial ring displacement incre-
ments {Ag*};+1. Also, use Eqgs. (16-18) for the trial frag-
ment displacement increments (AY7)j+1, (AZf);+1, and
(AY)j+1. )

Step 4

Since a ring-fragment collision may have occurred be-
tween t; and t;+1, the following sequence of substeps may
be employed to determine whether or not a collision oc-
curred and, if so, to effect a correction of the coordinate
increments of the affected ring segment and of the frag-
ment. ‘

Step 4a:

To check the possibility of a collision between the frag-
ment in the vicinity of point A of the fragment with ring

element i (approximated as a straight beam) as depicted
in Fig. 4, compute the trial projection (p;);+1 of the line
from ring node i to point A of the fragment, upon the
straight line connecting ring nodes ¢ and { — 1, as follows,
at time instant ¢;1

@)io1=(Y; —Ya);.1 cos(@);.,
-+ (21 _ZA),'+1 sin(a)j” (19)

where the Y,Z are inertial Cartesian coordinates. Now,
examine (p;)j+1; three cases are illustrated in Fig. 4a.

Step 4b

If (pi)j+1 < 0 or if (p;)j+1 > si, a collision between the
fragment near point A and ring element i is impossible.
Proceed to check ring element i + 1, etc. for the possibili-
ty of a collision of fragment end A with other ring ele-
ments.
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Step 4c

If 0 < (ps)j+1 = s, a collision with ring element i is pos-
sible, and further checking is pursued. Next, calculate the
fictitious penetration distance (&;);+1 of the fragment at
end A into ring element i by (see Fig. 4b)

@), 1= 1/2[hy; + alhy; —hyy) + heli o —(dy); .1 (20)

where %fhy; + a(ha; — h1;)] = local semi-thickness of the
ring element which is approximated as a straight beam in
this collision calculation, i;/2 = tip radius of the fragment
at the impact end A, aj+1 = (pi/si)j+1 = fractional dis-
tance of s; from node i to where the collision occurs (re-
call: a + 8 =1) ' ' ‘

@d);.,=-1r; —?A]J"ﬁi sin(¢,);, ¢ +
[Zi “ZA]J'H cos(¢y);,.1 (21)

= the projection of the line connecting
node { with point A upon a line perpen-
dicular to the line joining nodes 7 and
i—1.

Next, examine (&@;);+1 which is indicated schematically in
Fig. 4b and is given by Eq. (20).

Step 4d

If (a:);+1 < 0, no collision of the fragment near point A
upon element i has occurred during the time interval from
tj to tj+1. Hence, one can proceed to check element i + 1,
etc. for the possibility of a collision of fragment end A
with other ring elements. '

Step 4e

If (@:);+1 > 0, a collision has occurred; corrected coordi-
nate increments (boldface letters) may be determined ap-
proximately by (see Fig. 4b) :

(Av));, 1= (A7), + (atD[U, - U sin(d;);, 1 (22a)

(Awp); ., 1= (Awy);, 1 — (AtN[U, = U] cos(d,);, 1(22b)

| rracMEwr corrioes witu rinG |
COLLISTON-INTERACTION CALCULATION o——————————

| POST-COLLISION
, [ VELOCITIES OF FRAGMENT

VELOCITIES IMPARTED TO
IMPACTED RING SEGMENT

CALCULATION OF MOTION
r——=1AND STRUCTURAL RESPONSE
QF RING

CALCULATION OF MOTION
OF RIGID FRAGMENT

]

! MOTION AND STRUCTURAL
RESPONSE OF RING

' MOTION OF
RIGID FRAGMENT

Na.

L/

—— COLLISION

IVCONTINUE FOR NEXT
TIME STEP OF
CALCULATION {(OR

STOP, IF DESIRED)

Fig. 5 Information flow schematic for predicting ring and
fragment motions in the CIVM approach.
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(Az/))jn = (Ai),-n + (At*)[wf, - wf] (22¢)

(Avi -—1)j+1 = (Aai -1)j+1 - (At*)[Uz' - Uz] Sin(ai)j+1

(22d)
(Aw; P =Q@W; ;.4 + (At*)[U2I —~ Uyl cos(¢,); .1

(22¢)

(Avi)j” = (AT){)J‘H - (At*)[U1/ - U1] Sin@i)jﬂ
(22£)

(A?"i)j+1 =(Aw);, + @MU — U] cos(9));,
(22¢g)

o — — 9 ELEMENT PRE~IMPACT

RING
° 10 ELEMENT QUADRANT
A ----- 15 ELEMENT
e =1 '

