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INTRODUCT 

The free-energy minimization method of reference 
chemical equilibrium properties of arbitrary gases and gas mixtures 
a subroutine in a variety of real-gas computations. One example o 
ence 3 where the equilibrium normal-shock and shock- 
are presented. Unless the inputs to the free-energy m 
and temperature, an iterative procedure is necessary which requires considerably more 
computer time. 
ing a magnetic tape containing thermodynamic properties of air over a wide range of 
conditions and by using appropriate tape search routines to interpolate for the desired 
thermodynamic properties. A similar tape has been generated for the thermodynamic 
properties of carbon dioxide. The corresponding species mole fractions a r e  stored on 
two additional tapes. This report presents the data recorded on these tapes in the form 
of tables and charts. These data are for temperatures from 100 K to 25000 K and pres- 
sures  from 40 mN/m2 to 1 GN/m2. 

For real-air computations (ref. 4), this problem was avoided by employ- 

Unpublished tables for thermodynamic properties of pure carbon dioxide were gen- 
erated by Perry A. Newman of the Langley Research Center a decade ago. However, 
these unpublished tables are more restrictive in range of conditions than the present 
tables and do not include mole fractions. Charts for equilibrium properties of carbon 
dioxide a re  included in reference 5 for temperatures to 25000 K. In the present study, 
the 10 species used in reference 5 (e-, C, C f ,  Cf+, 0, 0+, O++, 0 2 ,  CO, and C02) were 
supplemented by 6 additional species (0- , Oi, 02, C' , C2, and CO+). Hence, the pres- 
ent results are believed.to provide more accurate and detailed mole fractions for carbon 
dioxide than reference 5. Also, provision of tables as well as charts is a worthwhile con- 
venience, particularly in regions where curves on the charts overlap and for the 16 mole 
fractions. 

a 

cP 

cv 
h 

SYMBOLS 

speed of sound, m/s 

specific heat at constant pressure,  kJ/kg-K 

specific heat at constant volume, kJ/kg-K 

specific enthalpy, J/kg 



P pressure, N/m2 

R universal gas constant, 8.31434 kJ/kmole-K 

S specific entropy, kJ/kg-K 

T 

W 

temperature, K 

molecular weight, kg/kmole 

W O  molecular weight of undissociated carbon dioxide, 44.01 1 kg/kmole 

Z kmole of dissociated carbon dioxide per kmole of undissociated carbon 
dioxide, Wo/W 

isentropic exponent , 

P density, kg/m3 

CONVERSION FACTORS AND CONSTANTS 

Conversion factors between the International System of Units (SI) and U.S. Customary 
Units (ref. 6) for the quantities presented in the present tables and charts are as follows: 

1 N/m2 = 9.8692 X loe6 atm = 1.4504 X 

1 kg/m3 = 6.2428 X 

psi = 2.0885 X 10-2 lbf/ft2 

lbm/ft3 = 1.9403 X 10-3 slug/ft3 

1 J/kg = 1 m2/s2 = 10.764 ft2/s2 = 4.3021 X Btu/lbm 

1 m/s = 3.2808 ft/s = 2.2369 mph 

Physical constants appearing herein a re  

po = 101.325 kN/m2 

Wo = 44.011 kg/kmole 

a, = 259.15 m/s 

po = 1.9626 kg/m3 

To = 273.15 K 

2 
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FAILURE OF UNDERGROUND CONCRETE STRUCTURES 

SUBJECTED TO BLAST LOADINGSC 

C. A. ROSS 

University of Florida Graduate Engineering Center 
Eglin AFB, Florida 32542 

and 

P. T. Nash and G. R. Griner 
USAF Armament Laboratory 
Eglin AFB, Florida 32542 

This s tudy presents  the  r e s u l t s  of  ana ly t i ca l  p red ic t ions  
of response and f a i l u r e  of two-edges-free reinforued concrete  
s l abs  subjected t o  intermediate  b l a s t  loadings. Approximate 
t heo re t i ca l  methods using s t a t i ona ry  and moving p l a s t i c  hinge 
mechanisms with l i n e a r l y  varying and time dependent loadings 
a r e  developed. Reasonable agreement between ana lys is  and ex- 
perimental observations was obtained. 

INTRODUCTION 

Fai lure  of reinforced concrete 
s t ruc tu re s ,  a s  well  a s  o the r  s t r u c t u r a l  
elements subjected t o  d i s t r i bu t ed  normal 
loads,  may be defined i n  terms of t h e  
degree of damage. In  t h i s  study f a i l u r e  
of zeinfofced concrete s t ruc tu re s  w i l l  
be defined a s  a condit ion where ac tua l  
separat ion o r  f r ac tu re  of t h e  reinforc-  
i n g  elements has occurred. This essen- 
t i a l l y  means t he  s t r u c t u r e  w i l l  have 
been rendered almost completely incapa- 
b l e  of any load carrying a b i l i t y .  To 
reach t h i s  damage l eve l  t he  re inforc ing  
elements a t  t h e  f a i l e d  pos i t ion  w i l l  
have passed through the  y i e ld  and u l t i -  
mate s t r e s se s .  For t h i s  type condition 
a reasonable assumption is  t h a t  the  ten- 
r i l e  s t rength  of t he  concrete  is  negli-  
b l e  when compared t o  t h e  s t rength  of 2x3 
reinforcing elements. Fa i lure  i n  this 
c,aap i r  then bared on t h e  ul t imate 
r t rength  o r  elongation of t he  reinforc-  
i n g  elemants. For p l a t e s  and beams with 
t r a n e w r s e  loade where bending is pres- 
e n t ,  an idea l ieed  r i g i d  pe r f ec t ly  plas- 
t i c  s t r e r r - s t r a i n  asrumption may be used 
t o  eet imate t he  t r u e  moment carrying 

%is study funded by t h e  J o i n t  Techni- 
c a l  Coordinating Group/Surface Target 
Surv ivabi l i ty  Vulnerabi l i ty  Program 
through USAP Office of S c i e n t i f i c  Rs- 
rearch Grant 78-3592 i n  cooperation with 
the  US- Armament Laboratory, Eglin AFB, 
Florida. 

capaci ty of the  s t ruc ture .  This assump- 
t i o n  is j u s t i f i e d  f o r  d u c t i l e  steel re- 
inforc ing  elements whose t r u e  s t r e s s -  
s t r a i n  r e l a t i o n  shows a r a the r  small 
e l a s t i c  port ion when compared t o  t he  
ove ra l l  s t r e s s - s t r a in  diagram. The 
" fu l ly  p l a s t i c "  o r  nu l t imaten  moment as 
applied t o  s t a t i c a l l y  loaded reinforced 
concrete beams and p l a t e s  is  summarized 
by Sz i la rd  (11. The " fu l ly  p l a s t i c  mo- 
ment* and " p l a s t i c  hinge" f o r  metal 
beams is covered i n  d e t a i l  by Timoshenko 
and Gere [21 and p l a s t i c  hinges and y i e ld  
l i n e s  as  applied t o  reinforced concrete  
beams a r e  shown i n  some d e t a i l  i n  [ l ] .  
Abrahamson, et  a 1  [31 used both s t a t i on -  
a ry  and moving p l a s t i c  hinges t o  describe 
t h e  de f~ rma t ion  process of t h i n  metal 
beams subjected t o  various kinds of 
t ransgerse dynamic pressure loadings. 
Jones (41 used this simple r i g id -p l a s t i c  
method t o  succesr fu l ly  p red i c t  the  l a rge  
i n e l a s t i c  behavior of t h i n  metal beam 
when subjected t o  impulsive loads and 
ana ly t i ca l l y  ve r i f i ed  t he  experimental 
work of Menkes and Oyat (51. 

Experimental evidence of Fuehrer 
and Keener (61 shows t h a t  buried rein-  
forced Loncrete beams er rh ib i ta  p l a s t i c  
hinge type deformation when subjected t o  
a small underground explosion of cloee 
proximity. The resclts of t h i s  experi- 
mental pro ram [61 show two kinds of 
t.ilunc !I a ~ a u  f a i l u r e ,  w i t h  a 



p l a s t i c  hinge on each end and i n  t h e  
middle, wi th  no apprec iab le  concrete  
cracking elsewhere,  a ssoc ia ted  with  low- 
e r e d  p ressure  loads ,  and 2) f a i l u r e  of 
r e i n f o r c i n g  elements a t  s i d e s  and middle 
with  l a r g e  a r e a s  o f  cracked concrete  
over  t h e  i n t e r i o r  s e c t i o n  of t h e  beam 
showing evidence of moving hinges  asso- 
c i a t e d  with  loadings l a r g e r  than those 
of number 1 above. The f a i l u r e  assoc i -  
a t e d  with  complete shear ing  a t  t h e  ends 
was no t  evidenced b u t  should no t  be d i s -  
counted a s  the loadings may no t  have ap- 
proached those  necessary f o r  complete 
end shear ing.  Based on t h e  experimen- 
t a l l y  determined f a i l u r e  modes descr ibed I 
above, a s tudy  was i n i t i a t e d  t o  a n a l y t i -  
c a l l y  descr ibe  these  type f a i l u r e  modes 
and p r e d i c t  r e in forced  concrete  beam de- 
f l e c t i o n s  and f a i l u r e s .  The approach t o  
be used was chosen a s  t h e  previously de- 
s c r i b e d  p l a s t i c  hinge methods and t h e  
remainder of t h i s  paper i s  concerned 
with  development a n d  r e s u l t s  obtained by Figure Mechmism 1, showing 
t h i s  a n a l y t i c a l  approach. a r y  hinges  a t  ends and midspan Mu=hinge 

mment p e r  u n i t  length.  
ANALYSIS 

Based on a thod used by Abraha~nson 
(31, us ing two f- lure mechanisms a s  
shown i n  Figure  1 f o r  f ixed  end beams P l a s t i c  Hinges 
with  a l i n e a r  load d i s t r i b u t i o n  of Fig- 
ure  2, equat ions  have been developed t o  
p r e d i c t  d e f l e c t i o n  and f a i l u r e  of re in -  
forced concrete  beams. The beam loading 
shown i n  Figure  2 is assumed l i n e a r  spa- 
t i a l l y  and every p o i n t  on t h e  beam has 
t h e  same t i m e  v a r i a t i o n  given a s  

f (t) = (1-t/r)exp(- at/^) 
I 

I where t is t i m e ,  a is a dimensionless 
decay consta?t  and T i s  t h e  length of 
t h e  p ressure  p u l s e  i n  seconds. The load- 
i n g  is expressed i n  terms of a uniform 
loading denoted by P a t  t h e  edgcli and Figure l b .  Mechanis.n 2 ,  showing s t a t i o n -  
a uniformly varying Eriangular  load of a r y  hinges a t  ends and two t r a v e l i n g  
magnitude PC a t  t h e  c e n t e r  and zero a t  hinges.  
t h e  edges. These loads a r e  assumed con- 
s t a n t  ac ross  t h e  beam width b. Using 
Figure 2 t h e  beam loading,  i n  fo rce  p e r  
a r e a  o f  t h e  beam, a t  a d i s t a n c e  x from 
t h e  beam end is  given a s  

x f (t) 3nw 3FMu P ( x , t )  (PE+PCz) f (t) 0 = ( 3 P ~ t 2 P ~ ) - ~ - m , 3  O t < r  (3)  

f o r  0 sxsa and 0 S t i ~  (2)  3FM, 
0 , -3n'" 

Zma-J t > T  p ( x , t )  = 0 f o r  a l l  x and t > r  

where f ( t)  is given by Equation (1). where 0 is  t h e  angular  r o t a t i o n  i n  r a d i -  
ans J C  t h e  hinge moment a s  shown i n  ~ i g -  

The equat ion of motion f o r  mecha- u re  3, Mu is t h e  p l a s t i c  hinge moment/ 
niem 1 i s  given by u n i t  l eng th ,  m is t h e  beam mass p e r  u n i t  

a r e a ,  w is t h e  weight p e r  u n i t  a r e a ,  !? 



i e  edge f i x i t y  term, and n determines 
loading d i r e c t i o n .  F equa ls  1.0 f o r  
simply supported edges and 2.0 f o r  f ixed  
edges.  The load d i r e c t i o n  i n d i c a t o r  n 
e q u a l s  +1, -1, 0 f o r  b e m i  with  loads 
from above, from below, and v e r t i c a l  
beams respec t ive ly .  The c e n t e r  p o i n t  
Z ~ f l e c t i o n s  and v e l o c i t y  a r e  given a s  

where a i s  the beam ha l f  span. 

Figure  2. Beam loading f o r  l i n e a r l y  
varying load. PC, PE, fo rce  per  u n i t  
area .  

Figure  3. Beam noid t ion  and d e f l e c t i o n  
f o r  mechanism 1. 

The equat ion of  motion f o r  t!!e f l a t  
c e n t e r  por t ion  is given by 

'C nw, 3 '(t) (p  E r  + 1 -- O W a ,  Osts~, 

where H is t h e  hinge loca t ion .  

us ing t h e  assumption of zero shear  
a t  t h e  hinge t h e  equat ion of  motion f o r  
r o t a t i o n  o f  t h e  o u t e r  p o r t i o n  of l eng th  
H has been determined t o  be 

Equations ( 6 )  reduces t o  Equation (3)  
when H reaches a and a beam deforming 
i n i t i a l l y  i n  a mechanism 2 mode w i l l  re- 
duce t o  a mechanism 1 mode i n  t h e  f i n a l  
s t a g e s  of t h e  d e f l e c t i o n  process .  Equa- 
t i o n s  (5)  and (6 )  a r e  coupled through t h e  
c o n t i n u i t y  condi t ion  t h a t  

and 

A = H8 

The i n i t i a l  h inge l o c a t i o n  HO may be de- 
termined by t h e  i n i t i a l  condi t ion  t h a t  

where H is t h e  i n i t i a l  h inge l o c a t i o n  
f o r  t = O O .  Applying t h e  hit:. 1 condi- 
t i o n  o f  Equation ( 8 )  r e s u l t s  In an equa- 
t i o n  from which t h e  i n i t i a l  h inge loca- 
t i o n  is  determined knowing t h e  app l ied  
loads and t h e  hinge moment Mu. The equa- 
t i o n  f o r  Ho i s  given a s  

The s t a t i c  c o l l a p s e  load P ( a t  edge of  
beam) f o r  a mechanism 1 mo8e i s  t h a t  load 
required t o  produce a bending moment Mu 
a t  t h e  ends o r  midpoint o f  t h e  beam. For 
t h e  loading a a s m e d  with  K = PC/PE, 



Figure 4. B e r n  notat ion and def lec t ion  
fo r  mechanism 1. 

in f  orcing 
Elements 

Figure 5. Beam cross sec t ion  used for  
ca lcu la t ing  MU. 

Solvins Equation (10) f o r  Mu and subs t i -  
t u t i n g  i n t o  the r i g h t  hand s ide  of equa- 
t i on  ( 9 )  r e s u l t s  i n  

where Y - Ho/a and A is the  r a t i o  of  the  
applied edge load PE t o  the center  load 

required fo r  s t a t i c  col lapse.  The 
Z f u t i o n  f o r  I( - 0 r e s u l t s  i n  Y = 1 to r  
A = 3 which agrees with t he  r e s u l t s  of 
Abrahwon,  et  a1  [31  for. the  uniformly 
loaded f ixed end v e r t i c a l  beam. The 

so lu t ion  of equation (12) then d i c t a to r  
the  mechanism and type of equations of 
motion t o  be used. For O<y<a equations 
(51,  ( 6 )  and (7) a r e  used and f o r  Y - 1 
equations ( 3 )  and ( 4 )  a r e  used. Solu- 
t i ons  wp.ere Y'1 t he  mechanism 1 solu t ion  
is used. A s  A+-, Y+O, therefore  very 
l a rge  values of  A a r e  not  t ~ l o w e d  i n  
these so lu t ions .  

