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PREFACE

This report summarizes the numerical work performed by California

Research and Technology , Inc., under subcontract to The University of Dayton

Research Institute on Phase II of USAF Contract No. F336l5-75-C-5052. The

authors are Mr. M. Rosenblatt, Mr. G. E. Eggum, Mr. L. A. DeAngelo , and

Mr. K. N. Kreyenhagen. The experimental work performed by The University of

Dayton Research Institute on Phase II, entitled ”Impact of Soft Bodies on

Jet Engine Fan Blades”, is presented in UDRI-TR-76-33 - and will be published

as an AFML Technical Report. Work on Phase I of this contract was presented

in AFML-TR-7&-3’4, entitled ttOrdnance Impacts on Jet Engine Fan Blades”.

The effort described was conducted in support of Project No. 7351 and •1

Task 735106 for the Metals Behavior Branch of the Metals and Ceramics

Division during the period July 1975 to December 1975. The contract monitor

was Capt. James S. Wilbeck .

This report was submitted by the authors in August 1976 for publication

as a Materials Laboratory Technical Report.
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SECTION I

INTRODUCTION AND SUMMARY

1.1 PROBLEM AREA AND BACKGROUND

Fore ign objec ts (for example rocks , birds , tools , etc. )
ingested into turb ine engines can cause sub stantial or ca tas-
trop hic damage to the blades. Th is problem is of par t icular
impor tance w ith respec t to the development and ut ilization
of new , light -wei ght blade materials which may be quite
vulnerable to damage by such impac ts.

- . The res ponse of a turb ine blade to a forei gn objec t
impact can be separated into local (or short time ) and global

(or long time ) response. Local response involves the force

and impulse loading and the damage process es in the immediate
vicinity of the impac t . Global response involves the longe r-
term respon se of the ent ire b lade , including the att achment
to the hub .

The objec tive of the explora tory program repor ted
herein has been to investigate the local impac t response of
blades to sof t body impacts (e.g.  birds) using numer ical and
analytical techniques. Once the local impact for ce and impuls e
are charac terized , these can be used as load ing boundary con-
dit ions for separa te analyses of the g lobal response of blade s

and attachment struc tures . (In another part of this program ,

bullet impac ts on titanium , boron alum inum , and graphite
epoxy pla tes are being anal yzed in bo th the normal and ob lique
impac t configura t ions. Tha t work will be described in a
separa te repor t .)

1
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1.2 APPROACH

Computational codes were used as the primary tools

to invest igate local sof t body impact phenomenology. The
codes predic t the time-resolved pressure and velocity f ields
in the impacting obj ect. They also predict the spatial and

temporal details of the impac t forces ac ting on the targe t ,

as well as the resulting target response. Figure 1 shows the
cases treated ; these were chosen to qualitatively and quanti-

tat ively investigate the phenom enolo gy of soft body impacts

on the face as well as the edge of turbine blades . In all
cases the impacting objcct was a 3-oz sphere of water

(r = 1.07 in. or 2.73 cm) with a velocity of 675 ft/sec. In

this study , water was used to simulate the impact properties
of birds.

Cases A and B trea t a normal and a shallow angle impac t
on a rigid surf ace , while Ca se s C and D treat the corr es-
ponding impacts on a 0.136-in, thick stainless steel plate.

Compar isons of these cas es show the effec ts of plate def or-
mat ion on the impac t loading. Cases E and F involve a sha llow
angle impact on the leading edge of a representative turbine

blade.

Cases A , B , C , and D were analyzed using the two-
dimensional WAVE-L finite difference code . WAVE-L is a

HEMP- type ’ Lagrang ian code . The initial condit ions for the
25° obli que impact cases (Cases B and D) were treated in a

moving frame of reference using a Galilean transformation ;

the 3-D oblique impac t configura tion is thereby simplif ied
to an axisymmetric (2-D) geometry. This transformation

and the rigid and SS4 03 pla te impac t ca ses (A , B , C , and D)
are described in Sections 2.1 and 2.2. Cases E and F were

analyzed using the three-dim ens ional NONSAP finite elemen t
code 2 ; the results are descr ibed in Sec tion 2 .3.

2
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Impact velocity , V = 675 f ps (20 5 . 7  m/sec)
Impacting body is 3 oz water sphere

m = B 5 gms , d = 5 , 4 ~~~~

CASE E (Stainless steel SS403 blade )
CASE F (Boron—Aluminum blade)

Figure 1. Conditions for Sof t  Body Impact Analyses 
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In parallel to this computat ional/analytical effort ,
UDRI has performed an experimental investigation of normal

and oblique sof t body impac ts on rigid and thin p lates 3 . The
computational and exper imental results are compared in
Sec t ion 3.