EL-PP-SR RING

FRAGMENT AT
INSTANT OF
RELEASE: t = 0

We = 1610 RAD/SEC

a) t = 750 usec

b) t = 960 usec

INJ

€) t = 1140 usec

a®

d) t = 1360 usec °
a

NG 8 % d 0
Fig. 6 Ring quadrant and blade fragment responses predict-
ed by using the present collision model.
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© ~—.— EXPERIMENT
Romwmno $L-PP-SR, e = 0O
4 — -— EL-PP-SR, e = 1

RING BEFORE INITIAL IMPACT

L-10
a) TAII = 150 usec
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-0

b} TAII = 570 usec

c) TAII = 810 Usec

Fig. 7 Comparison of predictions with experimental for the free complete ring subjected to single-blade impact in NAPTC Test 91.

where the after-impact quantities Uy’, Uz’, Uy, and wf’
may be found, respectively, from Egs. (7-10), and
where ’

at*= (a);,1/(Ugy); =
time interval from actual impact on
ring element ¢ until 7; 4 , (23a)

(Ug); = —[8;.(Uy; + a;, (Uy);] +
[(Uy); — (wy), sing]
= preimpact relative velocity of

points A and C (23b)

The terms, in Egs. (22a-22g), which are multiplied by
(At*) represent corrections to the trial incremental quan-
tities for the (At*) time interval. Also, since At is small,

one may use either angle (¢;);+1 or angle (¢;); in Egs.
(22a-22g).

Step 5

Having determined the corrected coordinate incre-
ments! for the impacted ring element, this time cycle of
calculation is now complete. One then proceeds to calcu-
late the ring nodal coordinate increments and the frag-
ment coordinates for the time step from ¢;/1 to tji2,
starting with Step 1. The process proceeds cyclically
thereafter for as many time increments as desired.

If, however, one finds no collision of fragment end A

It should be noted that in this approximate calculation, only
the coordinate increments of the fragment and of the impacted
ring segment are corrected. Those for all other ring segments are
regarded as already being correct. The time increment At is re-
garded as being sufficiently small to make these approximations
acceptable.
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with any of the ring segments, the checking process
should be repeated for any other possible fragment points
of impact (such as end B, for example) with the ring.

This solution procedure may be carried out for as many
time steps as desired or may be terminated by invoking
the use of a termination criterion such as, for example,
the reaching of a critical value of the strain at the inner
surface or the outer surface of the ring. Appropriate modi-
fications of this approximate analysis could be made, if
desired, to follow the behavior of the ring and the frag-
ment after the initiation and/or completion of local factur-
ing of the ring has occurred.

Evaluation and Discussion

To illustrate the present first-cut analysis procedure,
example problems have been analyzed, which involve the
impact of a single rotor blade (fragment) against a) a free
complete circular containment ring and b) a fragment-
deflection ring quadrant which is supported at a selected
station in one of several ways. For the complete-ring ex-
ample, preliminary experimental ring response data (Ring
Tests No. 88 and 91 from the Naval Air Propulsion Test
Center6-10.11) gare available for comparison with predic-
tions. However, no experimental data are available for the
ring quadrant cases.

The free containment ring consisted of 2024-T4 alumi-
num with dimensions 17.619-in outside diam, 0.152-in ra-
dial thickness, and 1.506-in axial length; its uniaxial stat-
ic stress-strain behavior was approximated as being elas-
tic, perfectly-plastic (EL-PP) with a yield stress, g, of
50,000 psi and elastic modulus of 107 psi. Also, it is as-
sumed that strain rate (SR), ¢ raises the static yield
stress, approximately as follows

: 1/
03,:00(1—# 1< | ’)

where oy is the strain-rate-dependent uniaxial yield stress,
D and p are constants which depend on the material in-
volved. For aluminum, D = 6500 sec™! and p = 4 are
commonly used.

A single T-58 engine turbine rotor blade which was fab-
ricated from material designated as SEL-15 by General
Electric was the fragment employed and had the following
characteristics: 0.084 lb weight, 3.5 in length, 1.657 in tip

(24)

clearance,** 2.188 in length from its c.g. to tip, and 2.163 X
10— in-lb-sec? moment of inertia about its c.g. This frag-
ment is treated as being rigid in the present analysis. )

For the ring-quadrant example calculations, the same
geometry and material properties were employed as for
the complete-ring example.