The p l a s t i c  o r  hinge mombrlt is  given 
by Sz i la rd  111 a s  

(12) 

where d i s  d is tance  between re inforc ing  
elements (Figure 5 1 ,  q i s  the  re inforc ing  
r a t i o  i n  tension,  oR i s  the y i e l d  s t cds s  
of the  re inforc ing  mater ia l  and o is  
the  maximum compression s t rength  $f the 
concrete. Equation (12) was used a s  a  
bas i s  f o r  a l l  ca lcu la t ions  i n  t he  fallow- 
ing  sec t ions .  

In t h i s  study the  f a i l u r e  c r i t e r i a  
was chosen a s  s t e e l  f r ac tu re  and the lo-  
ca l ized  p l a s t i c  s t r a i n  t o  f r ac tu re  ap- 
pears t o  be more e a s i l y  estimated than 
the  s t r e s s  a t  f a i l u r e .  Since angular 
ro ta t ion  0 is the  foremost independent 
parameter, s t r a i n  i n  the  re inforc ing  
element w i l l  be expressed i n  t e r m  of  
the  ro ta t ion .  In  t he  usual manner 
s t r a i n  w i l l  be presented i n  two p a r t s ,  
i.e. ~t s t r a i n  due t o  change i n  length 
and cb s t r a i n  due t o  ro ta t ion .  The de- 
formed length E a t  the ? l a s t i c  hinges 
f o r  homogeneous metal 1 a m  141 was as- 
sumed t o  be some multip .e o r  f r ac t i on  
of t he  thickness. In t h i s  case t he  de- 
formed length of t he  re inforc ing   element^ 
a t  the  p1as:ic hinge w i l l  be chosen a s  
the dis tance between the  elemenrs of t he  
re inforc ing  mesh. This assumption s e e m  
j u s t i f i e d  on the bas i s  t h a t ,  although 
the f&e d is tance  of 7n element i n  ten- 
s ion i s  imbedded i n  concrete, contrac- 
t i o n  due t o  Poisson e f f e c t  w i l l  occur 
and allow elongation of t he  element be- 
tween the two transverse adjacent  par- 
a l l e l  re inforc ing  elements fixed i n  the  
concrete. Neglecting higher order  terms, 
change i n  the halfspan length may be ap- 
proximated f o r  a  mechanism 1 mode as  

where a  is t h e  halfspan length and A is  
the  midspan def lec t ion .  I f  half  of t h i s  
change takes place a t  the end support 
and the  remainder a t  the midspan, then 



6 i s  g iven  i n  t e rms  o f  ct  and a s  E E R 4  (16)  

6 k t &  = a(-r) (14) and t h e  s t r a i n  due t a  bending bectmes 
4a 

cb = Od/211 (17) 
The r o t a t i o n  Q may be  e x p r e s s e a  c.1 
O=A/a and t h e  s t r a i n  E~ becomes 

The t o t a l  s t r a i n  E may be w r i t t e n  a s  
aCI2 (15)  

Et I jrjr ea e d  
'2 = Et+E,, = ~ ( v z )  

The s t r a i n  c~ due t o  bending a t  t h e  
p l a s t i c  h ingg may be  expres sed  a s  d/2R 
where R ie t h e  r a d i u s  o f  c u r v a t u r e  and A s i m i l i a r  equa t ion  may b e  determined 
d is the d i s t a n c e  between t h e  r e i n f o r c -  f o r  t h e  mechanism 2 c a s e  where H t h e  
i n g  mats a s  shown i n  F i g u r e  6. The ra- c u r r e n t  h inge  p o s i t i o n  is used i n  p l a c e  
d i u e  o f  c u r v a t u r e  is d e f i n e d  by of  t h e  midspan l e n g t h  a. 

REINFORCING r ELEMENT 

Figure  6.  Schematic o f  s l a b  t h i c k n e s s  showing n o t a t i o n ,  arrangement of r e i n f o r c i n g  
el em en*:^ and t h e  assumed h inge  l e n g t h .  



EXPERIHT?iTkL TESTS RESULTS AND DISCJSSIOH 

Tests I61 were perfcnned an several 
sizes of reinforced s labs  uitn two edges 
fixed and selected specimens fron these 
tests are presented here for comparison 
w i t h  analytical results. 

The specimens were fabricated us ing  
6000 p s i  compression concrete reinforced 
w i t h  a ateel wire 4 in x 4 in 120.16 x 
10.16 an) mesh both top and bottom. Ad- 
d ~ t i o n a l  reinforcementswreplaced at 
the ends of the specimens as seen in the 
fractured specimen of Figure 13. The 
general schematic of t e s t  specimens i s  
shown i n  Figure 7 and a test spec ima i n  
place is  shown i n  che photcgraph of Fig- 
ure 5. The iegs of  the specimen were 
placed against an upright concrete wall 
and were preventsd from parallel outward 
motion at the wall by steal hngkee as 
s h m  in Figure 8. The explosive charge 
was placed on a line normal to and at 
various d i s tances  f r o m  the center of t h e  
slab. Presscre wave speeds were meas- 
ured at various distances  from the 
charge. 

ALI t e s t s  were performed w i t h  the 
test specimen vertica'. The specimens 
were then covered and packed w i t h  soil 
to a h e i g h t  approximately 3 ft 1.91rn) 
above the top 0 5  the specimen. This ex- 

The deflection or rotation of the 
slab may be determined using equations 
( 3 )  or ( 5 1  and ( 6 )  , however the key to 
the initial response i s  found w i n g  
~ u a t i o n  (11). The initial position of 
the plas t i c  hinge Y may b e  found using 
equation (11) and this p o s i t i o n  is nec- 
absary if a so lut ion  of d e f l e c t i o n  ver- 
sus t i m e  i s  r ~ q u i r e d .  

perimental configuration eliminated the FiqureB. Photograph showing topsoil re- 
weight  of overburden. The top of the moved w i t h  test specimen in place.  
upright specimen r a s  covered to prevent 
b a c k f i l l  behind the test s lab .  

RETAINING WALL 

AfiGtES 

SPECIMEN 

EXPLOS I VE 

Figure 7. Schematic of t e s t  setup w i t h  s o i l  removed. Test  arrangement is completely 
covered w i t h  sail before t en ts .  



l g u r e  9. Calculated deflection-rim curves for Case I .  Deflection scaled to 
lenqUl of beam as shown. Nunters to r i g h t  give t i m e  in milliseconds for each curve 
A r r o w  indicates position of ~ o v r n g  hinqe. 

Figure 10. F o s  t - t e s t  ol~otoqraph of 
Case 1. 

Figure 11. Pest-test photograph of 
Case 2 .  

IIowevet a simple +!~t?ck on the expected pressure loadinu, as well as the  prea- 
response may be determined, for example, sure distribution over t h e  s l a b .  The 
on a fixed ctld beam, ' + y  I t - t t i n g  Y L ~ ,  general shape of the pulse i s  necessary 
pr?, n=O, and solving fur l = 2 K + 3 ,  which fo r  a complete solution however general 
I T  t h e  boundary betwccn thc mcchan~sm 1 relations for c e r t a i n  cases s i m i  l i a r  to 
~ n d  mechanism 2 i n i t i a l  response. There- those o f  reference I J I  nay bc written 
fore for i 2 i 2 K + 3 l  Lhc i n i t i a l  response using only the  impuls~ and peak pressure 
is by m e c h a n ~ s m  I .~nd Tor ! I2l i+J1 the of  the pressure  l o r d ~ n q .  mr p r e s s ~ r e  
i n i t i a l  response is by mechanism 2 .  The loadings used were estimate from the 
u s e s f  equatloo ( 1 1 )  In t h e  detcrminat~on measured pressure t i m e  curves of refer- 
~f the  i i ~ i  t l a l  rcspnnst. w c h a n i s m  re- ~ n r e  (61. Well-defined pressure loadings 
quires ti10 m.lximrun prrssurt. o f  the are desired due to the requirement for 



i n i t i a l  peak loading and t o t a l  impulse, 
however, only es t imates  were ava i lab le .  

Equations (1) through (12) have 
been coded and s o l u t i o n s  o f  t h e  t h r e e  
cases  given below -in Table I were p r o -  
grammed. The a n a l y t i c a l  p red ic ted  re- 
sponse of Case 1 is  shown i n  a s c a l e d  
drawing of  Figure 9 and t h e  expermen- 
t a l  f i n a l  p o s i t i o n  and f a i l u r e  o f  this 
siuae s l a b  is shown i n  Figure 10. Ana- 
l y t i c a l  p r e d i c t i o n  o f  Case 2 gave a max- 
imum midspan d e f l e c t i o n  o f  approximately 
1.0 inch  (2.54 can). Experimentally,  one 
test o f  Case 2 shoved about  1.5 inch 
(3.81 cm) midspan d e f l e c t i o n ,  however, 
a second test, shown i n  Figure  11, ind i -  
c a t e s  no d e f l e c t i o n  and minimal cracking. 
The a n a l y s i s  o f  Case 3 gives  a mechanism 
2 i n i t i a l  response and the response-time 
r e l a t i o n  is shown i n  t h e  s c a l e d  drawing 
o f  Figure 12. The f i n a l  experimental 
d e f l e c t i o n  f o r  Case 3 is shown i n  Figure 
13. 

Using t h e  f a i l u r e  criteric a s  pre- 
sented i n  t h e  Analysis Sec t ion ,  t h e  ro- 
t a t i o n  f o r  f a i l u r e  e, may be determined 
i f  t h e  s t r a i n  t o  f a i l u r e  E~ is known. 
pos t  f a i l u r e  observat ions  s h w  t h a t  the  
d i s t a n c e  between r e i n f o r c i n g  elements is 
a reasonable e s t i m a t e  of t h e  deformed 
hinge width. 

Fracture? of the r e i n f o r c i n g  hle- 
ments occur  e i t h e r  a t  t h e  welds o f  t h e  

mesh o r  a t  l o c a l i z e d  p ~ i n t s  between t h e  
welds. Pos t  test measurements of re in -  
f s r c i n g  elements show a very l o c a l i z e d  
reduct ion In  a r e a  near  t h e  f r a c t u r e  
p o i n t  w i t t .  very l i t t le  o r  rro p l a s t i c  de- 
formatiolr a t  p o s i t i o n s  away from t h e  
f r a c t u r e  point .  Laboratory measurements 
on the mesh v e r i f i e d  t h e  pos t  test meas- 
urements and d e f l e c t i o n  load curves  i n -  
d i c a t e  a y ie ld /u l t imate  of 60,Ohd-70,000 
p s i  (411 - 483 MPa) and a s t r i i n  t o  f a i l -  
u r e  o f  0.10 t o  0.15. 

Using an exper imental ly  observed 
s t r a i n  t o  f a i l u r e  o f  0.125 acd equat ion 
(19) g i v e s  a r o t a t i o q  t o  f a i l u r e  of 0.22 
rad ians  f o r  a 2 8  ir. t.71 m) s l a b  i n i t i a l -  
l y  deforming i n  a mechanism 1 laode. Ex- 
per imental  evidence shtms t h a t  f o r  t h e  
2 8  i n  (.71 m) long s l a b s  somc r e i n f o r c -  
i n g  steel was f r a c t u r e d  f a r  a l l  r o t a t i ~ n s  
above 0.20 radians .  

~ a t h e m a t i c a l l y ,  t h e  d i s t i n c t i o n  be- 
tween mchanisn. 1 and mechanism 2 is a 
l i n e ,  however, f o r  a r e a l  s t r u c t u r e ,  
where the hinge may only have t o  f a l l  
wi th in  h a l f  t h e  hinge l eng th  o f  the mid- 
span t o  be c l a s s i f i e d  &s a mechanism 1 
mode. For Case 1, t h e  p red ic ted  i n i t i a l  
hinge loca t ion  was found t o  be only a- 
bout 10% of  t h e  h a f f  span from t h e  cen- 
ter and the response mode is distinctly 
mechanism 1 a s  shown i n  Figure 10. How- 
ever ,  f o r  t h e  Case 3 t h e  f r e e  span is s o  
s h o r t  it is d i f f i c u l t  t o  determine what 

Ef fec t ive  S ize  

TABLE I 

REINFORCED CONCRETE SLAB TEST, 2% STEEL, 
FIXED TKO EDGES. 

PC 





OPTIHILATION OF REINFORCED CONCRETE SLABS 

J. H. Ferrittc 
Civil Engineering Laboratory 

Naval Construction Battalion Center 
Port Huenwe. California 

The Departoent of Defense uses reinforced concrete cells composed of 
concrete slabs to limit the effects of accidental explosions during 
hazardous explosives operations. An automated design procedure is 
discussed which considers the dynamic nonlinear behavior ot the rein- 
forced concrete of arbitrary geometrical and structural configuration 
subjected to dynamic pressure loading. Optimum design of the slab is 
accomplished by use of an interior penalty function. The paper dis- 
cusses the optimization procedure and a discussion of the results is 
given. The results are compared with finite element analysis. 

INTRODUCTION 

The Department of Defense has numerous 

facilities engaged in the production of various 

types of explosives and munitions use< mili- 

tary services. In most cases the production of 

amunition utilizes assembly line procedures. 

Projectiles pass through various stages of 

preparation: filling with explosive, fczing, 

marking, and packing. Hazardous operations, 

such as the filling of the projectile case with 

an explnsive in a powder form and the compaction 

of the povder by hydraulic press, are accom- 

plished in protective cells that are intended to 

confine the effects of an accidental explosion. 

Uost of the existing production facilities 

were built in the 1940s. With few exceptiuns, 

the manufacturing technology and existing equip- 

ment represent the state of the art as of 1940. 

The production equipment was operated extensive- 

ly during World War 11, again during the Korean 

conflict, and recently during the Southeast Asia 

war. Pluch of this equipment and the housing 

structures have been operating beyond their 

designed capacities 111. The Department of 

Defense is conducting an ammunition plant mod- 

ernization program [ 2 ]  that is intended to 

greatly enhance safety in the praduction plants 

by protective construction, automated pro- 

cessing, and reduction of perso1:nel invoived in 

hazard operations. An automated procedure was 

required to give structural designers the capa- 

bility to perform rapid analysis of the struc- 

tural safety of blast-resistant construction. 

Th? design parameters interact in a complex way 

slnce the procedure is both nonlinear and dynam- 

ic. From a design point of view r a  optimization 

proced~~re was required to minimize cost and 



maximize s a f e t y  s ince  b l a s t - r e s i s t a n t  construc- 

t i o n  has been reported t o  c o s t  3 t o  5 t i r s  a s  

much a s  conventional const ruct ion.  Therefore,  

t he  f i r s t  ob jec t ive  was t o  autonate  the  ana lys i s  

procedures f o r  determining s t r u c t u r a l  response 

of  re inforced concrete s l a b s  having a b i l i n e a r  

s t i f f n e s s  representa t ion and subjected t o  b l a s t  

shock and gas pressures .  Concrete s l a b s  a r e  the  

bas i c  e l m n t  forming s idewal ls ,  roofs  and 

f l o o r s  of c e l l s  designed t o  conf ine  the  e f f e c t s  

of acc iden ta l  explosions.  The second ob jec t ive  

was t o  provide an opt iaua  design procedure f o r  

laced (shear re inforced)  and unlaced re inforced 

concrete s l a b s  t h a t  w i l l  au tomat ica l ly  produce a 

l eas t - cos t  design f o r  a given s l a b  geometry, 

mater ia l  p rope r t i e s ,  and explosive weight f o r  

both f e a s i b l e  and nonfeas ible  s t a r t i n g  points .  