1.3 SUMMARY OF MAJOR RESULTS

Figure 2 il lus trates the charac teris t ic behavior of
a wa ter sphere impact at 675 fps onto a rig id or semi-rigid
surfac e . Radial flow of material quickly develops , wi th
rad ial velocities which are over twice the impac t velocity
occurr ing near the plate surf ace. Figure 3 show s pressure-
radius prof iles on the p late surf ace for impac t Case A at
a se quence of times af ter impac t. Note that the highes t
pres sures at 7 and 14 psec occur near the outer contact

radius between the flattening water sphere and the plate

surface.
* The force on the plate is the integra ted ar ea under

the pressure-radius profile. Figure 4 shows the force history

on the plate for Case A. The sharp init ial rise c orres ponds
to the period when the impac t shock is inte rac t ing wi th the
droplet flow . It is fo llowed by a re latively long period
dur ing which the force is nearly constant . This is the

period when mos t of the ax ial flow diversion to radial flow
• . takes place. Finally, the force beg ins to decay as the rear

of the drop approaches the target . (When the axial-radial

turning is comp le te , the forc e will drop to zero. )

Fi gure 4 uses both dimensional and non-dimensional

• 
• 

(normalized) coordina tes for force and time . The time normal-

izat ion factor , T , is the ti me required for the sphere to
move its own diame ter in the direc tion perp endicular to the

4 
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surface; the force normalization factor , f, is the average

force required to s top the momentum perpendicular to the
surface in t ime T , i.e.

D0- •  T = 

V0sinO

MV0 sine M(V0sinO)
2

• and
T

where D0 = initial sphere diame ter

V0 = initial velocity

0 = obliquity angle (from surface)

M = sphere mass

Table 1 lists thes e fac tors for the normal and ob lique impac ts
analy zed in this s tudy.

TABLE 1. NORMALIZING FACTORS

V0 = impac t veloc it y = 67 5 fps = 2 0 . 6  x ~~~ cm/sec
‘phere diameter = 2.15 in.= 5.46 cm

M = sphere mass = 3 oz = 85 gm

Normal Impact Oblique Impact
0 = 90° 0 = 25°

ieloci ty normal V0sin O 675 fps 285 fps
to surface (20,600 cm/s ec) (8 ,7 00 cm/ sec)

Momen tum normal MV0sin O 1.74 gm-cm/psec 0.735 gm-cm/psec
to surface

T ime normaliz ing Do
factor , t V0s inO 26 5 1jsec 628 p sec

Force normalizing M(V 0sinO)
2 

1 4 7 5 0  11 f ~63() lhffac tor , f (6.56x109 dynes) (l.~~7x10
9 dvnes)

8



Use of non-dimensional (normalized) time and force

parame ters allow s the results of the numeric al so lut ions to
• be sc aled to any size impac t ing sphere , and perhaps to other

impac t veloc it ies and obliquities. F igure 5 compares the

• non-dimensional force histories in the normal and 25° obli que

impac ts onto a rigid surfac e (Cas es A and C) .  The rela t ivel y

• small differenc e be tween the two cases conf irms that the
normal izing fac tor s are reasonably valid , at leas t for those
impacts where the velocity component perpendicular to the

* surfac e is between 285 and 67 5 fps.

The force histories app lied to a rigid surface and
to a deformable surface (i.e. a 0.136-in, stainless steel

plate) ar e compar ed in Figure 6 (normal impac ts) and Figure 7
(25° oblique impac ts ). The re sp ec tive rig id and def orma b le
curves have the same general shape in both figures; however ,
the force levels are lower on the deformable plates. This

is because the plate displaces in the direction of the sphere ’s

* velocity , thereby reducing the effective impact velocity and

the subsequent pres sure and forc e .

The momen tum, or impulse , imparted to the surface is

the integrated area under the normal force-time profiles.

(Friction between the water spher e and the impac ted surf ace
is assumed to be negligible , so impulse is imparted only perpen-
dicular to the surface.) Figure 8 shows the time-histories

• of the impulses delivered to the targets for Cases A , B , C ,

and D. (Impulse is norma l ized by div iding by the initial

perpend icular component of momentum of the sphere , MV0sinO ).
All the time histories are fairly similar on this normalized

plot , with the deformable plate impacts (Cases C and D)

falling somewha t be low the r ig id target impacts (A and B).
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S

For the cases where impac ts on the leading edge of
blades were considered (E and F) , a blade segment corres ponding
to the profile of the J7 9 Stage 1 blade at 70% span wa s modeled
using the 3-d NONSAP finite element code. Loading on the

• blade was derived from results of the Case B oblique impact

solution (25° oblique impact on a stainless steel plate)
Deflec t ion histories were moni tored at several stat ions in
the blade segment. Figures 9 and 10 show this informa t ion

• for selected stations in stainless steel and boron aluminum

blade se gments , respectively.

I~
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SECTION II

THE NUMERICAL SOLUTIONS

In this section , the numerical solut ions defined by
Figure 1 in Sec t ion 1.2 are describ ed and illustra ted by
velocity fields , computational grids , pr essur e con tours , and
curves showing the spatial a~id temporal distribution of

• forces on the target, The properties used to model the various

materials in these solutions are described in App endix A.

• 2.1 IMPACTS ON A RIGID SURFACE

The physical phenomena taking pla ce dur ing the impac t
of a spherical water drop on a rig id targe t have been examined

• bo th theoretically and experimentall y (fo r examp le , References
4 and 5). Although there is not a sharp delineation in the

physical processes , the impact phenomena have generally been
cons idered to occur in two phases. During Phase I of the
impact event , the compressibility of the li quid drop is the

dominant characteristic. High pressures occur near the impact

poin t and there is little radial flow , Phase II is dominated

by the radial flow diversion of the liquid along the rigid

boundary at veloci ties which can be over tw ice the init ial
impact velocity.