First, consider the ring quadrant clamped at one end; 9,
10, and 15 equal-length elements were used to model the
ring quadrant and e = 1(perfectly-elastic impact) was em-
ployed for the coefficient of restitution. The predicted re-
sponses8 of the ring quadrant and of the blade at a se-
quence of times are illustrated in Fig. 6; the preimpact <.g.
translational and the rotational velocity used for the frag-
ment are also shown in Fig. 6. The plotted points repre-
sent the locations of the node points of the finite elements
into which the ring quadrant has been discretized for
analysis. Note that the 9-element result differs somewhat
from the 10-element result, but the 10-element and the
15-element results are nearly the same; this suggests that
the 10-element calculation gives a converged solution.tt
These results provide a tentative guidance for selecting a
sufficiently fine space mesh. Also this example illustrates
only a few of the many possible situations and configura-
tions which may be worthy of study for fragment-deflec-
tion purposes.

Similar predicted ring profiles and blade locations® at a
sequence of times after initial impact (TAIIl) for single-
blade impact upon a free complete ring are illustrated in
Fig. 7 for both perfectly-elastic impact (¢ = 1) and per-
fectly-inelastic impact (e = 0); the preimpact cg transla-
tional and the rotational velocity of the fragment are
shown in Fig. 7. The free (complete) ring was discretized
by 28 elements: 10 elements in the quadrant where im-
pact occurs and 6 elements in the other three quadrants;
this discretization is assumed to provide a converged re-
sult.i The strain responses predicted on both the outer
surface and the inner surface of the ring at two interesting

*¥This tip clearance is much larger than normal, but is used
here to illustrate the method and to compare with available ex-
perimental data. .

++Space limitations preclude further discussion of the conver-
gence question (see Ref. 8).

itFurther details of the finite elements and modeling are given
in Ref. 8. For this finite element modeling of the ring (112 degrees
of freedom) and At = 1.0 usec, the computing time on the IBM
370/155 at MIT for 820 usec of structural response was 4.7 min.
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a) Deformed containment ring

b) Blade fragments

Fig. 9 Illustration of blade fragments and a deformed con-
tainment ring.
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6-locations (# = 13.5° and 49.5°) are shown in Fig. 8. It
should be noted that initial impact occurs at § = 44.5°; in
regions well removed from the impact zone, the predicted
strains are very small. However, no measured strain histo-
ries are available for comparison. On the other hand, it is
seen from Fig. 7 that the predicted ring deformation re-
sponses agree fairly well with experimental measurements
from NAPTC Test 91, but the predicted blade motion is
not in satisfactory agreement with experimental observa-
tions.

Finally, to illustrate more concretely the type of blade
fragment under discussion, and containment ring defor-
mation, Fig. 9 shows an undeformed blade as well as the
post-test deformed blade and deformed ring® for NAPTC
Test 146 which was quite similar to the conditions of
NAPTC Test 91 the data from which have been used in
the present comparisons.

Concluding Comments

As for the ring itself, the method of large deflection
elastic-plastic transient response analysis has been evalu-
ated and its accuracy verified by comparison with reliable
experimental data in Refs. 7 and 8 and, hence, is not a
source of significant error. However, one source of error is
readily apparent: in the experiments, the rotor blade frag-
ment undergoes a significant amount of deformation over
the portion of its lengtli near the impact tip during a brief
period following initial impact; little further blade defor-
mation is observed at later times—this factor probably ac-
counts for much of the discrepancy between the observed
and the predicted blade motion. Other neglected factors
include the roughness of the ring-fragment impact surfac-
es, and tangential forces arising from and energy loss asso-
ciated with rubbing or gouging of the ring by the blade.
These deficiencies in the simplifying assumptions con-

" tained in the present analysis (which were invoked to ex-

pedite the present study) could all be removed in future
work and would likely lead to improved qualitative and
quantitative predictions. Some of these matters (tangen-
tial forces and friction, for example) are explored in Ref. 18
which pertains to the CFM-type of analysis.

Also worthy of future investigation are the effects of
more complicated fragments upon containment structures
or upon various types of fragment deflection devices.
Fragments of practical interest include 1) a single blade
from a fully-bladed rotor and 2) a fragment consisting of a
portion of the turbine disk’s rim with perhaps 3-10 blades
attached. Finally, the inclusion of the actual nonplanar
deformation behavior of a containment vessel, which will
occur if its axial length is significantly greater than the
fragment’s axial-projection length, should be treated in
both analysis and experiments since this factor may have
an important bearing upon determining a least-weight
containment structure.
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