Analysis Procedure 

The procedure t r e a t s  re inforced rectangular  

s l a b s  with a r b i t r a r y  boundary condi t ions ,  cross  

sec t ion  p rope r t i e s ,  mater ia l  p rope r t i e s  and 

loading. The determination of the  equivalent  

pressure  load based on the  quan t i ty  of explosive 

and c e l l  geometry i s  based on Reference 13:. 

The c o ~ p u t a t i o n a l  procedure f o r  t h e  s l a b  analy- 

s i s  u t i l i z e s  re inforced concrete sec t ion  proper- 

t i e s  t o  determine r e s i s t i n g  moment, from which 

using y i e l d  l i n e  ana lys i s  terbniques ,  t h e  s t a t i c  

r e s i s t ance  of the s l a b  i s  determined. The 

s t i f f n e s s  of t he  s l a b  i s  ca l cu la t ed  using e l a s -  

t i c  p l a t e  theory. Using the  loading, r e s i s -  

tance ,  s t i f f n e s s  and mass of t he  s l a b ,  the  

dynamic response o f  t he  s l a b  i s  computed by time 

s t e p  i t e r a t i o n .  The s l a b  i s  modeled a s  an 

equivalent  s ing le  degree-of-freedom e la s to -  

p l a s t i c  system [ b ] .  The design of the  s l a b ,  

based on i t s  u l t imate  s t r eng th  allows l a rge  

nonlinear deformations t o  confine the  e f f e c t s  of 

an acc iden ta l  explosion. The de f l ec t ions  a r e  

l imi ted  i n  terms of  support  ro t a t ions .  

S t ruc tu ra l  Optimization 

t h e  design c o n s t r a i n t s ;  o r ,  s t a t e d  i n  optimiza- 

t i o n  terms: Find fi such t h a t  H(%) i s  a minimum 

aud 

where fi = vector  of design va r i ab le s  

N = number of design cons t r a in t s  

g = vector  of design cons t r a in t s  

U = ob jec t ive  funct ion 

Spec i f i ca l ly  f o r  t h i s  problem t h e  design va r i -  

ab le s  se l ec t ed  a r e  a reas  of s t e e l  reinforcement 

and th ickness  of cnncrete.  The des ign con- 

s t r a i n t s  a r e  minimum sec t ion  p rope r t i e s  and t h e  

f l e x u r a l  and shear  limits. The ob jec t ive  func- 

t i o n  c o n s i s t s  of t he  c o s t s  of formwork, con- 

c r e t e ,  and f l e x u r a l  and shear  ( l ac ing )  re in-  

forcement. 

Fixed Variables 

explosive weight 

wall  height 

wall  length 

height  of explosive above f l o o r  

d i s t ance  of explosive from l e f t  
s ide  of wall  

d is tance  of explos ive  from wal l  

r e f l e c t i o n  code 

ul t lmate  dynamic concrete  s t r eng th  

dynamic y i e l d  s t r eng th  o f  r e i n f o x -  
i n s  s t e e l  

ro t a t ion  c r i t e r i o n  

Design Parameters, X 

tc concrete th ickness  

AVT area  of v e r t i c a l  re info-c ing 
s t e e l  tens ion 

AVC area  of v e r t i c a l  r e i n f ~ ~ r c i n g  
s t e e l  compression 

AHT area of ho r i zon ta l  r e ~ n f o r c -  
ing s t e e l  tens ion 

AHC area  of hd r i zon ta l  r e in fo rc -  
ing s t e e l  compression 

AS area  l ac ing  s t e e l  

The optimization problem cons i s t s  of f ind-  

ing t h e  l eas t - cos t  s t r u c t u r e  t h a t  s a t i s f i e s  a l l  



Constraints, g (X) + (AV + AH)(EL . H)Cs 

6(X) = 6(0), maximum deflection 

V(X) 6 VC for 9 6 2 deg, maximum shear 

tc L 12, minimum thickness 

minimum steel rrin- 0.0025 bd } 
forcement tension or 

AH ' 0.0025 bd compression 

The methodology [5,6] selected used the 

unconstrained minimization approach. The prob- 

lem is o.rerted to an unconstrained minimiza- 

tion by constructing a function, 0, of the 
general form 

For this problem the interior penalty function 

technique was selected. This methodology is 

suitable when gradients are not available, and, 

because the method uses the feasible region 

(region where all constraints are satisfied), a 

useable solution always results. The objective 

function is augmented with a penalty term that 

is small at points away from the constraints in 

the feasible region, but increases rapidly as 

the constraints are approached. The form is as 

follows: 

where M is to be minimized over all k satisfying 
p (g) S 0, j = 1 ... N. Note that if r is 

positive, then, since at any interior point all 

of the terms in the sum are negative, the effect 

is to add a positive penalty to tf(2). As the 

boundary is approached, some g (2) will approach 
zero, and the penalty will increase r~pidly. 

The parameter, r, will be made successively 

smaller in order to obtain the constrained 

minimum of H. 

Objective Function 

Cost = fl = H EL . tc a Cc 

where Cc = cost of concrete ($/cu ft) 

Cs = cost of horizontal and vertical 
reinforcement ($/cu in. ) 

CL = cost of lacing reinforcement 
($/cu in.) 

As = area lacing reinforcement 
($/cu in.) 

AV = vertical steel (tension and 
compression) 

.AH = horizontal steel (tension and 
compression) 

where r = penalty parameter. 

The program requires a starting point in 

the feasible region before optimizat;w can 

proceed. This is accomplished automatically by 

the program by incrementing the design variables 

until a feasible point is reached. 

An algorithm which comprises the steps most 

cowonly used is as follows: 

1. Given a starting point, Xo, satisfying 

all g.(X) > 0 and an initial value for 
J 

r, minimize 4 to obtain Xmin 

2. Check for convergence of Xmin to the 

optimum . 

3. If the convergence criterion is not 

satisfied, reduce r by r + rc, where 

c < 1. 

4. Compute a new starting point for the 

minimization, initialize tbe minimiza- 

tion algorithm, and repeat from step 1. 

The logic diagram for the interior penalty 

functions technique is shown in Figure 1. 

The minimization for @(X,  r) shown in 

Figure 1 is accomplished by a method developed 

by Powell using conjugate directions [5,6] . 
Powell's method can be suarmarized as 

follows: Given that the function has been 



for r md Xo w 
Minimize H X ,  ro) 

minimizer md 
encrate Xo 

Figure 1. Logic diagram for interior penalty 
function technique. 

minimized once in each of the coordinate direc- 

tions and then in the associated pattern direc- 

tion, d~scard one of the coordinate directions 

in favor of the pattern direction for inclusion 

in the next minimizations, since this is likely 

to be a better direction than the discarded 

coordinate direction. After the next cycle of 

minimizations, generate a new pattern direction, 

and again replace one of the coordinate direc- 

tions. 

Figure 2 is a logic diagram for the uncon- 

strained minimization algorithm. The pattern 

move is constructed in block A, then used for a 

minimization atep (blocks B and C ) ,  and then 

stored in S (block D) as all of the directions n 
are up-numbered and S1 is discarded. The direc- 

tions S will then be used for II minimizing step n 
juat before the construction of the next pattern 

direction. Consequently, in the second cycle, 

both X and Y in block A are points that are 
minima along Sn, the last pattern direction. 

This sequence will impart special properties to 

Sn+r = X - Y that are the source of the rapid 
convergence of the method. 

Figure 2 shows a block requiring a one- 

dimensional minimization of a* of the function 
+(f + a Sq). The one-dirnsional ainimiution 

uses a four-point cubic interpolation. It 

finds the minimum along the direction S where 
q' 

$ is the coordinate of the previour minimum. By 
trial and error it finds three points with the 

middle one less than the other two. It makes a 

quadratic interpolation, and then a cubic inter- 

polation. If the actual function evaluated at 

the new interpolated point is not sufficiently 

close to that of the preceding point or if it is 

not sufficiently close to the interpolated 

function, then another c~:bic interpolation is 

u d e .  

Start c;7 
to be roordinatc 
unlr vtctoi, 

Select iY to 
mtnimtzc X + X  + ( I * S ,  

Figure 2. Logic diagram for minimization 
of + ( X I .  



Discussion of Results 

The objective function is segmentally 

linearly dependent on the design variables; 

however, the constraints are both linearly and 

nonlinearly related to the derign variables. 

The m i n i m  area of steel aud minimum concrete 

thickness are linear conr.raint~. Fipure 3 

rhovs the conrtrrintr and objective function 

conriderin8 for this example that reinforcement 

in tension and comprerrion is the s u c  and that 

vertical reinforcement is related to horizontal 

reinforcement (thur reduced variables for a 

2-diwnrional presentation). The shear rtress 

and deflection are nonlinearly related to the 

thickness of concrete. rhe shear rtress i r  

Figure 3. Design space, 2 rides fixed. 



f u r t h e r  noted not t o  be convex. This w i l l  be maximum shear  cons t r a in t  i s  a c t i v e .  Laced 

discussed l a t e r .  Figure 3 shows'the useable sect ion8 e l imina te  t h e  rhear  cons t r a in t .  I f  t h e  

region bounded by f l exure ,  shear ,  and minimum number of s i d e s  supported were increased from 2 

s t e e l  cons t r a in t s .  The optimum leas t - cos t  t o  3, the design space would change a s  shown i n  

so lu t ion  i s  shown. This s p e c i f i c  example solu- Figure  6 .  There a r e  two regions t h a t  a r e  use- 

t i o n  considers an unlaced sec t ion ;  t hus ,  t he  ab le  a reas .  Obviously, t he  lower one o f f e r s  t h e  

l e a s t  cos t  and, t he re fo re ,  i s  more des i r ab le .  

Possible Solution Arc8 

1 in. = 2.54 cm 
2 

1 in.2/ft = 21.16 cm Irn 

3 sides fixed 1 side free 
40 - AVIAH = 1.0 

starting point 8 12 1 2 4  wall 

2-deg rotarion 

c .- 
w 
u - 4 
u .- 
z 
C 
U " 
tl 
0 
B 
Li 2 0  - 

minimum thickness 

Area of tlorizontal Re~nforcing Steel, AH (sq in./ft) 

Figure 4. Design space,  3 s i d e s  f ixed.  



There is c l e a r l y  a complex i n t e r a c t i o n  of 

cons t r a in t s  showing t h e  e f f e c t  of  nhear. Unfor- 

t una te ly ,  t h e  optimum nolut ion found by t h e  

program depends on t h e  s t a r t i n g  po in t  s e l ec t ed .  

The program converges on t h e  c l o s e s t  r e l a t i v e  

optimum. Several  a l ternat . ive  a t a r t i n g  po in t s  

nhould be used t o  v e r i f y  a questic-nable optimum. 

Reviring t h e  design parameters could posnibly 

s h i f t  t h e  cons t r a in t s  such t h a t  only one useable 

so lu t ion  would appear. However, a s l i g h t  in- 

c rease  i n  shear s t r e s s  (10%) can n ign i f i can t ly  

reduce c o s t  by allowing t h e  near-optimum non- 

f e a s i b l e  so lu t ion  t o  be accepted, Figure 5. 

The dual-space problem of f ind ing  a t?seable 

so lu t ion  i s  pecu l i a r  t o  unlaced concrete # l abs  

only  because l ac ing  (shear  reinforcement) modi- 

f i e s  t h e  shear cons t r a in t .  Nonautolrated optimum 

design f o r  unlaced condi t ions  is almost impossi- 

b l e  when one considers th?  complexity of t he  

denign space m d  t h e  l a r g e  number of i t e r a t i o n s  

required when an i n i t i a l  so lu t ion  is not f eas i -  

b l e .  

Cost data  used i n  t h e  program can be se- 

l ec t ed  by the  user .  However, t h e  data  he re in  is 

based on work by Picat inny Arsenal on con t rac t  

wi th  ArUm and Whitney [7 ] .  Table 1 shows a 

comparison of unlaced and laced concrete wal ls  

f o r  var ious  boundary condi t ions .  The example 

considers  a 15-foct-high by 12-foot-wide (4 .6  m 

x 3.7 a) wall subjected t o  a 200-psi (1,400 kPa) 

10-ms t r i angu la r  loading funct ion.  In  a l l  cases 

t h e  la-ed concrete (12-degree ro t a t ion )  i s  l e r a  

expensive than unlaced (2-degree ro t a t ion )  

designs.  For t h e  unlaced sec t ions  u l t imate  

de f l ec t ions  expressed a s  support  r o t a t i o n  capa- 

c i t y  aun t  be l imi t ed  t o  2 degrees whereas laced 

sec t ions  a r e  allowed t o  reach 12 degrees by 

v i r t u e  of t h e  added concrete confinement pro- 

vided by the  lac ing.  

CMPbRISON OF RESULTS TO FINITE ELEtlENT 

TECHN 1 QUES 

To evaluate  the  accuracy of t h e  approxiar- 

t i o n s  u d e  i n  t h e  a n a l y t i c a l  technique described 

dbove, a comparison was made t o  a f i n i t e  element 

program, IYSLAB 181. Program INSLAB i s  a f i n i t e  

~ l m n t  prog-am having p l a t e  element with 12 

degree: frcedr An e l a s t o - p l a s t i c  mater ia l  

model was use6 :troughout t h i s  work. The model 

was defined hy th! e l a s t i c  modulus, y i e l d  modu- 

l u s ,  equ iva l t a t  y i e ld  s t r e s s  assuming rectmgu-  

l a r  s ec t ion  (y i e ld  moment divided by th ickness  

squared) and Poisnon's r a t i o .  Yielding i s  

determined by p r inc ipa l  moments. Uniform pres- 

s u r e  loading i s  input  and mass i s  lumped a t  t h e  

modes based on ma te r i a l  dens i ty  and in t eg ra t ing  

t h e  a r n s  over t h e  element in t e rpo la t ion  func- 

t i o n .  The so lu t ion  procedure uses time s t e p  

in t eg ra t ion  assuming a constant  acce le ra t ion  

between succeanive time increments. 

A re inforced concrete s l a b  supported on 

t h r e e  s i d e s  was ana1yz:d f o r  a 400 p s i  (2,800 

kPa) prensure load with 1.17 msec durat ion.  The 

s l a b  measured I f t  by 4 f t  with 6-inch th ickness  

(1.2 m x 1.2 m x 15 cm) . Horizontal  and v e r t i -  

c a l  reinforcement was 0.18 s q  i n . / f t  (3 .8  sq  

cm/m) both s i d e s .  A comparison of peak d i s -  

placement from both t h e  f i n i t e  element and 

approximate so lu t ions  i s  shown i n  Figure  6.  

The f i n i t e  element ana lys i s  was performed 

using the  computer program INSLAB, [ a ] .  The 

mesh consis ted  of 80 elements each having 12 

degrees of freedom. A time increment of 0 .01 ms 

was used. The displacement d i f f e rence  a t  maxi- 

mum value is about 13 percent .  

Both techniqties ased an e l a s t o - p l a s t i c  

ana lys i s .  The approximate so lu t ion  uses a 

cracked moment of  i n e r t i a  averaged with a gross  

moment of i n e r t i a  t o  determine n t i f f n e s s .  The 

f i n i t e  element method uses a gross moment of 

i n e r t i a  based on sec t ion  th ickness .  However, 

t h e  modulus of t he  concrete was reduced t o  

account f o r  reduction i n  s t i f f n e e s  r e su l t ing  

from cracking. The r i s e  time of the  load f o r  

t he  f i n i t e  element so lu t ion  was increased t o  

allow a number of s t e p s  before  peak load.  This 

e f f e c t  is minimal s ince  the  loading i s  impulsive 

i n  na tu re  and i s  thought t o  r e s u l t  i n  about a 5 

percent  reduct-on i n  peak diaplaccment. 