For normal inc idence impac ts , the nom inal peak pressur e
which occur s dur ing Phas e I is roughly the “water hammer
pressure: , i.e.,

= P0CV

where p0 = density of the li quid drop

c = sound speed in the drop

V1~ = norma l componen t of the impac t ve locity

For the norma l incidence , 67 5 fp s impac ts in the curren t

s tudy, 
~M 

= 2 .8 kb.

17 
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R arefac t ion waves from t he drop let free surface provide relief

from the wa ter hammer pressure . Because the impac t veloci ty
in the current study is low compared to the speed of sound
in water (4500 fps), the pressures during Phase I drop very
rapidly (i.e. within a few lisec) from the water hammer level.

2.1.1 Case A - Normal Impact on Rigid Plane

Case A treats the normal impact of a water sphere on
• a rigid surface at 675 fps. The initial grid configuration

for this numerical solut ion is shown in Figure 11 . Ther e ar e
20 computational cells across the sphere radius .

Figures 12 and 13 are velocity and pressur e field plots
at 7 and 14 jisec. Figure 13 is just beginning to show sig-

nificant radial deformation . While still relatively high
( 1- 1 . 5  kb) , pressures at 7 and 14 iisec have already dropp ed
well belcw the water hammer pressure . It is interesting to

note that the peak pressures 
~~max > 1 kb) within the drop at

this point do not occur at the rigid contac t surface , but

rather in a region s lightly above that surface,

Figures 14 through 18 show the development of high
radial veloci ty flow characteristics (i.e, Phase II) along

the rigid surface. The peak radial velocity is about tw ice
the impact velocity, The location of the maximum pressure

in the drop moves down to the rig id plane . During this
period , the dynamics are essen tial ly gov erned by incomp res-

p sible flow .

Figure 3 (in Section 1) shows pressure profiles along

the rigid surface at several times. The water hammer

pressure (about 2.8 kb) lasts for only about 1 usec for the

sphere size and impac t velocity involved in Case A , and i s
thus not seen in Figure 3. By 14 i sec , the hig hes t pressure

18
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is about 1 kb. At both 7 and 14 psec , the peak pre ssure
occur s near the periphery of the contact surface between the
drople t and the rigid surf ace. By 41 ijsec , the hig hest

pressure s ar e on the axis , but a local max imum occur s
closer to the perip hery of the con tac t surfac e . By 72 psec
(which corre sponds to the flow field in Figure 15) , the

pressure dis tribut ion on the r ig id plane has reached a near ly
uniform distribution out to about 2.5-cm radius , Beyond

2.5-cm , pressure decay s rap idly out the the edge of the
contact area,

Figure 19 shows the force history applied to the rigid

p late and the impulse history delivered to the surfac e for
the normal incidence impac t . (The non-dimens ional t ime and
force parameters defined in Section 1.3 are used in Figure 19

and in subsequent force and impulse histories in this report,)

2.1.2 Case B - 25° Obliqu e Impact on Rigid Plane

• Case B treats a water sphere impac ting a rigid surface
at 25° obli quity, as shown in Figure 20, This is a 3-D problem.

However , the oblique configur at ion in Figur e 20 is dynamicall~j
equivalent to the conf igurat ion in F igure 21 . If there is
no friction between the water and the surface (a reasonable

assumpt ion) , the probl em in Figur e 21 can be cons idered as
axisymme tric insofar as the impac ting sphere is concerned.

The sp here will app ly only norma l force s to the rigid surface.
Thus a solu tion to the impact problem of Figure 21 can be

easi ly manupula ted to ob tain a solut ion f or the conf igura t ion
in Figure 20. A Galilean transformation to a moving coordinate

system connects the two configurations. This is discussed in

Append ix B.
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V = 675 fps

Impact ‘‘~~ —

Point ~~~~~~

1 :
Rigid Surface

Figure 20. Geometry of 675 f ps Impact of Water Sphere at 25 0 Obliquity
* on Stationary Rigid Surface (Case B)

0V = 675 sin 25

* 
285 f ps

- 
Rigid Surface

V 675 cos 25°
= 612 f ps

Figure 21. Dynamica l ly  Equivalent Conf igura t ion  of Normal—Incidence
Impact of Water Sphere on Moving Rig id Surface (Case B)
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T he p h e n o m e n a  w h i c h  occu r  d u r i n g  Case  ~ a r e  f u n d a m e n t a  i i  y
t he same as t h o s e  w h i c h  occur  d u r  ir i g C a s e  A.  The  i n i t i a l
c o m p u t a t i o n a l  g r i d  u sed  f o r  Case  B w a s  i d e n t i c a l  to t n z i t

s h o w n  in F i gure  i i  f o r  Case  A .  F i gu r es 2 2  t o 2 5  -~how t h e

• 
- - l o c a t i o n  and d i s t o r t i o n  of t h e  i m p a c t i n g  w a t e r  sp h e r e  as

w e l l  as th e p r e s s u r e  f i e l d s  in  t h e  w a t e r  a t  s e l e c t e d  t i m e ’~.
F i g u r e  26 s h o w s  t h e  p r e s s u r e  d i s t r i b u t i o n  on the rig id surf ace

a t  se v e r a l  t i m es , and a l s o  t h e  co n t a c t  a rea  on t h e  s u r f a c e
at t hese  t i m e s ,  \ o t e  t h a t  w h i l e  t h e  c o n t a c t  a rea  is  st i l l
c i r cu l a r i n  t h i s  o b l i que i m p a c t  case , t h e  ~~ nt er ’  of t h e  c o n t a c t
a rea  moves  a l o n g  the  p l a t e ~‘ . i t h  a v e l o c i t y  o f  0 7 5  cos  2 5 ° 0 1~ I ps.

F i gu re  27  shows  t h e  f o r c e  and i m p u l s e  h i s t o r i e s  fo r
Case  B.

• 2 , 2 IMPACTS ON A DEFORMA B L E PLATE

The co n d i t i o n s  used f o r  t h e  i m p a c t s  on a r i g  i d su r  lace

i n Cases  A and B we re  r e p e a t e d  u s i n g  a 0 . 1 3 t - i n  t h i c k  s t a i n -
less  steel t a r g e t  p late. The influence of the deformation

of the target on the pressure and force loading lun c t i o n s ~ as

• o f  j ; r i m a r y  i n t e r es t  i n t h e s e  cal cu l a t i o n s .

2 . 2 . 1  C a s e  C - N o r m a l  I m p a c t  on 0 , 1 3 6 - i n .  S t a i n l e s s  S te e l

P l a t e

Fi g u r e  28 s h o w s  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h i s  s o l u t i o n .
Fi g u r e s  2 9 , 30 , and 31 s h o w  v e l o c i ty and grid de formation

f i e l d s  i n  t h e w a t er d ro p a n d t a r g e t  a t  v a r i o u s  t i m e s . The

l a r g e s t  p l a s t i c  d e f o r m a t i o n  ( g e n e r a  i i  :cd p l a s t i c  st ra i n )

ex p e r i e n c e d  hv  t h e  end  of  t h e  s o l u t i o n  w a s  4 . 3  p e r c e n t . w o i c h
o c c u r r e d  on the  r e a r  s u r f a c e  o f  t h e  p l a t e  u n d e r  t h e  i m p a c t

p0 i n t  ( 1  . e .  a t  t h e  c r o w n  o f  t O e  h u l  ge . The  p 1 a t ~‘. i l l

r e m a i n d e f o r m e d  a f t e r  t h e  d rop l e t  i n t e r a c t i o n c e a s e s .
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Fi gure 32 shows stress contours in the drop and in the target

at 64 jisec. Tensile stresses in excess of 2 khar (—29 ,000 psi)

have developed on the rear surface of the target.

Figure 33 compares the impul se de li vered and forces
applied to the target versus time in Cases A (rigid surface)

and C (0.136-in, stainless steel plate). It is seen that the

deflection of the plate affects the magnitude and timing of the

applied forc es , w ith the forces being lower in the deformable
case.

• 2 . 2 . 2  Ca se D - 25 0 Obl ique Impact on 0.136-in. Stainless
Steel Plate

The Case B calcu la t ion descr ibed in Sec tion 2. 1 .2
treated a 250 obl i que impact on a rig id plate . By comparing
Figures 26 and 3 , it is seen that pressure profiles in the 25°

obl i que impac t on a ri~jid surface are very low as compared to
profiles in the norma l impact (i.e. Case B vs Case A). This is

because the norma l component of the veloci ty for the 25°
• obl i qui ty impac t i s only  285 fps. Thus it was expected that

the plate deflection in a 25° impact onto a 0.136-in, stain-

less steel (d~formable) plate would be much smaller than seen
in the previous section for the normal impact onto the same

p late (Cas e C).  We ther e fore used the same appro ach in Case D
to anal yze the 25° impact on a deformable plate as had been

used in the r igid plate oblique impact , (Case B) i.e ., a

• Galilean transformation was made to the coordinate system

in Figure 21 , in wh ich  the sphere s tr ikes the p late normal ly
at 675 sin 25° 285 fps , and the plate moves laterall y at

675 cos 250 = 612 fps. The motion of the plate is ignored
dur ing the integra ti on becau se , 1) shear stresses (friction)

across the interface are assumed to he negligible , and 2) the

deflec t ion of the plate is assumed to he small.
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Us ing these assump t ions , the velocity , grid , and
• pressure fields shown in Figures 34 to 37 for various times

were obtained. The deflec t ion of the plate is indeed seen
to be small , i.e., the maximum deflec tion is 0.16 2 cm or 3% of
the droplet diameter. This supports the simplifying assump-
t ions which were used dur ing the numerical integra tion.
Figure 38 compares the impulse force histories applied by

oblique impac ts to the rigid surface s (Case B) and the
deformab le surface (Case D). Again , the forces on the def orm-
able pla te ar e somewha t sma lle r than on the r i g i d  pla te .