1 in. = 2.54 cm 

1 in.'lft = 21.16 cm21m 

\ 

(arrows show useable dirrctionr) 

minimum thickness 
--- - 

3 sides fixed 1 side free 

AVIlH = 1.P 

15 x 1 2-fr wall 

2- deg rotation 

1 2 3 
Area of Horizontal Reinforcing Steel, AH (q in./ft) 

Figure 5 .  Revised der ign space ,  3 r i d e r  f i x e d .  



I in. 1: 2.54 LIT! 

Time (mr) 

Fisure 6 .  Dfrplrcewnt hirtory 4 f t  x 4 f t  (1 .2  x 1.2 m) concrere rlrb. 



Figure 7 sl..ows the deflection contours run p a r a l l e l  t o  the support and ver*;cal yield 

obtained by the f i n i t e  . l m n t  analysis and the l ine.  This is the  s a w  r c l u n i s m  predicted by 

yield l ine  obtained from the a p p r o x i r t e  solu- the yield pat tern since the  s lab  def lec t s  m a t  

tion. The a g r e m n t  is very good. The yield along the ver t i ca l  yield l i n e  varying l inear ly  
l i n e  u r k s  regions of the p la te  assumed t o  t o  the nondeflecting support. 

displace as  units.  The contoor l ines  tend t o  

Figure 7. Deflection contour of 4 f t  x 4 f t  (1.2 x 1.2 m) slab.  



Table 1. Comparison of O p t i u  Solutions 

(200 ps i ;  10 ms; wall, 12 it L s 15 it H) 
(1,400 kPa; 10 ms; wall 3.7 m L s 4.6  m H) 

. . Shear capacity sl ight ly exceeded. 

An optimum design procedure is given fcr 

reinforced concrete slabs using the internal 

penalty function approach. The solution has 

been found to converge rapidly and at m i n l u  

computer cost. Results agree well vith more 

refined elcwrt analysis. This progr8m is in 

use by the Nary in the design of facilities to 

resist dymaic presscres. such as f r a  acciden- 

ta. explosions. 

? 

Cost 
($) 

3,290 

2,289 

2,753" 

2,019 

2,001" 

: ,958 

N 
Side 

a, 
- -- - 

1. J. 0. Gill et ai. "Preliainary report on 

rhc modernization of the Waval ordnance 

production base and application of hazard risk 

rnalysis technique," paper presertrd at the 
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Deflection 

unlaced 2 degrees 
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unlaced 2 degrees 

laced 11 degrees 
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A NIJXERICAL COMPARISON WITH AN EXACT SOLUTION FOR THE TRANSIENT 

RESPONSE OF A CYLINDER IMRSED IN A FLUID 

n. E. Giltrud, D. S. Lucas 
Naval Surface Weapons Center 

White Oak, Silver Spring, Maryland 20910 

- - ~ 

The transient response ~f an elsst~c cyli~drical shell 
immersed in a:, acoustic media that is mgulfed by a plane 
wave is determined numerically.. The achod applies to the 
USA-STAG3 code which utilizes the finite element method I fur the structural analysis and the Doubly Asymptotic 
X~~r;~uimation (Dm.) for the fluid-structure interaction. . . 

1  bit calculations are compared to an exact analysis for tvo 

I 
separate loading cases: a plane step wave and an 
-!xponer,;ially rlecaying plane wave. The results of the 
comparisons are rrast favorable uhich supports the 

j applicability of USA-STAGS for fluid-structure interaction i problems. 

INTRODUCTION 

Fluid structure inkeraction 
problems have recently become quite 
important to the Navy. Fundamental 
knowledge of the fluid-structure 
*interaction problem is a basis for a 
more thorough understanding of damage 
to submerged structures from underwater 
shock ioading. The difficulty in 
developing analytical models to predict 
the response of submerged structures to 
underwater explosions is twofold. 
First, the structure must be suitably 
modeled in order to determine its 
elastic-plastic response. This 
certainly is within the capability of 
many structural al~alysis computer 
codes. Secondly, the loading effects 
are altered according to the state of 
motion of the structure in the fiuid. 
Thus, the problem in determining the 
loading is one in which the state of 
motion of the fluid and structure are 
coupled. 

Analytical solutions hcve been 
obtained for simple elastic structural 
geometries with simple temporal and 
spatial waveforms. However, in some 
casss the results have to be generated 
numerically since the resultinq 
solutlon is quite complex. In addition, 
analytical solutions seldom address 
the problem of internal structure in 

any detail. Analytical investigations 
have resulted in the adoption of 
methods for uncoupling the structure 
from the fluid. 

These procedures, known as 
surface approximation techniques, have 
been compared by Geers [I]. It is 
apparent from his analysis that the 
Doubly Asymptotic Approximation (DAA) 
11-31 is the most accurate for early 
and late times in predicting the 
behavior of submerged shells. The DAA 
also affords a smooth transition 
between early and late time response. 
More recently, the D M  has been used 
in conjunction with several linear 
elastic finite element computer codes 
to predict the response of submerged 
targets to underwater shock loading 
[4 ,  51.  

Since the close-in underwater 
detonation of high explosives causes 
large local plastic deformation, a 
structural analysis computer code 
capable of performing such analyses 
for general shell structures is 
required. The STAGS [6 ,  71 (Structural 
Analysis of General Shells) code has 
been selected since it is highly 
efficient in performing such analyses. 

The STAGS code has been combined 
with a DAA code, USA (Underwater Shock 



Analysis), with the resulting code 
called USA-STAGS. In the following 
sections we discuss the application of 
USA-STAGS to the problem concerning 
the response of a linear elastic 
cylindrical shell immersed in a fluid 
that is engulfed by a plane acoustic 
wave. The results of the USA-STAGS 
calculations are compared to an exact 
analysis by Huang [ 8 ] .  

EXACT ANALYSIS METHODOLOGY 

Huang's analysis focuses u w n  the 
problem of the transient interaction of 
a plane acoustic wave with a circular 
cylindrical shell immersed in a Iluid. 
For the circular cylindrical shell, 
Huang states that "this paper presents 
an exact formulation by simple 
transformations of the basic 
differential equations governing the 
coefficients of the series solution for 
the shell deflections and the wave 
pressure for each "mode" into a 
Volterra integral equation of the 
second kind." The integral equations 
are then solved by a step-by-step 
integration schnme. This method is 
also very efficient for parametric 
studies, and the entire computation 
process is q-tite straight forward, and 
can easily be controlled to have a high 
degxee of accuracy. 

Exact series solutiocs are presented 
in this work for the cases of a 
neutrally bouyant shell submerged in 
water subjected to step and 
exponentially decaying incident waves. 
The complete pictures of the total 
motion and stress responses of the 
shell are revealed. The material 
properties used were those of steel for 
the shell and water for the fluid. 
The case which has been chosen to model 
on USA-STAGS is that for a thickness 
to radius ratio of 1/31, which 
corresponds to the dimensionless 
parameter M = 2. ( 8 1  

In the derivation of the shell 
equations, the relative changes in 
length and shear of the shell middle 
surface and the change of curvature and 
twist have been accounted for as in 
Junger [ 9 ] .  Thus, the shell equations 
used are quite general and are exact 
for the elastic behavior of the shell 
within the Kirchoff assumption of shell 
theory [lo]. The geometry of the 
problem for the circular cylindrical 
shell and the non-dimensionalized 
velocity responses are shown in Figures 
1 and 2. 

USA-STAGS ANALYSIS PROCEDlIRE 

The USA-STAGS code makes use of 
the finite element method for the 
structure and the DAA for the fluid- 
structure interaction. The coupled 
system 3f equations are 

Variables appearing here are defined 
as: 

M Structural mass matrix 

K Linear or nonlinear structural 
stiffness operator 

x Structural displacement vector 

Acceleration vector 

T A transformation matrix " (rectangular) which relates 
displacement variables in 
fluid to those in structure 

Fluid element area matrix 
(diagonal) 

Vector representing scattered 
fluid pressure 

PI Vector representing incident 
fluid pressure 

$ Fluid mass matrix 

p Fluid density 

c Speed of sound in fluid 

f Vector of fluid particle -I acceleration due to the 
incident wave 

Step by step integration of these 
equations carried out with a staggered 
solution procedure described below: 

(1) estimate % at next step by 
extrapolation of previous 
value 

(2) solve (2) for 

( 3 )  solve (1) for 5 



This solution procedure is condition- 
ally stable. Therefore, the fluid 
equation ( 2 )  has been altered to 
achieve unconditional stability [ll]. 

In order to predict the transient 
response of a cylindrical shell 
immersec? in a fluid excited by an 
acoustic wave, a finite element model 
of the cylinder has been constructed. 
Since the plane strain response of the 
cylinder is desired, a finite element 
model of arbitrary iength could be 
used. In fact, a finite element model 
consisting of one element along the 
length is adsquate. However, in order 
to mode: the added mass effects 
(described by $ in equation (2)) a 
longer model is required. The actual 
model used for the analyses has a 
length to diameter ratio of 19. 

RESULTS AND DISCUSSION 

Two analyses have been performed 
with USA-STAGS and the resalts have 
been compared to the exact analyses by 
Huang. The first analyses concerns a 
step pressure wave that is shown in 
Figure 3a and the second concerns an 
exponentially decaying pressure wave 
that is shown in Figure 3b. The 
standoff distance from front of the 
cylindrical shell to the point source 
of 100 diameters is used. This 
effectively reduced the sphericity of 
the wave to nearly a plane wave. 

The integration procedure used for 
the staggered solution is the Park's 
linear multi-step method 1121. Since 
the integration procedure for the 
coupled equations is unconditionally 
stable, a time step is chosen to 
achieve accuracy in the solution. A 
time step of about 1/50 of a transit 
time has been used for all analyses. 
(The transit time is the time required 
for the acoustic wave to traverse the 
shell. In this case it is 

The result of the USA-STAGS 
calculations are compared to the e:-act 
analyses in Figures 4 and 5. Figure 4 
gives the velocity response of the 
shell at the horizontal centerline for 
the step wave loading. The calcula- 
tions compare very well with the exact 
analyses for the 1.75 transit time 
shown. The USA-STAGS results show good 
zgreement for both frequency and 
ampiitude. 

The velocity response comparisons 
for the expoqential wave are shown In 
Figure 5. USA-STAGS results tend to 
oscillate more than the exact analysis. 

This can be accounted for by the 
observation that the exact solution 
contain contributions from the first 
seven modes. The USA-STAGS calcu- 
lations contain contributions from 
higher modes. These higher modes are 
excited by the rapidly decaying 
incident pressure wave (the duration 
of the loading is 0.06 transit time). 

SUMMARY 

A comparison of an exact solution 
for the velocity response of a 
cylindrical shell immersed in a fluid 
with that of a solution generated by 
a fluid analyzer and structural code 
(USA-STAGS), for plane shock wave 
loading has been presen'ed. Good 
agreement has been obtained between 
the two results for step and 
exponential pressure wave loading. 
These comparisons are supported by 
previous investigations. 
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Complexity and severi.cy o f  the hydro fo i l  fa t igue  loads environment i n  
the open sea i s  without p a r a l l e l  i n  terms o f  f l l g h t  vehic le  environments. 
The random cature o f  wave o r b i t a l  ve loc l t ies,  periods and heights plus 
bodt headf ng, speed and contro l  system design must a l l  be consfdered t o  
assess the s t ruc tu ra l  fa t igue  requirements. Major nonlinear load events 
such as h u l l  slamning and f o i l  unwetting a re  key contr ibutors  t o  the 
fa t igue  envtroment. P u l l  scale "rough waterY load tests, f i e l d  experi- 
ence plus ana ly t i ca l  loads work on the  Model 929 JETFOIL comnercial hydro- 
foil provided a major increase t n  knowledge o f  the hydro fo i l  loads environ- 
ment, The problen o f  developing an overa l l  sea envi roment  f o r  design I s  
discussed. Structura l  fa t igue  damage i s  shown t o  be dominated by the most 
severe and Infrequent load envlroments which are a lso the most d i f f i c u l t  
t o  def ine s t a t l s t l c a l l y .  State o f  the a r t  ana ly t i ca l  approaches were 
found t o  be l i m i t e d  I n  providing sa t i s fac to ry  predic t ions o f  the  complex 
fa t igue  load envtponments, 

Nomenclature 

Symbol 

Exceedance frequency f o r  load leve l  X 
Average wave encounter frequency 
measured from moving c r a f t  

S ign i f i can t  wave height, equal to  the 
average o f  113 highest waves 

Total dynamic l ift load on f r o n t  f o i l  
semispan 

Nominal steady s ta te  l i f t  on f r o n t  
f o i l  semispan 

Maximum expected l i f t  on f r o n t  f o i l  
semi sDan 

~ncremental load factor, (L L )/L 
F- F3.S. Fm - . - . . . . 

Total dynamic antlsymnetric l i f t  load 
on a f t  f o l l  

Total  dynamic Symnetric 1 lft load on 
a f t  f o i l  

Nominal steady s ta te  1 t f t  on a f t  f o i l  
Haxtmrm expected 1 lft on a f t  r o i l  

Incremental a n t i  symnetric Poi 1 load 
factor.  (LM-LA )ILL, 

S.S. 
Incremental symnetric f o i l  load factor.  

(L L )IL& 
AS- As. s 

Fatigue lif;, cycles 
Probab i l i t y  tha t  peak value X, exceeds 

X 

Symbol D e f i n i t i o n  

Average stat ionary wave period o f  113 
Tsig highest waves, seconds 
"w Orb i ta l  wave ve loc i t y  
u Standard dev iat ion 
o Ci rcu la r  frequency, rad/sec 

I. Introduct ion 

The general problem o f  developlng design 
c r i t e r l a  f o r  a random loading environment i s  a 
f a m i l l a r  one. However, i n  the spec i f i c  case 
of a hydrofoi l  operat ing i n  the open sea, the 

roblem has recetved minfmal theoret ica l  deve- 
yopen t  I n  terms o f  p rac t i ca l  design experf- 
ence, the s ta te  o f  the  a r t  o f  hydro fo i l  fa t igue  
envtcvnnents has been nonexistent. Even though 
disp:?cenent h h l l  shlps have been a c m n  form 
of trans r t a t t o n  f o r  centuries, i t  i s  only . R" wt th ln  t e l a s t  several years :hat the prob!em 
o f  determintng displacement hu ,l s t a t i s t l c a  t 
behavior i n  a random sea has received serious 
a t ten t ion  I n  the technical l i t e r a t u r e .  For the 
hydrofoi  1 craf t ,  the need f'or accurately 
assess lng fa t lgue  load enviroments i s  more 
urgent, Weight and performance are both c r i t i -  
ca l  and the loadlng ~nviromnents more severe 
than f o r  displacement hu i l s .  For these design 
considerations the h y d r s f o i l  i s  c loser  t o  a 
f i g h t e r  a i rp lane than a displacement h u l l  ship. 





Figure  2 i l l u s t r a t e s  t he  bas!; s t r a i n  gage 
ins t rumenta t ion  used i n  the  f u l l  sca le  t es t i ng .  
A f t e r  Installation a comprehenslve s t a t i c  
load ing program was conducted t o  load c a l i b r a t e  
t h e  gages. With the a p p r o p r l l t e  combinat ion of  
s t r a i n  gages a t  a p a r t i c u l a r  f o i l  sec t ion ,  
shear, bending moment and t o r s i o n  loads could 
be determined. A m u l t i p l i c f  ty o f  gage loca- 
t i o n s  a1 lowed determinat ion  o f  d i s t r i b u t e d  
loads. 