2. 3 IMPACTS ON THE LEADING EDGE OF TURBINE BLADES

For these analyses , a 6-in. segment of the J79 Stage 1
Turbine blade profil e at 70% span was modeled using 3-D

• NONSAP 2 . The blade segment was rigidly attach ed at bo th ends ,

and the impac t occurred on the lead ing edge at the center of
the segmen t , as indicated in Figure 39 . Ca ses E and F are
identical excep t for the turbine blade ma ter ial (S tainless
Steel in Case E and Boron Aluminum in Case F).

In the NONSAP model , the blad e was u n i f o r m i ly par-
titioned in the x and y -d ire cti on in to 6 x 6 elemen ts , wi th
one element defined through the thickne ss . Each element is
def ined by 12 nodes as il lus t ra ted in the f ollow ing ske tch:

44 
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For these solutions , The loading f rom the b ird imp ac t
was repr esen ted by a pressure function derived from the 2-D

- •  finite-difference solution described in Section 2.1.2 of a

wa ter sphere impacting at 675 f ps on a rigid surface at 25°

obli quity (Case B). Essentially, it was assumed that the

leading edge neatly cuts the sphere in half along tne

diametral plane which is shown as a dashed line in Figure 39.

The blade is impacted onl y by the upper hem isp here. The impac t

load from this hemisp here is determined from the pressure-

* 
radius- time curves from Case B (e.g. in Figure 26), taken

around a 180° arc . The contact surface , and hence the impact

load , sweeps across the top surface of the blade at V0cos’3 =
• 675 cos25° = 612 fps

The pressure loading was input to the NONSAP program

as f orces on the nodes . The forces on each of the nodes
were calculated at a given time by app lying the appropriate

loading pressure at the node location to the area associ ated

• with the node, The resulting force was applied p er p end ic u l a r
to the blade surface at the location of the node. Thus , the

forces from the Case B solution were rotated to account , at

leas t to f i r s t order , for the fac t that the blade is not fla t .

The blade materials in Cases E and F were characterized

as l inear e1~tstic solids. The values defining the material

p roperties are listed below:
Young ’s Po is son ’ s

• Case No. Material Density Modulus Modulus

E SS 403 7.86 gm/ cm 3 1.965 Mb 0.285

F Boron-A lum . 2.40 gm/ cm 3 1.379 Mb 0.31
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2.3.1 Stainless Steel (SS 4t)3) Blade

Figures 40 to 43 show verti cal (z-dir ectio n ) displace-

ment as a f u n c t i o n  of t i m e  at  v a r i o u s  s t a t i o n s  on the  s t a i n -
less steel blade. Negative deflect ions indi ~~ate that the
station is depressed , posi ti \e deflect ions m e a n  t h a t  the

station has risen . The following sketch sho~’.s the locations
of output stations.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Fixed End —.

cIIEEEI:;~-’~ •9 .
6

/0  f

•l

/ / , ‘0 ~~ I

Is ometric View ~~~~~--~~~ . _— —-—~~~~~~P 1an ViewFixed End

The maximum deflection for the SS 103  blade was about

0.2 cm , which occurs at the impact point at about 250 usec.

Figure 40 shows 4 stations along the center of the blade .

Stations 1 , 2, and 3 , which are near the impact point , have
initial downward displacements. Station 4, on the trailing

• edge of the blade , first displaces upward , reaching an up-

ward maximum displacement at roughly 200 Tisec.

Figure 41 shows displacement histories of various

stations along the leading edge. Initial displacement is

alway s downward , and the time to peak deflection is consistentl y
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250 jisec for these stations. Figure 42 show s stations on the
rear edge. The initial displacements are upward , with a

maximum upward deflection of about 0.04 cm , occurr ing in
less than 200 jisec. This upward motion along the trailing edge

is smal le r  than the  subsequent  peak downward m o t i o n s .  Fi gure
43 shows severa l  i n t e r i o r  st a t i o n s .  The s t a t i o n s  f u r t h e r
from the impact  po in t  have smal le r  peak d e f l e c t i o n s .  Also
note  tha t  the period seem s to increase at po ints fur ther fr om
the  impac t .

2.3,2 Boron-Aluminum Blade

Figures 44 to 47 show displacement-time histories in

the Boron-Aluminum blade segment . Quantitativel y, the

results are similar to the stainless steel blade ; however ,
• • the peak deflections are somewhat larger. At the impact

• point , the Bo-Al peak deflection is 0.3 cm as compared to

0.2 cm for stainless steel. Also , the timing is somewhat

different. The times to first maximum deflection are smaller

by rou ghl y 50 1’sec on both the leading and trailing edges

of the Bo-Al blade .

57

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •• 



-— 
~~~~~~~~~~~~~~ ~ 

-
~~~~~~~~~~~~ 

- •

~~.IFINI1R ~~SEI~ DI ~ C TECII6J&Y. INC.
FT 3-0 e~~~I-~ jJ,IMJI TLUIIC MM

MM
0.10 I -I I

‘
F- .--..

0.05 - 

,/
• 

/ / /—
/

• 
‘.
‘ 1/ /

\‘
\ \ /1 /

• 
-.05 - 

Stat  iofl~~~~~~~~ \ ,/
/ -

-10 - \ \  \. .1 —

\ 
\ 

. 

.,

-. j5 — Station 3 \
\ \~\, 

—

z Station 2 
~ .5— .

- 
• ~~-.20 - \ /

— .25 — 

Station 

, 

‘

\, ..._,“ 
—

-.30 - p -

Plan View

35 I I
0 100 200 300 ‘400

TIME (MICROSEC )

Figure 44. Vertical disp lacement h ist o ries at Selected Points
Downstream of impac t of 85—gm Water Sphere a t  25
()b li q u i t v  on Lead ing  Edge of H o— A l B lade  (Case F)

_______________________• - ~~~~~~~ ‘•-  — • -p -~~~~~~~~~~ 



_______________

~~~~~~~ ~ Q TEDII&%T. INC.
FT 3-0 e~~~I-~ JpxMj~ TI~TINE MM
L~TING WG(

0. 10 I I I

0.05 — Ii
’ 

—

~1• 1
/ 1• ..,

-.05 - \\ ‘N / “ /1
/ /1

~~~~~~~~~~~~~~~~~~~~~~~ II
-.10 - ,1 //

Station 10 
/

1/
! —

Station 7

z I I
• ~ “ .20 — Station 5 ‘\ I’ / —

0 
- .25 — 

S ta t ion  1 ~~~~~~~~~~~~~~~~~~~~

-.30 - 

~~~~~

Plan View

35 I I I
0 100 200 300 ‘400

TIME (M ICROSEC)

Figure 45. Vertical Disp lacement Histories at Selected Points
Along Lead ing Edge of Bo—Al Turbine Blade Impacted
on Leading Edge by 85—gm Water Sphere at 25° Obli quity
(Case F)

-p -p—~~ —--~~~~~- - - ~~ ----p --p •~-



~~JF~~ IP IESE~~W ~ ID TEDlI~L0GT. IIC.
FT 3-0 I~~~~S-~~J1UMJI TUNINE MM
T~~ ILING EDGE

0.10 I I I

0.05 -
I

L I
1~• - 0 —•

~~

•
— —

~~~ 

.