Manj o f  t h e  gages, p a r t i c u l a i s l y  those on the  
f o i l  surface, were exposed t o  h i c b  speed water 
f low when t o e  boat was fo i lborne.  Th is  severe 
environment necessi tated carefu: c0nsidc:'ation 
o f  the st:,aln gage i n s t a l l a t i o n  t x h n i q u e  t o  
insure  a good t e s t  l i f e .  F igure  5 i l l u s t r a t e s  
the g-(ge i n s t a l l a t i o n  used on the  f o i l  surfaces. 
The s t r a i a  gage was a weldable gage w i t h  an 
i n t e g r a l  waterproof s t a i n l e s s  s t e e l  jacketed 
lead whi;h was secured w i t h  r e t m t i o n  straps. 
A f l e x i b l e ,  s t rong  epoxy was f a i r e d  over t h e  
gage and lead. A f t e r  cu r i ng  i t  was sanded t o  
prov ide a smooth contour w i t h  t he  s t e e l  sur fac  
o f  t he  f o i l .  

F o i l  borne t e s t i n g  i n  rough woter was accompl l sh -  
ed i n  t he  Pact f tc  Ocean and t h e  S t r a i t s  o f  Juan 
de Fuce near Neah Bay, Washington, To ta l  t e s t -  
ing  a c t i v i t y  was o f  several  days d u r a t i o n  per- 
formed a t  t h ree  separate calendar per iods  and 
encountered a d i v e r s e  range o f  sea condi  ti.%. 
Operation i n  sea s t a t e  f i v e  w i t h  s i g n i f i c a n t  
vlave he ights  up t o  12 f e e t  was accomplished. 
Gata i n  a:. sea headings (head, bow, beam, 
quar ter  a ~ i d  f o l l o w )  was obtained. 

A fundamental p a r t  o f  t h e  data ana l ys i s  was no t  
on l y  t o  d e f i n e  basic loads bchavior b u t  t o  
associate t h e  l o l d  fnformat ion t o  s p e c i f i c  sea 
environments. To accomplish t h i s ,  t he  sea 
envirenment was measured by an onboard wave 
height instrument.  T l l i s  instrument gave a 
reading o f  i n e r t i a l  wave p r o f i l e  versus t ime  by 
sub t rac t i ng  measurea boat  m t i o n  f rom t h e  sonic 
he ight  zensor measurement taken :t the  bori of 
the  J E T F O I L .  The wave p r o f i l e  was then 
s t a t i s t i c a l  i y  analyzed t o  determine t h e  gener ic  
parameters gene ra l l y  used f o r  sea s t a t e  
cha rac te r i za t i on  (t.g,, HSig and Tsig). 
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FIGURE 2 F O I L  SYSTEM STRAIN GAGE LOCATIONS FOR ROUGH WATER LOADS TESTING 



FIGURE 3 EXTERIOR FOIL STRAIN GAGE INSTALLATION 

I V .  Load mechanisms 

Because a hydrofo i l  ship consists o f  a normal 
displacement h u l l  plus a f o i l  system which func- 
t ions very s im i la r  t o  an a i rp lane wing, the 
var ie ty  o f  loading p o s s i b i l i t i e s  becanes qu i te  
m r o u s .  The f o i l  systems ind iv idua l l y  ex- 
perience many types o f  loading. However, when 
foi lborne i n  very la rge  seas, load in teract ions 
can also occur which involve both the h u l l  and 
f o i l  systems. The primary f o i l  load environ- 
m n t s  can be categorized i n t o  three h s i c  load 
mchanisms: wave loads, h u l l  slamninq loads, 
and f o i l  unwetting loads. Tkese phenomena 
produce the basic beam bending and tors ion 
fa t igue loads whicn d i c t a t e  the s t ruc tu ra l  
des i~n .  Detai led a t ten t ion  i s  also required 
f o r  loca l  pressure loading which i s  required t o  
analyze panel k n d i n g  fa t igue enviromrents. 

Wave Loads 

The basic wave loading phenomena i s  produced 
by o r b i t a l  wave ve loc f t i es  causing a change i n  
angle o f  attack on the f o i l  and st ruts ,  Be- 
cause the f o i l  i s  not submerged a t  an i n f i n i t e  
depth, f ree  tur face effects also r e s u l t  i n  load 
f luctuat ions as the f 11 depth changes. As the 
c r a f t ' s  control  system attempts t o  s t a b i l i z e  
h u l l  motiohs i t  i s  constant ly moving the f laps  
which produce major modi f icat ion o f  the loads 
d i r e c t l y  prorlu:ed by the waves. I n  essence, 
the fo i ls ,  s t ru ts  and f laps  are experiencing a 
gust enuiromrent each time a wave passes. 
Frequency o f  t h i s  wave load phenomena i s  depend- 
ent on sea s ta te  and boat speed but  i s  t y p i c a l l y  
around 1.0 Hertz. Figure 4 i l l u s t r a t e s  the 
basic wave environment imposed on the s t r u t s  and 
f o i l s .  I n  describins the wave l o ~ d i n g  phenomena 
it i s  convenient t o  d is t inguish the loads as 
e i ther  symnetric o r  a n t i s m e t r i c .  

The synnetric loads a f f e c t  on ly  :he f o i l s ,  As 
i l l u s t r a t e d  i n  Figure 4 they r e s u l t  from head 
or fo l lcn lng csa wave ve loc i t y  components, 
Since the c r a f t  s contro l  system operates on 
acceleration feedbac':, the f laps clsf lect I n  an 
attempt to n u l l  symnetric l i f t  for:es. The 
i l aps  are contfnuously operating as gust 

a1 lev ia tors .  I n  the prccess, however, to rs ion  
loads are increased because o f  the d i f fe rence  
i n  center o f  pressure locat ions between f i a p  
l i f t  and angle of a t tack l i f t . Likewise, a 
severe environment i s  intposed on the  f l a p  mech- 
anisms. 

Antisymnetric wave loads r.rimari!y r e s u l t  from 
beam sea o r b i t a l  v e l o c i t y  components. The beam 
sea cmponents cause s ide loads on the s t r u t s  
* ich i n  t u r n  r e s u l t  i n  ant isymnetr ic l i f t  on 
the f o i l s .  Some a n t i s - m e t r i c  l i f t  i s  caused 
by hydrodynamic f low induct ion between the  
s t ru ts  and f o i l s  but  by f a r  the biggest an t i -  
symnetric I i f t  contr ibutor  i s  the ant isymnetr ic 
a i leron ac t ion  a f  the a f t  f laps,  I t  i s  t h i s  
ai l 'eron ac t ion  which provides t h e  only sourcs 
o f  r o l l  s t a b i l i t y  wh i le  the c ra f t  i s  foi lborne. 
k the  s t r u t  s ide loads produce a r o l l i n g  moment 
about the c r a f t ' s  center o f  grav i ty ,  the a f t  
f laps de f lec t  and produce a corresponding a n t i -  
synnetric l i f t  which negates the induced r o l l -  
ing moment. 

Hul l  Slamning Loads 

When the seas become r e l a t i v e l y  severe, many o f  
the waves encountercd w i l l  contact the h u l l .  A 
moderate in te rac t ion  o f  the wave surfzce w i th  
the h u l l  o f  the hydro fo i l  i s  re fer red t o  as a 
crest  a d  +s dominated by koyancy forces on the 
hul l .  This produces a moderate increase o f  f o i l  
loading which i s  no t  r e a d i l y  d is t inguishable 
from wave loadin?. A severe impact o f  the  h u l l  
resu l t s  I n  hydrodynamic slamning pressures which 
dramatical ly a f f e c t  the f o i l  loads. Hul l  slam- 
ming i s  infrequent compared t o  wave loading 
frequency bu t  cauzes la rge  loading f luctuat ions.  
The h u l l  motions induced by slamning create 
angle o f  a t tack changes on the f o i l s  The con- 
t r o l  system and f laps tend t o  increase the load- 
ing changes because they are operating t o  coun- 
teract  the h u l l  forces by decreasing l ift on the  
f o i l s .  This type o f  loading mechanism can be 
p a r t i c u l a r l y  severe on the f r o n t  f o i l  where 
large ~ e g a t i v e  Flap angles a re  concurrent w i t h  
negative angle-of-attacks, Figurs 5 i l i u s t r a t e s  
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f o i l  loads uhtch typ ica l ly  resu l t  fm a b u l l  
slam event. Strut  side loads can also be s t  - 
n i f t a n t  during a slam because of la tera l  hu l l  
mt ion.  The typical  load cycle i l l us t ra ted  In- 
volves a large negative Itft f luctuatton and a 
following posi t ive incremental l i f t  which nor- 
laslly jccurs after the hu l l  slam as the c r a f t  
stabi l izes i t se l f .  Fu l l  load reversal o f  the 
front f o i l  was observed fna many h u l l  slams 
during sea t r i a l s .  

Fo i l  Unwetting Loads 

When the f o i l  c a e s  suf f ic ient ly  close t o  the 
water surface, a vent i lat ion or unwetting o f  
the top f o i l  surface w i l l  occur because the low 
flow pressures on the upper surface cannot be 
sustained i n  the v i c i n i t y  o f  atnospheric 
pressure. This event, as f o r  hu l l  slamning, 
occurs i n  larger seas and although infrequent, 
causes large load fluctuations. Because condi- 
tions are never colnpletely synnetric, unwettlng 
generally occurs on one semispan o f  the f o i l  as 
i l l us t ra ted  i n  Figure 5. The semispan which 
unwets loses l i f t  and the other senispan w i l l  
subsequently experience an increase i n  l i f t  
because the f laps are deflected d m  t o  o f fse t  
the i n i t i a l  l i f t loss and downward hu l l  m t i on .  
This umymnetric l i f t  resul ts i n  large bending 
moments on the strut. For the JETFOIL t h i s  
loading event was mare c r i t i c a l  t o  the s t ru t  
than t o  the f o i l .  I n  the extrem event where 
the f o i l  completely breaks the w t e r  surface 
the l i f t  o f  both semispans obviously goes t o  
zero. This i s  cal led a broach. Although 
possible, !t i s  very d i f f i c u l t  to achieve un- 
wetting o f  the a f t  f o i l .  Fo i l  unwetting i s  a 
fatigue concern primari ly f o r  the f ron t  f o i l  

' and strut. 

Local Pressure Loads 

Although so c3l led local panel pressure loading 
primari ly resul ts from the basic wave loading 
mchanism, separate consideration o f  t h i s  pro- 
blem i s  needed. Factors af fect ing local 
pressure include wave o rb i t a l  velocit ies, f l a p  
motions, f luctuating waterline on the struts, 
and cavitation. Another consideration f o r  the 
water duct i n l e t  pressure was i n l e t  unwetting 
which occurs when the water duct breaks the 
wave surface i n  large seas. I n l e t  unwetting 
i s  not frequent but large pressure changes are 
involved. 

Near the waterline on the struts ncvo surface 
movement causes a large number o f  pressure load 
cycles due to cycl ic  unwetting and rewett in o f  S the flow. This i s  a symnetric pressure cyc e 
on the s t ru t  and causes no net beam loading. 
Magnitude o f  these pressure cycles i s  up t o  
15 psi  and i s  o f  primary concham f o r  the panels 
a t  midchord and near the t r a i l t n g  edge. Induc- 
t ion  effects from the f o i l  and local angle o f  
attack from beam sea orb i ta l  wave veloci t ies 
become Important f o r  areas located a few feet  
below the waterline. These la ter  effects re- 
su l t  i n  antisymnetrtc pressure loading o f  the 

s t ru t  a* r . . t m r i l y  a f f ec t  the pane!: near the 
leadt% --t, The centerl lne s t m t  panels are 
subject :nternal pressure ckanges of the 
m t e r  ducr as we1 1 as the a k v e  external pres- 
sure e n v l r o m t s .  

Another local  phenmna i s  cavi tat ion which re- 
sults 3 e n  the water pressure drops below the 
vapor pressure causing an a i r  cavity. 'this 
phenaoena I s  :mst prevalent on the upper f o i l  
and f l ap  slirface. During rough water operation 
the wave and f l ap  dynamics resu l t  i n  rapid 
changes o f  pressure which resu l t  i n  "make and 
breakn cavi tat ion areas on the upper f o i l  sur- 
face. Test data showed the local  panel cavita- 
t ion loading behaved i n  a quasi-steady state 
mnner being l imi ted t o  a certa in value when 
cavitat ion occurred over the panel. The cavi- 
tat ion envirorment over major surface areas 
and f laps was also important t o  overal l  loading 
distr ibutions. 

V. Development o f  Fatigue 
Load Design Spectrums 

Data Analysis 

h e  t o  the wiae var iety o f  sea conditions and 
to ta l  time duration o f  the fu l !  scale test ing 
act iv i ty ,  i t  was possible t o  bu i ld  a good 
s ta t is t i ca l  data base re la t ing  f o i l  loads t o  
specific environment conditions. The g ~ ~ b l e r n  
rss reducing the large number o f  loading cycles 
(on the order of 10,500 f o r  each parameter) 
obtained from testing down t o  some manageable 
parametric description. Figure 6 i l l us t ra tes  
the basic procedure used t o  s t a t i s t i c a l l y  
analyze the data. Data samples typ ica l ly  o f  
three to  i i v e  minutes duretion were d i g i t a l l y  
analyzed to  give the fol lowing parameters: mean, 
standard deviation, average o f  113 ( X  1/3) and 
1/10 (X 1/10) highest peaks. Detailed informa- 
t lon on the d is t r ibu t ion  o f  the ent i re  popula- 
t ion o f  load cycle events could also be obtain- 
ed i n  the form o f  cumulative probabi l i ty  
d ist r ibut ions or exceedance plots. The desired 
objective was to establish a simple parametric 
s ta t i s t i ca l  d is t r ibu t ion  which would satisfac- 
t o r i l y  approximate the d is t r ibu t ion  o f  the tes t  
data. If th i s  could be done, then the only 
s ta t i s t i ca l  parameters needed t o  provide a 
complete characterization o f  the load behavior 
were the standard deviation and the average 
load cycle frequency. This objective was 
generally met fo r  a l l  sea conditions where the 
occurrence o f  major nonlinear lcad events was 
infrequent, The load cycles ar is ing from h u l l  
slamning and f o i l  unwetting were much larger 
i n  magnitude and d i s t i n c t l y  more ionsymnetric 
i n  character than the wave loads. Thus, i t  
became necessary t o  hand count and tabulate the 
large nonlinear lodd events individually. A 
parametric description o f  these loads was not 
feasible, thus necessitating the development 
of empirical tabular data t o  characterize 
their  frequency and magiiitude. Fortunately, 
the wave loads could usually be characterized 
by the famil iar Rayleigh d is t r ibu t ion  



known to be va l id  fo r  the distr ibut ion o f  peaks 
o f  a random variable from a Itnear, narm-band- 
ed. Gausian process. I n  those cases where a 
Ray~sigh asstnption was not satisfactory, using 
a para..utrlc canblnation o f  the Rayleigh and 
exponential distr ibutlc>n 

provea t o  be useful. 

Sea state characterization was obtained by 
caiculating Hsig and Tsig from the wave height 
instrument data: Calculation o f  Hsig from the 
wave height instrument was a straight-forward 
process, however, determining Tsig was more in- 
volved because Tsig i s  a ztationary parameter. 
Since the JETFOIL provided a nonstationary 
platform for  the wave height sensor, some trans- 
formation o f  the data was required to  estimate 
the generic Tsig description o f  the wave's 
periodicity. The wave height sensor data was 
analyzed t o  define f fo r  the moving c r a f t  
system. This could 'be related to  Tsig by using 
standard s ta t i s t i ca l  relationsh s developed Y from theoreticel wave spectrums I ) .  Because o f  
the nonstationary measurement condition, a pre- 
cise mathematical relationship between fw and 
Tsig was not possible. 
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FIGURE 6 LOADS TEST DATA STATISTICAL ANALYSIS 

The tecbntque of spectral moments ( 2 )  I s  pre- 
ctse only for stattonary condttions, For mn- 
stattonary condlttons a nunserical approach uas 
required t o  correct ly translate the uave spec- 
trum equatton i n ta  a moving system and provide 
an accurate correlation between Tsig and f,. 