/\ .  /

— 

Station 12 

~~~~~~~~~~~~~~~ /
- Station 9 - —

z
• p-. Station 4

I-,
Ui_I

\ /
0 

io - e~ L ~Plan View

— .15 I I
0 100 200 300 ‘400

TIME (M ICR ~SEC)

Fi gure 46. Vertical Displacement Histories at Selected Points
Along Trailing Edge of Bo-A1 Turbine Blade Impacted
on Leading Edge by 85—gm Water Sphere at 25° Obliquit v
( :ns ~ ’ F)

( -
~ 

() 

•• • - •—- - p - •  -• •



I

aLIF~~~IP NES(~~~II NC TECII6.OGT, INC.
FT 3-0 e~~~~I-NiJWU, 1~JNIHE MM

0.10 I I I

0.05 — / 1 ~~~~~~

0 - ‘~~c~ ’ —“ —•-—..-.-_..
~~__~~~

-.05 - / 4 -

\ •\ Station 11 /
\ \

-.10 - \ .  
/1 

-

• 1 1
Station 8

— ‘-‘ ‘ I —

C_) S ta t ion  6

\
\

~ — .20 — Station 1 / —
Ui

_ 
=

Plan View

• — 35 I I I
p . 

0 100 200 300 ‘400
TIME (MICROSEC ) -

Figure 47. Vertical Displacement Ihisotires at Selected Points
on Surface of Ho—Al Turbine Blade Impacted on Leading
Edge by 85— gm W a t e r  Sphere  a t  25° Ohliquitv (Case- F)

( 1

• • • • _____- - -__
_ JIi~~: 



SECTI ON III

COMPARISONS WITH EXPERIMENTS

UDRI has conduc ted an exper imen ta l inve sti gation of

sof t body impac ts on nom inally ri g id and defo rmab le targ et s
at normal  and ob l i qu e incid ence 3. ~ecent investigations

6

have involved transducer measurements of p ressur e - t im e h i s -
tories at stations near the impact point in the target plate. ‘1.
The measured his tories will be compared w ith corre sponding
calculat ions in this sec tion.

Figure 48 summarizes the impac t condit ions for the
experimen ts and calcula t ions. Al though these condi tions are
nomin al ly  s i m i l a r , significant differences in impac t velocity ,
projec tile ma terial and dens ity, and pro jec tile shape are

• apparent.

3.1 NORMA L IMPACTS

Figure 49 compar es pressure historie s at the impac t
point. The calculated pulse rises very steep ly to about the

expec ted water hammer pulse (P~1= p0V0C = 2.8  kb) , then decays
rapidl y. The measured pulse r ises more slow ly , attaining

• a maximum after 40 usec , then decay ing f a i r l y  rap idly .

(The exact maximum was not determined; it was stated to be

in excess of 1.5 kb.) After about 50 psec , both the ca lcu-
lated and mea sured pressures decay more gradually , eventually
approachin g the dynam ic p re ssure level , P = 1/2 pV

0
2
~ 0 ,2 kb.

The initial diff erences be tween the calcula ted and
mea sured waveform s may be due to the lim ited fre quency
response of the transducers (100 kHz), which would preclude
resolu t ion of the initi a l wa ter hammer puls e or subsequen t

rap id decay.

The oscillat ions in the numerical results can be
smoothed if more artificial viscosity is used in these

L 
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1

type ana lyses. Only a minimum of such viscosity was used in

Ca se A , so as to allow the  early pressure sp ike to more

accura tely develop .

Figures 50 and 51 compare measured and calculated
pressure histories at stations 1/2-in , and 1-in , from the

impact point , res pec t ive ly, The experimen tal data has been

shifted in time to agree with the expected time delay assoc-

iated with stations at 1/2-in, and 1-in , from the impact.

The comparisons for these stations are very good .

3.2 OBLIQUE IMPACTS

The obli que impac t compa risons be tween calcula ted
and measured pressure pulses are not as meaning fu l because

• of the distinct differences in projectile shape (sphere vs

right cylinders) and the velocity variation between the two

tests. Figure 52 shows the pressure pulses measured at

three stations: at the impact center (i.e., intersection of

the cy linder axis w i t h  the target surface), and at points

1-in. “upstream ” and “do wns tream ” from that point. None of

the pu l ses  sh ow a wa ter hamm er sp ike . Al l r ise r ela t ive ly

slowly, and remain fairly constant thereafter. However ,

the pressure levels are substantiall y differ ent. The up-

stream station attains a pressure level of about 110 bars.

This is below the dynamic pressure corresponding to the full

velocity for the gelatin impact , i.e., P = l / 2 p V 0
2 = 180 bars) ,

but it is far above the dynamic pressure corresponding to

the normal component of the velocity , P = 1/2p  (V0sinO )
2 = 32

bar s. The center-line and downstream stations attain

pressures which correspond closely to the latter , i.e.,

P = l/2p(V0s in O ) 2 . This behavior is qualitativel y cons istent

with the tentative observation in Reference ~ that dynam ic

‘is
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pressures in subs tantial l y oblique impac ts of cylinders
approach l/2pV0

2 at points on the upstream side of the stag-
nation point (which is upstream of the cen ter-line intersec t ion) ,

and l / 2 ( V 0 s inO) 2 on the downstream s i d e ,

Figure 53 compare s the calcu lated pul se (for a spher-
ical wa ter drop impact-Case B) with the measured pulse (f or

• the gela tin cylinder) at the upstream stat ion . The waveforms

are qualitativel y very different. The calculated pulse ris es
sharp ly to about 400 kbars , then decays gradually, reaching the -‘

20-4 0 bar level by 15 psec. The measured pulse climbs grad-
• ually to 100-110 bars , and remains nearly cons tant a t that

level for 300 psec. These different behaviors indicate that

geome try of the impac t ing body has a po tentially impor tant
influence on the loading pulse .
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

The quantitative and qualitative results of this stud y

demons t ra te  the detailed nature of the temporal and spatial
descriptions which can be obtained with numerical codes for

the dynamic impact phenomena involved in soft body impacts.
Normal impacts on rigid or deformable plates can be treated

from first princi pals using the 2-D finite difference WAVE-L

code. Obli que impacts are more difficult to analyze because

these impacts are generally 3-D in nature. For the case of a
nominally-spherical body obliquely impacting an essentially
frictionless surface which does not substantially distort

during loading, a Galilean coordinate transformation (see

Appendix B and Section 2.2) can be used to transform the 3-D

obli que impact into an approximately equivalent 2-D axisym-

metric impact problem . This transformation techni que was

app lied to obli que impacts of spherical projectiles into

rigid and semi-rigid targets. For oblique impact cases in-

volving large target deformations , the techn ique is not

applicable.

The time-resolved force loading functions from 675 fps

normal and oblique soft body impacts on ri gid and 0.136-in.

stainless steel plates can be used to load complete

3-D finite element models of turbine blades , including

the root design. Cases E and F in this study examined the

local behavior in 3-D of a section of a turbine blade for an

edge-on impact at 25°. A similar approach could be taken using

a more complete 3-D finite element blade descri ption .

Potentially important differences were seen between

calculated loading pulses for obli quely-impacting spheres ,

and measured pulses for obli quely-impacting cy linders. The

differences in these relativel y low-velocity impacts are thought

to be due to projectile geometry effects.
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The follow ing recommend ati ons are made for add it ional
efforts directed toward understanding the soft bod y (b ird)
imp act p roblem s:

1, Develop realistic material models for birds -

Th e numeric al cod es can be used to dev elop and/ or
evaluate material and loading models for the soft body impacts

on a irc raf t componen ts. In par t icu lar , the porosit y muscle !

skin strength , and bone struc ture of b ird s may influence impact

loading and loc al damage mech anisms. Code soluti ons provide
• a precise and controllable approach for understanding the

role of these proper ties , and can thereb y lead to development

of sim p ler models .

2. Investi gate the importance of projectile shape factors -

Codes can d irec t l y evaluate differences in the force

loading on a target for various shapes corresponding to

possible bird impacts. This information is needed not only

to evaluate the range of impact loading which can be expected

• for different birds and impact orientations , but also to help

des ign real istic simulants.

3. Develop a rap id techni que for us ing the early impact
phenom ena and forc e load ing descr iptions -

This is needed to allow for efficient 3-D finite

elemen t code predic t ion of surv ivabi li ty of turb ine blade
designs.
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APPENDIX A

MATERIAL PROPERTIES

1. MATERIAL MODEL FOR TYPE 403 STAINLESS STEEL (SS403)

The material proper ties for SS4 03 described below have
been chosen to match as closely as poss ible the properties of
the steel being used in the experimental work3 , which was
specified by the supplier to have an ultimate tensile strength
of 75520 psi , and a yield stress of 36540 spi.

The stre ss levels encountered in the present effor t are
such that an elastic-plastic material model is appropriate.

Wi thin the yield surface , deforma t ions are considered to be

• elastic; excursions on the yield surface are made in accor-

dance with the Prandtl-Reuss flow rule. The location of the

y ield surface for a ma terial element is a func tion of the
local generalized plas tic strain 0, 

~~~
, where

= 

:
I~~~~~

j
~~~

jdt

and is the p lastic strain rate. Work hardening is thus
included in the model. The elastic constants used in the model

are given in Table A-i.

TABLE A-i . ELASTIC CONSTANTS FOR TYPE 403
STAINLESS STEEL

Young ’s Modulus 28.5 x io 6 psi
Poisson ’s Modulus 0 .285
Shear Modulus 11.1 x 106 psi

Bulk Modulus 22.1 x 106 psi
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Fi gure A-i shows a simple tension stress-strain curve

for stainless steel taken from Reference 8. The yield stress

(corresponding to 0.2% offset) is close to the value given

for the steel used in the experiment . This curve was monoton-

-• ically extended to the point of failure , which is taken to be

75520 psi at 30% strain. For efficient use in the solutions ,

the curve has been fit by a line segment and two parabolic

segments , as shown in Figure A -2. The equations for the

an aly t ical  f it are :

a = a0e for 0< e < 0.9875

a = -b
1
+ b

1
2 - 4a 1 (c 1 -e) / 2a 1for 0.9875< e< .33

a = -b
2
+ b

2
2 

- 4a 2 (c 2 - e) / 2a 2for 0.33 < e< .30

where  a0=2 .857 x l0~ psi

a1
=l.472 x 10~~ psi 2

, a2=l .87l x 10
8 ~~~~~

• b 1
7 . 0 l 2  x l0~~ psi~~~ , b

2 
-1 .335 x l0~~ psi~~

.9202 , c 2= 24.14

2. WATER EQUATION OF STATE

The numer ical f it of Walk er and Ste rnberg 9 is used for
the equation of state of water. This equation of state of

water is valid to about 250 kbars . Figure A-3 shows the

Water Ilugoniot up to 50 khars.
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Figure A—l. Simple tension stress—strain function for annealed
stainless steel, from Watter and Lincoln (Ref. 8)
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Analytic fit used in

— numerical so1ut~ ons
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St~~ss 1O
3 psi 

K .2 •3

Strain ~

St~~ss ~~ psi 

60 
~~~~~~~~~~~~~~~~~~~a1y~Ic

1
fit

1
ued in

o — 

~-b 20 30
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Figure A—2. SS1~03 simple tension stress-strain curve fit used
in the numerical solutions showing the comparison• with the base curve from Watter and Lincoln (Ref. 8)
and the extrapolation to large strains
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APPENDIX B

GALILEAN COORDINATE TRANSFORMATION

A physical event , such as the impac t of a so f t bod y
on a pla te , canno t be inf luenced  by the particular coordinate

- •  frame used by an observer of the event . The usual coord inate
frame of reference may be called “the labora tory frame of
reference ”, i.e., the event is viewed from a stationary f r am e

of reference with respect to the earth. A frame of reference

(or coord inate system) moving with a constant velocity with

re spec t to the labora tory frame of r ef erenc e can be used jus t
as well to describe the physical event . The re lati onship
between a laboratory and moving frame of refer ence is illus-
trated in the sketch below.

- 

- V

/ 

/

For simp l ic ity ,  and for the application in Section 2.1 , we
have assumed that the coordinate axes in the laboratory and

mov ing frames of reference are parallel with the relative

mot ion in the x direc tion; that is , the primed system is

moving in the x direc t ion wi th speed v relati ve to the
unprimed system .
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Now if the two origi ns 0 and 0’ are coincident at time

-
- 

t = 0, then the dis tance 00’ is equal to vt. The equat ions of
— t ransforma tion , accord in g to clas sical or Ne wton ian k in ema tics ,

are then

x x ’~~~ vt

y =

lJ z = z ’
t = t ’

where x , y ,  z , t , are in the laboratory sys tem , and x ’ , y ’ ,

z’ , and t ’ are the coordina tes of the moving frame of ref erence.

L Veloc it ies in the two frames of referenc e are then
rela ted by

Thus the dynamic re sults of a phy s ical event in one
~

- coord inate frame is sufficient to completely determine the

dynamics in the other frame of reference.

H
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