Reduced s ta t i s t i ca l  load parameters were then 
cross plot ted against Tsig and Hsig. Loads 
for sea conditions wt speci f ical ly  encountered 
i n  testing were defined by u t i l i z f n g  the appar- 
ent data trends and incorporating trend data 
from analytica: simulations. Thus, a data base 
m s  formulated which could define load spec- 
trum f o r  any design env i romnt .  

Design Environment 

Selecting a specific design e n v i r o m n t  had to  
be done somewhat a rb i t ra r i l y  as no t radi t ional  
gitdeltnes wisted.  Tabulations o f  v isual ly  
estimated wave characteristics fr areas 
around the world were a v a i l a b l e ( 8 . ~ ~ .  How- 
ever, the question o f  what area to  select as 
the representative design condition was a 
troublesome one. What routes the JETFOIL c r a f t  
would eventually encounter could cover almost 
any coastal o r  inter-island area i n  the world. 
The problem was eventually managed by examining 
the uave data from several "rough sea" areas i n  
the world and then enveloping the wave height 
and period data. This defined a so called 
"canposite sea state" fo r  structural design. 
Sane o f  the most severe sea conditions were 
then truncated out because they were suf f ic ient-  
l y  rough t o  prevent sustain4 foi lborne opera- 
t ion  o f  the JETFOIL cra f t .  Cannercia1 opera- 
t lon fn  extremely high seas was obviouoly un- 
feasible. Figure 7 shows the long term wave 
height d istr ibut ion for  th is  composite sea 
model. The complete model included a large 
rumber o f  Tsig and Hsig canbinations, each wi th 
an al lot ted time percentage o f  the to ta l  opera- 
t ional design l i f e .  
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Wave Loading Spectrums 

Figure 8 provides f r o n t  f o i l  wave load exceed- 
ance data f o r  several sea condit ions. The 
abscissa i s  a normalized load wagnitude fo r  
f u l l y  revers ib le  symnetric load cycles. The 
load value used f c r  ncmnll-li:ir,: t k  c i d L  i s  
based on the expected maximirllr rough water load. 
The three bow sea spectrums f o r  spec i f i c  weve 
heights show the dramatic increase o f  load from 
a moderate t o  a t.ough sed. For example, the 
exceedance r a t e  o f  a load vdlue o f  0.1 went 
from 1.5 f o r  9s ig equal 4.0 fee t  t o  350 f o r  a 
Hsig o f  9.0 feet. This i s  ind ica t i ve  o f  the 
s e n s i t i v i t y  o f  fa t igue  damage t o  rougher seas 
which w i l l  be more c l e a r l y  shown i n  Section V I .  
Also shown i s  a design s;ectrum which i s  based 
on the weighting o f  the cornpasite sea o f  Figure 
7. 

An appreciat ion o f  the severi fy o f  the hydro- 
f o i l  fa t igue environment i s  gained from a 
comparison w i t h  comerc ia l  j e t  a i rp lane gust 
loads. For example. Figure 8 shows an 
exceedance r a t e  o f  24 per hour a t  a load 
factor  o f  0.125 f o r  the composite sea 
environment. A t yp ica l  design exceedance 
ra te  a t  the same equivalent gust load f o r  
a comnercial j e t  l i n e r  i s  on the order of 
a fen per hour. This does not  consider 
the h u l l  slamning and unwetting loads 
experienced by a hydro fo i l  which can be more 
damaging i n  terms o f  fa t igue than the wave 
loads. 

The change i n  character o f  the curves a t  low 
exceedance rates i s  due t o  the p a r t i a l  use o f  an 
exponential d i s t r i b u t i o n  f o r  larger  seas. I n  
low t o  moderate seas the Rayleigh d i s t r i b u t i o n  
was va l id ,  but  i n  higher seas a few o f  the  wave 
lcad parameters exhib i ted a greater frequency o f  
high level  loads than predicted by a Rayleigh 
d is t r ibu t ion .  This increased a c t i v i t y  o f  high 
mgni tude wave loads i s  a t t r i bu ted  t o  the major 
"rough sea" non l inear i t i es  which increase the 
loading enerSy (e.g., f r e e  surface depth e f fec ts  
and cav i ta t ion  e f fec ts  which tend t o  l i m i t  f l a p  
effectiveness). Assuming a por t ion o f  the  load 
cycle events t o  be exponential ly d l s t r ibu ted  
provided a higher r a t e  o f  l a rgs  magnitude loads 
and be t te r  tes t  corre la t ion.  

Figure 9 shows the s e n s i t i v i t y  o f  a f t  f o i l  a n t i -  
symnetric l i f t  t o  sea heading. I n  general, head 
and bow seas were more severe that1 beam, quarter 
and fo i low seas f o r  a l l  load parameters. Ant i -  
symnetric loads showed the most pronounced and 
surpr is ing di f ferences due t o  heading changes. 
From an overa l l  po in t  of view the bow sea i s  the 
worst heading because i t  has the highest a n t i -  
symnetric l i f t  and s t r u t  side loads and a lso has 
symnetric l i f t  loads only moderately less than 
those o f  a head sea. The antisymnetric load 
levels  indicated f o r  a head and fo l low sea are of 

pa r t i cu la r  i n t e r e s t  because theoret ica l1 .I' One r r w l d  p r e d l c t  an ant isymnetr lc load leve o f  
zero, Theoretical nave energy models such as 
the Bretschneider (1) spectrum are based on one 
dimensional seas w t t h  l ~ n g  crested waves. This 
condft ion i s  never achieved i n  rea l  seas because 
some mu l t id f rec t tona l  character is t ics  a r e  always 
pesent .  For example, a t y p i c a l  sea i s  wind 
blown waves from one d i r e c t i o n  (e.g., h) on 
tog o f  an under1 ing swel l  from another d i rec-  
t i o n  (ear., headT. This mu l t id i rec t iona l  proper- 
t y  o f  r e a l  seas i s  an important fac to r  i n  the  
load behavior. However, another suspected fac- 
to r  i s  the unsymnetric behavior o f  cav i ta t ion  
patterns which occur on the  f o i l s .  Cavi ta t ion 
character is t ics  are very se -s i t i ve  t o  the  f o i l  
contour and because of ma1;ufacturing tolerances 
a t r u l y  symnetric f o i l  i s  never achieved. This 
resu l t s  i n  unsymnetric hydrodynamic loading i n  
head and fo l low seas. Both o f  these e f f e c t s  
present ana ly t i ca l  d i f f i c u l t i e s  f o r  a load 
simulat ion approach, the l a t t e r  being par t i cu -  
l a r l y  d i f f i c u l t  t o  predic t .  I n  any event, the 
consiaeration and accurate i d e n t i f i c a t i o n  o f  
load e f fec ts  re la ted  t o  sea heading i s  very 
important. A r e a l  hydro fo i l  route must consider 
a mixture o f  a t  l e a s t  two d i f f e r e n t  headings. 
For the JETFOIL a 50% bow. 50% quarter was 
considered t o  be the most r e a l i s t i c  f o r  a design 
condition. 

Figure19 i l l ~ s t r a t e s  the s e n s i t i v i t y  o f  f o i l  
loads due t o  the contro l  system mode. I n  the  
platform mode, the con t ro l  system has higher 
feedback gains which provide more e f f e c t i v e  
"gust a l l e v i a t i o n "  due t o  increased f l a p  motions 
counteracting the o r b i t a l  wave ve loc i t y  forces. 
In  the contour mode the  feedback gains are much 
weaker and thus gust load a l l e v i a t i o n  i s  less  
e f f e c t i v e  causing higher loading. Although the 
higher feedback gains do provide 1 i f t  load a l l e -  
viat ion, f o i l  tors ion loads and f l a p  loads are 
increased. 

H u l l / S l a m i n ~  snd Unwetting Loads 

Figure 11 i l l u s t r a t e s  event frequency f o r  h u l l  
s l a w i n g  and f o i l  unwetting loads. I h e  curves 
are bas ica l l y  empir ical but  the predicted 
frequency rates i n  the low seas have a low 
confidence leve l  due t a  a lack o f  s u f f i c i e n t  
long term s t a t i s t i c s .  Using a s imp l i f i ed  
ana ly t i ca l  approach provided some usefu l  trend 
data f o r  the h u i l  slamning frequency but  the 
f o i l  unwetting event could not  be r e l i a b l y  e s t i -  
m t e d  i n  any ana ly t i ca l  manner. Without proper 
test ins and s t r a i n  gage instrumentation the 
sever1 t y  o f  these loads could not  have been 
established. 

As f o r  displacement hu l ls ,  head and bow seas are 
nuch more severe f o r  h u l l  slamning. Only i n  the 
roughest seas does the JETFOIL experience s ig -  
n i f i c a n t  slamning ra tes  i n  a beam, fo l l ow o r  
quarter heading. As wel l  as wave height, the 
slamming r a t e  i s  a lso very sensi t ive t o  Tsig. 
For steep waves w i t h  a short Tsig. the r a t e  o f  
s laming  may be high whi le  long swells w i t h  a 
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la rge Ts ig w i l l  cause a r e l a t i v e l y  low r a t e  o f  
slamning. Figure 11 does not i l l u s t r a t e  the 
s e n s i t i v i t y  t o  Tsig bu t  i s  based on a t yp icd l  Thus: (5-loyYi ) !$=lo 
sea for the given wave height. The frequency 
of f o i l  unwetting loads i s  not as sensi t ive t o  where f 
sea condit ions as slamning. E f f e c t  o f  sea Yi= a i 
heading i s  p a r t i c u l a r l y  d i f f e r e n t .  F o i l  un- 
wett ing loads were as comnon i n  a fol lowing or 
quarter ing sea as head o r  bow. 

V I .  Fatigue Damage 

The predic t ion o f  s t ruc tu ra l  fa t igue  damage i s  a 
complex subject i n  i t s  en t i re ty .  However, a 
basic understanding o f  the s t ructure 's  fa t igue  
s e n s i t i v i t y  t o  d i f f e r e n t  types o f  load spectrums 
i s  funda~nental t o  accurate load analysis o f  the 
hydrofo i l  c r a f t .  By necessity, simp1 i f i c a t i o n  
of the fa t igue  loading h i s t o r i e s  i s  required t o  
put the t o t a l  fa t igue analysis e f f o r t  i n t o  a 
manageable form. An understanding o f  actual  
fatigue damage s e n s i t i v i t y  puts the load analy- 
s i s  requirements i n t o  proper perspective. 

Fatigue damage o r  1 i f e  a f t e r  a complex loading 
pattern i s  general ly predicted by using the 
l i near  cumulative da e theory, more widel; '"8 known as Miner's r u l e  1. The formal statement 
of the 1 inear damage theory i s  tha t  the sunma- 
t i o n  o f  a l l  f rac t ions  o f  1 i fe ,  o r  damage equals 
one a t  f a i l u r e .  

where Ni are the s ing le  level  fa t igue  l i f e s  a t  
each given level  o f  loading and n i  are the actu- 
a l  number o f  load cycles a t  the speci f ied leve l .  
If the damage number i s  less than one, i t  ind i -  
cates the f r a c t i o n  o f  l i f e  "used up" f o r  tha t  
pa r t i cu la r  loading spectrum. The N i  can be ca l -  
culated i n  convenient equation form by using 
l i near  S-N and constant l i f e  p lo ts  (Goodman Dia- 
gram) i l l u s t r a t e d  i n  Figure 12. These l i near -  
ized curves are approximatif ns t o  the  actual 
canplex fa t igue l i f e  p-operties and can be con- 
venient ly based on t e s t  data a t  an appropriate 
character is t ic  l i f e  (e.g., 105 cycles).  

This technique i s  used t o  def ine the numbers i n  
Table 1 which show the fa t igue  dandge s e n s i t i v i -  
t y  t o  sea condit ions o f  a t yp ica l  area on the 
bottom surface o f  the f r o n t  f o i l .  The tabulated 
numbers are a r b i t r a r i l y  normalized t o  the maxi- 
num net  damage number which i s  i l l u s t r a t e d  f o r  a 
Hsig o f  9.0 feet.  The comparisons v i v i d l y  demon- 
s t ra te  the s e n s i t i v i t y  t o  sea conditions. O ~ e r -  
a t ional  requirements were based on a c m e r c i a l  
route which consisted o f  a takeof f  and landing 
every hour and a heading mix o f  50% bow. 50% 
quarter. The takeoff / landing cyc le was def ined 
by the maximum expected wave load added t o  the 
l g  steady 1 i f t  load. A ground-air-ground cyc le 
i s  s i m i l a r l y  defined f o r  comnerc'+l airplanes. 
For short range routes of airplanes t h i s  cyc le 
t y p i c a l l y  dominates the fa t igue  damage. Fcr 
t lydrofo i l  operation Table 1 ind icates t h a t  i t  i s  
ins ign i f i can t  unless only moderate seas are en- 
countered. I n  fac t ,  the comparisons p o i n t  3ut  
that, fo r  a route which encounters "rough" seas 
a s i g n i f i c a n t  por t ion  of the time, the moderate 
seas are a n e g l i g i b l e  contr ibutor  t o  the overa l l  
fa t igue dan~age. These net  damage numbers show a 
sea o f  6.5 f e e t  s i g n i f i c a n t  wave height i s  over 
9 times as damaging as a 4.0 fee t  s i g n i f i c a n t  
wave height and 9.0 f e e t  i s  56 times as damging! 
Also evident i s  the  major e f f e c t  o f  the in f re -  
quent but large loads from slamning and f o i l  un- 
wetting. These ia rge  loads are important con- 
t r i b u t o r s  t o  fa t igue  damage f o r  near ly  a l l  f o i l  
and s t r u t  s t ructure but  are most dominate f o r  
the f r o n t  f o i l  system. I r respec t i ve  o f  locat ion, 
a l l  primary f o i l  system struct81re has the same 
q u a l i t a t i v e  fa t igue  l i f e  s e n s i t i v i t y  t o  sed s tate.  

Thrse comparisons v i v i d l y  po in t  ou t  the basic 
fat iglre analysis problem f o r  hydrofoi  1 s 
operating i n  the open seas; s t ruc tu ra l  fa t igue  
damage i s  heavi ly infiuenced by those load 
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events which are the most infrequent and comp- 
l l cd ted  t o  p red ic t  and those sea environments 
for which i t  i s  the most d i f f i c u l t  t o  obta in 
accurate s t a t i s t i c s .  From the hydrofo i l  
design po in t  o f  view, a great need ex is ts  to :  
(1) obta in be t te r  s t a t i s t i c s  on sea enciron- 
m n t s  and (2) develop r e l i a b l e  ana ly t i ca l  
simulation techniques which represent basic 
load behavior and accurately p red ic t  load event 
frequency f o r  a wide range o f  environments. 

Although the subject o f  f law growth w i l l  no t  be 
discussed i n  any de ta i l ,  the author wishes t o  
point  out  t h a t  f law growth c3nsiderations are 
important t o  the overa l l  hydrcfoi  1 fa t igue  
damage problem as wel l  as c lass ica l  fat igue. 
This i s  a r t i c u l a r l y  t r u e  f o r  welded structure. ! The qua a t a t l v e  fa t igue  weighting o f  sea 
enviromnent discussed above i s  also appl icable 
to f l aw growth. For s i z ing  some s t ruc tu ra l  
members f law growth i s  the dominant considera- 
tlon, 

LOAD PARAPIETER 

UNWETTING AND HULL 
SLAMWING LOADS 

DAMAGE S W T I O N  
OF ALL LOAD CYCLES 

TABLE 1 FRONT FOIL NORMALIZED FATIGUE 
DAMAGE COEFFICIENTS 

V I I .  Analy t ica l  Stmulations 

Although the emphasis on t e s t  data t o  t h i s  po in t  
suggests t h a t  ana ly t i ca l  e f f o r t s  were n i l ,  t h i s  
was not  the case. Two d i g i t a l  computer simula- 
t i o n  models were u t i l i z e d .  The primary one 
which provided a basic s t a t i s t i c a l  analysis 
too l  was a five-degree-of-freedom (heave, sway, 
pitch, yaw and r o l l )  pertubation model based on 
the c lass ic  spectral  response analysis method 
f o r  l inear ,  gaussian, random processes 

s 0 ( ~ ) = I ~ ( j ~ ) l 2 s i  (u) (6 
where So(w) i s  the output spectrum, Si(a) i s  
the input  spectrum and H(jo) i s  the complex 
frequency response funct ion f o r  the  choser. out- 
put variable. Sf(@) i s  defined f a theoret i -  
cal sinusoidal wave spectrum m d e R )  . H(Jo) 
i s  computed from the hydro fo i l  c r a f t  model which 
may include any degree o f  sophis t icat ion i n  
hydrodynamic l i f t  and drag character is t ics  o f  
the f o i l  surfaces, contro l  system log ic  and 

st ructura l  roper t les  as long as the model i s  r mathemnttca l y  l tnear, I t  t s  l m p l f c i t  tha t  the  
sea model character ts t lcs  are a lso l tnear .  
Obvtously, t h t s  nodel could not  be used t o  
analyze the Inherent ly  nonl tnear slanning and 
f e l l  unuett tng loads but  was p o t e n t i a l l y  v a l i d  
for f o t l  wave load analysis, Or ig lna l  load 
mgnitudes using t h t s  model were ser ious ly  low 
when corre la ted w i t h  t e s t  data, By bet ter  
parameter i d e n t t f i c a t i o n  o f  items 1 i k e  f r e e  
surface effects, s t ruc tu ra l  flexibility an? 
f lap effectiveness the load estimates were 
increased t o  provide be t te r  co r re la t ion  w i t h  
the wave load data f o r  bow and head seas. How- 
ever, some o f  the  estimates were s t i l l  de- 
f i c i e n t ,  p a r t i c u l a r l y  f o r  l a rger  seas. Predic- 
ted load behavior f o r  other headings corre la ted 
poorly w i t h  t e s t  data. A p a r t i c u l a r l y  divergent 
comparison t s  f o r  the  a n t i s m e t r i c  f o i l  loads 
i n  head and fol low seas (Section V ) .  

Further improvements a re  possible w i t h  t h i s  
approach, For example, mu l t id i rec t iona l  sea 
spectras could be employed and piecewise 
i i n e a r l z a t i o n  o f  nonl inear hydrodynamic para- 
meters and wave character is t ics  i s  feasible. 
Many f u r t h e r  po ten t ia l  refinements requi re 
enp i r i ca l  data f o r  a r e a l i s t i c  d e f i n i t i o n  o f  
parameters. 

The oecond model was a complex t ime domain 
simulat ion whtch included nonlinear hydrodynamic 
force representat ions and also a slamning model 
to p red ic t  pressure d:str ibut ions on the h u l l  
due t o  wave impact. This model was o f  some 
help i n  character izing f o i l  load behavior 
during slamning events. However, i t s  complexity 
and cost was p r o h i b i t i v e  f ~ r  use as a too l  t o  
provide comprehensive s t a t i s t i c a l  data. No 
theoret ica l  representat ion o f  the f o i l  unwetting 
event was avai lable. 

V I I I .  Concluding Remarks 

The hydrofoi  1 fa t igue  load environment from 
rough water operat ion i s  complex, severe and 
d i f f i c u l t  t o  predic t .  Primary loading o f  the 
f o i l  system s t ruc tu re  involves three d i s t i n c t  
mechanisms: wave loading from o r b i t a l  ve loc i t i es  
and f o i l  depth changes, h u l l  slamning and f o i l  
unwetting. Loading d i s t r i b u t i o n s  and local  
panel pressures are complicated by cav f ta t ion  
and constant changes o f  both water l ine loca t ion  
and wetted area o f  the s t ru ts .  Major non- 
l i n e a r i t l e s  occur f o r  a l l  o f  the load mechanisms 
which l i m i t s  the usefulness of current  state-of- 
the-art theore t i ca l  approaches t o  predict ion. 
P robab i l i s t i c  descr ip t ions o f  wave height, wave 
period and sea heading a re  required t o  p red ic t  
the spectrum o f  loading events. A lack of 
accurate s t a t i s t i c s  on sea environments f o r  : 
given area i s  a general problem. This prob'lem 
i s  compounded f o r  load specbum pred lc t lo r  
because the most severe and i n f r y u e n t  seas 
cause the  ma jo r i t y  o f  the fa t igue  damane. 
These considerat icns necessitated a scrong 
dependence on t e s t  data t o  obta in a t imely  
de f in i t i on  o f  loads c r i t e r i a  f o r  the JETFOIL. 



A comprehensive amount of t e s t  d ~ t ~  15; requlred 
to def ine the spectrum o f  hydroro l l  load events. 
The la rge number o f  wave load c l e t  can gener- I" a l l y  be represented by the faml f a r  Rayletgh 
d t s t r l b u t l o n  and I n  cases where a Raylelgh 
d i s t r l b u t l o n  i s  inadequate, a parametric canbl- 
nation o f  Raylelgh and exponenttal d i s t r i b u t i o n s  
can be used. The complfcated nature and d i s t r t -  
but ion o f  h u l l  slamnlng and f o i l  unwettfng loads 
necessitates a canpletely empirtcal de f in t t i on ,  
Because o f  implementfng a la rge  scale t e s t  
program conducted I n  several types of sea 
environments, the JETFOIL fa t lgue  envfroments 
were adequately defined. However, the problems 
and expenses involved w i t h  obtafnlng h lgh 
confidence fa t igue load spectrums from tes t ing  
points ou t  the c r i t i c a l  need f o r  more Sophist i -  
cated but  e f f i c i e n t  ana ly t i ca l  approaches t o  
predic t ing the loads. This i s  t s p e c l a l l y  
important f o r  prel iminary design. 

The state-of-the-art theore t i ca l  approaches t o  
analyzing ship responses I n  a random sea are 
bas ica l ly  v a l i d  f o r  the  t yp ica l  wave loading 
environment o f  the hydro fo i l  where the non- 
l i s e a r  loads o f  h u l l  s l a n i n g  and f o i l  unwetting 
are infrequent. However, f u r t h e r  refinements 
i n  these l i n e a r  modeling techniques are needed. 
Larger waves introduce s i g n i f i c a n t  nonl i near i -  
t i e s  and mu1 t i d i r e c t i o n a ?  seas can inva l ida te  
the t y p i c a l  one dimensional sea representation. 
From the viewpoint o f  the hydrofoi l  s t ruc tu ra l  
analyst, there i s  a need for more d i r e c t  and 
s t a t i s t i c a l l y  accuratf measurements o f  sea 

environments. Experimental measurements o f  
wave o r b i t a l  ve loc i t y  d i s t r i b u t i o n s  i n  many 
types o f  sea environments i s  needed f o r  v e r l f l -  
cat ion and upgradlng o f  the current  energy 
representations o f  the  sea surface. This I s  
p a r t i c u l a r l y  important i n  sea envlrorments 
rrhlch a re  confused i n  d i r e c t i o n  and o f ten  
c m n  I n  coastal areas where hydro to i l s  
predominantly operate. Future develo 
i n  modeling techniques f o r  hydro fo i l  p oads s I n  
a random sea should enhance the a b i l l t y  t o  
concisely def ine the complicated load environ- 
ments. 
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EVALUATION OF ROTOR-BEARING 

SYSTEM DYNAMIC RESPONSE TO UNBALANCE 

Roger E .  Thal ler  and David W .  Oziaek 
Aeronautical Systems Division 

Wright..Patterson Air Force Base, Ohio 

I A complete inves t iga t ion  o f  the  v ibra t ion  environment w i th in  1 
a i r  cbnditioner ro ta t ing  machinery re ferred t o  as an Air 
Cycle Machine (ACM) was needed t o  e f f e c t i v e l y  increase ACY 
r e l i a b i l i t y .  To a s s i s t  i n  the  se lec t ion  o f  design changes 
which would resu l t  i n  improved ACM performance, various 
design modifications were incorporated i n t o  a baseline ACM 
conf igurat ion.  For each design change, t e s t i n g  was conducted 
wi th  the best balance achieveable (base l ine )  and wi th  various 
degrees o f  unbalance. The purpose was t o  e s tab l i sh  re lat ion-  
ships between unbalance ( w i t h i n  the  context o f  design changes) 
and the  parameters associated wi th  design goals. The r e s u l t s  
o f  rotor dynamics t e s t s  used t o  e s t a b l i s h  these re lat ionships  
are presented herein. 

BACKGROUND 

Overview 

Air Cycle Machines (ACMs) from Air Force 
Ground Support Air Cycle Air Conditioner Carts ,  
used for  cooling and heating t a c t i c a l  a i r c r a f t  
on the  ground, continue t o  experience an 
unacceptable rate  o f  fa i lure .  At times these  
fa i lures  have reduced the a v a i l a b i l i t y ,  and 
have ser iously  jeopardized the mission, o f  
various a i r c r a f t .  ACMs have been returned for  
f a l lure  invest igat ions  and/or maintenance over- 
haul following rotor se izure  or any condition 
which, by experience, indicated that  rotor 
seizure was imminent. Imminent seizure was 
determined from such conditions as ( 1 )  lubr i -  
cating o i l  turning dark, ( 2 )  smoke exhausting 
from the compressor discharge and ( 3 )  metal l ic  
part ic les  appearing i n  the o i l .  Vibrat ion was 
considered t o  be a possible cause o f  f a i l u r e s .  

Air Cycle Machine 

As shown i n  Figure 1 ,  the ACM i s  basical ly  
a rotat ing assembly tha t  cons i s t s  o f  a turbine 
wheel (C)  and fan ( E )  fastened t o  opposite 
ends o f  a common s h a f t  (D).  In general,  high 
temperature and pressure a i r  passes through the 
nozzle ( B )  and i s  expanded through the  turbine 
wheel t o  a lower temperature and pressure a i r  
as energy i s  extracted i n  the  form o f  work and 
heat.  Work i e  done on the rotor.  Work trans- 
formed i n t o  heat passes through the angular 

contact bal l  bearings (H). The ACM rotor  con- 
s i s t s  o f  the  sha f t  ( D l ,  compressor wheel, tur-  
bine wheel, o i l  s l ingers  ( N ) ,  and the  inner race 
o f  each bearing. The remainder o f  the  ACM 
structure  wi th  the  exception o f  the  seals and 
bearing b a l l s ,  can be considered the  s ta tor .  
The rotor  i s  housed i n  one sect ion o f  the  s t a t o r ,  
the cantilevered cartridge (J). The cartridge 
i s  Zastened t o  the  turbine end o f  the  main 
housing ( 0 ) .  The bearings, which provide a 
dynamic in terplav between s h a f t  and cartr idge,  
are preloaded through act ion o f  the  center 
spring (P) against each sleeve (Q). The bear- 
ings are cooled by act ion o f  the  o i l  system 
which c i rcu la tes  MIL-L-6085 o i l .  The n i l  sys- 
tem cons i s t s  o f  Dacron wicks ( K ) ,  cap i l lary  
tubes (L), t he  ACME threaded portions o f  t h e  
s h a f t  ( M I ,  and o i l  s l ingrrs .  O i l  i s  fed t o  the 
sha f t  by capi l lary  act ion through v icks  and 
tubes and by pumping act ion generated by t h e  
screw threads. O i l  i s  then forced through the 
b e a r i n ~ s  by the  cen t r i fuga l  act ion o f  the  o i l  
s l inger .  

The ACM i s  a primary component o f  the  Air 
Conditioner system. A general schematic.of 
t h i s  system i s  provided as Figure 2 .  The sys- 
tem input and output a i r  conditions d ic ta te  
the ACM input and output a i r  conditions which 
govern the  rotor dynamic response. Table 1 
provides typical  measured values for  t h e  
governing input and output a i r  conditions.  A 
maximum ACM operating speed o f  525 Hz (31,500 
rpm) i s  attained a t  the  36'C db/3O0C wb (97"Fdb/ 
87OF ub)  ambient temperature condition. 



Fig. 1 - Cross Sectional View of Air Cycle Machlne 
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TABLE 1 

A I R  CONDITIONER PERFORMANCE DATA* 

* A l l  values wi th in  t h i s  t a b l e  a r e  normalized f o r  atmospheric pressure  
of 101 kPa and a de l ive ry  pressure  of 14 kPs. Delivery a i r f l ow is s e t  
a t  0.53 kglsec. 

Ambient 
Temperature 

db/wb 
"C/"C 

-3.911.7 

10/7.2 

27/18 

36/30 

38/29 

54/24 
* 

Rotor Bearing and Car t r idge  System Dynamic 
Performance 

The dynamic behavior of t he  Air  Cycle 
Machine r o t o r  was theorized t o  be the major 
cause of ACM d e t e r i o r a t i o n  and u l t ima te  f a i l -  
ure. Ro ta t i rg  systems tend t o  whir l  o r  whip 
a t  f requencies  which a r e  c h a r a c t e r i s t i c  of the  
r r t o r  system design. Operation a t  o r  around 
these  f requencies  could lead  t o  des t ruc t ive  
r e s u l t s .  These v ib ra t ion  type phenomenon can 
be ei:her synchrorrous o r  non-synchronous i n  
na ture .  Synchronous whirl  i s  character ized  by 
a slow buildup of t ransverse  v ib ra t ion  with 
the  fundamental frequency equal t o  a par t icu-  
l a r  running speed of t he  ro to r  system. This 
p a r t i c u l a r  running or synchronous speed i s  
ca l l ed  the  c r i t i c a l  speed. Synchronous whir l  
can be pr imar i ly  e t t r i b u t e d  t o  mass unbalance 
of t h e  r o t a t i n g  system which could r e s u l t  from 
such f ac to r s  a r  .?equal load d i s t r i b u t i o n ,  
unsymmetrical s t i f f n e s s  of sha f t  o r  bea r ing ( s ) ,  
o i l  f r i c t i o n  I n  bearings,  and h y s t e r e s i s  
damping i n  the  sha f t .  Non-synchronous whir l  
i s  character ized  by se l f - exc l t ed  v ibra t ior ,  
induced by var ious  e1emen:s i n  the  r o t o r  sys- 
tem. Such elements a s  s e a l s ,  aerodynamic 
p iecepar ts  and f l u i d  f i lm  bearings can induce 
thase  v ib ra t ions  thereby causing r o t o r  i n s t a -  
b i l i t i e s  vhich d i r e c t l y  r e s u l t  In the  non- 
synchronous whirl  condition.  

would be very near  t h e  maximum ACF opera t ing  
speed. The i n t e r r e l a t i o n s h i p s  between these  
c r i t i c a l  speeds and r o t o r  balcnce were s i m i l a r l y  
s p e c ~ ~ l a t  ive. 

Bleed A i r  
I n t o  A i r  
Conditioner 

ACM Improvement P ro j ec t  

PRES 
kPa 

3 l U  

307 

286 

26- 

255 

248 

An extens ive  ACM Improvement Projec t  was, 
t he re fo re ,  undertaken by the  PRAM Program Officc. 
of t h e  Air  Force t o  thoroughly inves t iga t e  f a i l -  
ures  by . q a l y t i c a l l y  and exper imenta l ly  i den t j fy -  
ing  I C M  d e f i c i e n c i e s  and by d e t e w i n i n g  neceosary 
co r r ec t ive  ac t ions .  One of many ALX des igns  
cu r r en t ly  used i n  t he  Air Force w s s  s e l ec t ed  f o r  
study. The p ro j ec t  cont inues  t o  involve a com- 
bined e f f o r t  between Air Force management, 
engineering and l o ~ ~ i s t i c s  organiza t ions .  Two 
A i r  Force con t r a - t s  were awarded t o  meet p r o j ~ c t  
ob jec t ives :  Mechanical Technology Inc. (MTI - 
Latham NY) was require-! t o  perform a major i ty  
of t h e  a n s l y t i c a l  e f f o r t s  and United A i r c r a f t  
Products Inc. (UAP - Fores t  OH) was required t o  
simultaneously perform a complete t e s t  e f f o r t  i n  
conjunction with Independent a n a l y t i c a l  s tudies .  

ACM 
Turbine 

TEMF 
'C 

171 

193 

213 

221 

224 

232 

The p r inc ip l e  ob jec t ives  of t h e  ongoing Im- 
provement P ro j ec t  continue t o  be t o  provide an 
ACM which: 

Air Conditioaer 
Ou t l e t  

1. physica l ly  and func t iona l ly  i n t e r f a c e  
with a given Air Conditioner Ca r t ,  

INLET 

TEMP 
'C 

10 

11 

11 

14 

17 

18 

Rotor systems containing r o l l i n g  element 2. meets o r  exceeds performance and 
bearings,  such as  t h i s  ACM, a r e  p a r t i c u l a r l y  r e l i a b i l i t y  requirements of t h e  governing speci-  
s e n s i t i v e  t o  system balance when opera t ing  a t  f i c n t  ion ,  
o r  wi th in  a range of one o r  more system 
c r i t i c a l  speeds. Previous development t e s t s  3. i s  compatible with t he  cu r r en t  high 
on an  e a r l i e r  genera t ion  of t h i s  ACM estab- pressure bleed a i r  sources used by the  Air Force, 
l i shed  t h a t  a t  l e a s t  one f l r s t  c r i t i c a l  speed and 

PREC; 
kPa 

276 

265 

238 

214 

207 

172 

OUTLET 

Relar lve  
Humidlty 

X 
-,.. 

4 5 

4 5 

5 5 

53 

60 

60 

TEMP 
'C 

6.7 

14 

28 

38 

43 

52 

PRES 
kPa 

165 

165 

10 

62 

59 

48 

TEMP 
*C 

-10 

3 

1.7 

13 

14 

15 



4. decreases system l i f e  cycle  cos t .  

The p ro j ec t  was divided i n t o  four  tasks .  A 
long term s tudy and t e s t  e f f o r t  was determined 
necessary t o  i d e n t i f y  both ACM f a i l u r e  caure(8)  
and oy-imum co r rec t ive  ac t ions .  This e f f o r t  
was d iv ided i n t c  three  t a sks  i n  order  t o  estab- 
l i s h  a baseline (Task 2) ,  i d e n t i f y  aptimum 
des ign c h a n g d s )  (Tsek 31, and demonstrate t he  
a c c e p t a b i l i t l  of t h e  optimum design through 
r e l i a b i l i t y  t e s t i n g  (Task 4). To p ro t ec t  e x i s t -  
ing  ope ra t iona l  ACHE from f u r t h e r  f a i l u r e  during 
t h i s  long term e f f o r t ,  a sho r t  term t e s t  e f f o r t  
was required  t o  s i z e  an o r i f i c e  which would 
reduce the  ACM maximum opera t ing  speed. This 
e f f o r t  (Task 1 )  i s  r.ot discussed herein.  

In  Task 2,  base l ine  performance t e s t s  were 
conducted on two AMs (SIN 312 and 313) t o  pro- 
vide engineering base l ine  data  a s  wel l  a s  t o  de- 
f i n e  'CN de f i c i enc i e s .  Analyt ica l  s t u d i e s  were 
simultaneously performed t o  e s t a b l i s h  corre la-  
t i o n  between theory and t e s t  r e s u l t s .  De ta i l s  
of these  Task 2 e f f o r t s  t h a t  d id  not r e l a t e  t o  
unbalance were presented a t  the 24th Annual 
Technical Meeting of t he  I s s t i i u t e  of Environ- 
mental Ss iencres .  The r e s u l t s  t h a t  r e l a t e  
response t o  unbalance a r e  pt %sented here in .  
In  Task 3. deaign Aanges  we-e a n a l y t i c a l l y  
assessed and se l ec t ed  f o r  t e s t .  The cesul t ing  
h r d w a r e  changen were then subjected t o  a com- 
p l e t e  t t s t i n g  scqucnce. Af ter  i den t i fy ing  an 
optimum i e s i a n  approach, the  optimum design wns 
f u r t h e r  t e s t ed  i n  T ~ s k  4. A por t ion  of t he  
Task 3 and 4 r e s u l t s  a r e  presented hcrein.  

ACM DYNAMIC RESPONSE TESTS 

Test Procedures 

A t  the  completion of t he  Task 1 in ter im f i x ,  
the  base l ine  t e s t s  were i n i t i a t e d .  The same 
b a s ~ c  t e s t  ins t rumenta t ion  was used f o r  a l l  t he  
t e s t s  from basel ine  throvth r e l i a b i l i t y  t e s t i n g .  
A more complete desc r ip t ion  of t h e  ins t rumenta-  
t i o n  and processing technique used throughout 
these  e f f o r t s  is  presented i n  the  following sec- 
t ion.  Two Awe (SIN 312 and SIN 313) were 
t e s t ed ;  each with 13  prox!mitg probes,  two 
rccelerometera and a va r i ab l e  quan t i t y  of ther-  
mocouples and pressure  sens ing devices.  Three 
of the proximity probe sensors  provided t h e  most 
s i g n i f i c a n t  information required f o r  r o t o r  un- 
balance response a n a l y s c ~ .  Referring t o  Figure 
1, Y1X (U) provided a measure of s h a f t  r o t a t i o n ;  
Y 1 Y  (R) and Y5Y (T) provided measures of v e r t i -  
c a l  displacement from the  sha f t  a t  t he  com- 
pressor  end and turbine  end respect ive ly .  Data 
was obtained during a c c e l e r a t i o r  of t h e  r o t o r  
sha f t .  Fbr each acce l e ra t ion  run,  t he  da t a  
a n a l y s i s  produced p1.ots of Y L Y ,  Y5Y and the  
phase ang le s  between the p a i r s  Y1X-Y1Y and 
YlX-Y5Y. 

During the t e s t s ,  unbalance was generated 
by adding ca l ib ra t ed  threaded nu t s  t o  the  com- 
pressor end of the  s h a f t  f o r  base l ine  and design 

change t e s t s .  One nut was geed f o r  e & ~ c h  un- 
balance condi t ion  beyond the  base l ine  unbalance. 
Cal ibra tzd  nu t s  were i n s t a l l e d  on the  turbine  end 
of the  sh .t during the  f i r s t  p a r t  of the  r e l i -  
a b i l i t y  t e b t .  Af ter  t h i s  f i r s t  p a r t ,  t he  ACM 
was returnee; t o  a base l ine  unbalance. The ACY 
was then a l loved t o  become u n b a l ~ n c r d  during 
operation.  

During the  t e s t s ,  da t a  were obrained during 
acce l e ra t ion  and dece l e ra t ion  of t he  ro to r  shaf 
using a presr lec ted  range O K  ACM input/output 
a i r  cond ic io~r r .  Data were a l s o  acquired dur ing 
ACM opera t ion  a t  a cons tant  speed. 

Baseline Teste 

In order  :o provide a s t a r t i n g  point o r  
base l ine ,  the  e x i s t i n g  ACM c o r ~ f i p c ~ a t i o n  was 
chosen f o r  t e s t  and analyaes.  Thc conf igura t ion  
cons i s t e !  af an e las tomer ic  O-ring and 120N 
(27 l b )  bearing preload. The O-ring Mas located  
between the  c a r t r i d g e  and d i f f u s e r  housing 
saddle  located  a t  t h e  comp- s s o r  eno of t he  ACM. 
Preload was provided by a bpring located  bstween 
the  sha f t  and c a r t r i d g e  a t  t he  cen te r  of t h e  
r o t o r  s:rstem. The sp r ing  provided load t o  the 
bearings by t r ansmi t t i ng  the  necessary force  
through sleeve. mounted between the  spr ing and 
each bearing. 

Beseline t e s t  resu1.s showed 3.1expected 
differences i n  the  loca iu - s  of both the  f i r s t  
2nd s e c ~ n d  c r i t i c a l  spesd between the  two t e s t  
AQ4s. Differelices of a t  l e a s t  50 rps  (3030 rpm) 
were recorded. The r e s l l t i n g  a n a l y s i s  i n d i c a t e i  
t h a t  t1,e ACM f i r s t  c r i t i - a 1  speed is ?r imar i ly  
a funct ion  of cartridge s ~ i f f .  and the  second 
c r i t i c a l  speed is primari!.~ -:tion of 
bearing r o t o r  s t i f f n e s s .  

Baseline performant, . anal yscs 
a l s o  i d e n t i f i c d  deficient c p e r t a i r i n g  t o  t he  
rotor-bearing and c a r t r i d g e  system of t he  ACM. 
Analysis of the  base l ine  data  ind!ca?ed t h a t  a s  
a minimum the followfng th ree  design goals  be 
e s t ab l i shed :  

1. Minimize s h a f t  excureions t f i ~ l t i n k  
from synchronous ro to r  response. 

2. . Move the  machine second i r i t i c a l  speed 
15% o r  more above the  maximum opera t ing  speed 
(maximum o p e ~ a t i : ~ g  speed is approximately 525 r p s  
[31500 rpm] ). 

3. Minimize s h a f t  excurs ions  r e s u l t i n g  
flom subaynchronous r o t o r  response. 

Design Chanpc Tes ts  

The base l ive  t e s t  r e s u l t s  l ed  t o  t he  de- 
velopment of design changes, each design change 
was an attempt t o  achieve a t  l e ~ s t  one of t he  
dcs i red  design goals.  A 178N (40 l b )  bearing 
preload was determined necessary t o  s u f f i c i e n t l y  
i n - r ease  t he  second c r i t i c a l  speed wel l  above 
the  maximum opera t ing  speed. Addlqg e i i h e r  the 
dual 0-,ring o r  t h e  C-ring was t o  a i d  i n  damping 



the  ro to r  v ibra t ion  thereby decreasing r o t o r  
excursions over the range of AQI speeds ( i n  par- 
t i c u l a r  the  f i r s t  c r i t i c a l  speed). An incredse  
i n  cant i levered c a r t r i d g e  suppor t ,  accomplished 
by changing the  four  bol t  c i r c l t  f lange  configu- 
r a t i o n  t o  seven, was t o  add s t i f f n e s s  t o  t he  
ca r t r i dge ,  thereby f u r t h e r  reducing r o t o r  excur- 
s ions  while increas ing t h e  f i r s t  c r i t i c a l  speed. 

To achieve the design goa l s ,  a v a r i e t y  of 
AQ4 conf igura t ions  sras t e s t ed .  Each configura- 
t i c n  bas  a combination of design changes a s  
i d e n t i f i e d  i n  Table 2. The f i r s t  conf igura t ion  
was a n a l j t ? c a l l y  determined t o  provide the  op t i -  
mum combination of these  design changes. The 
second conf igura t ion  was determined t o  be t h e  
optimum design from a s t i f f n e s s  point  of view. 
Neither conf igura t ion  demonstrated the  proper 
combination of des i r ed  response. Therefore,  two 
add i t i ona l  combinations were t e s t ed  i n  Phase 111. 
The Phase IIIB configuraLion demonstrated t h e  
type of performance des i red .  Therefore,  t h i s  
coa:iguration was f u r t h e r  t e s t ed  i n  another  ACh 
(Phase IVA) t o  determine i f  t he  dynamic perfor- 
mance ( i n  p a r t i c u l a r  t he  r o t o r  s igna tu re )  was 
repeatable.  Complete r e p e a t a b i l i t y  could not be 
obtained. However, t h e  Phase IV conf igura t ion ,  
t e s t e d  t o  determine i f  t h e  O-ring i n  ": base- 
l i n e  conf igura t ion ,  had served a u se fu l  purpose. 
dewas t r aced  f a r  super ior  performance over any 
previous conf igura t ion .  (Baseline t e s t  da t a  
indica ted  t h a t  t he  O-ring had no e f f e c t  on the  
performance of one of the  base l ine  ACMs.) The 
Phase IVB design was the re fo re  s e l ec t ed  f o r  t h e  
lengthy r e l i a b i l i t y  t e s t .  

R e l i a b i l i t y  Test  

To d e m o n s t r ~ t e  t h a t  t b e  optimun design was 
capable of cont inual  and r e l i a b l e  on-off opera- 
t i o n  i n  a va r i ab l e  ciivi-onment. t he  optimua 
design was subjected t o  a s equen t i a l  r e l i a b i l i t y  

t e s t .  One ACM was t o  opera te  i n  a c y c l i c  on-off 
fashion under a va r i e ty  of ACH input  and output 
condi t ions  u n t i l  a n  WTBF of 435 hours was 
achieved. A t  l e a s t  11 on-off cyc l e s  of each 
combination of input-output condi t ions  i den t i -  
f i e d  i n  Table 3 were t c  be t e s t e d  (a t o t a l  of 
528 cycles) .  The r e s u l t s  crf t h i s  t e s t  as we l l  
a s  base l ine  and design change t e s t s  were analyzed 
t o  determine dynamic respGnse t o  unbalance. 

TEST INSTRUUENTATIOIY AND DATA PROCESSING 

Test  Instrumentation 

The r o t o r  dynamics i nves t iga t ions  were 
conducted by AFFDL using the  i n s t r u m e n t ~ t i o n  
shown i n  Figure  3. AFFDL used proximeters wi th  
s i g n a l  condi t ioning equipment between proxi- 
meter output and tape  recorder  input.  The 
Automatic Gain Ranging Amplifier  Units (AGAUs) 
immediately downstream from t h e  proximeters 
were used t o  i nc rease  s i g n a l  vol tage  l e v e l s  
out  of the  background ambient c a i s e  l e v e l s  and 
ca r ry  the  s i g n a l s  over r e l a t i v e l y  long cab le s  
t o  t he  t e s t  monitoring s t a t i o n .  The seccnd 
s e r i e s  of A W s  was used t o  i nc rease  o r  de- 
c r ease  s i g n a l  l e v e l s  t o  a n  acceptable  range 
f o r  analog tape input.  Time code was recorded 
on tape  along wirh a l l  d a t a  s i g n a l s  f o r  use i n  
da ta  e d i t i n g  and analys is .  

S ignals  from each p a l r  of t he  s h a f t  2nd 
proximity probes were continuously displayed 
on dual  beam osci l loscopes  i n  o rde r  t o  v i s u a l l y  
check r o t o r  o r b i t s .  S igna l s  from each of t h e  
remaining probes were a l s o  s e l e c t i v e l y  moni- 
tored.  In add i t i on ,  f o r  t h e  AFFDL t e s t  por t ion .  
s e l e c t i v e  s i g n a l  a c t i v i t y  over t h e  e n t i r e  
frequency (speed) range of t he  AQI was d is -  
played on t h e  osc i l loscopes .  

TABU 2 

DESIGN CHANGE TEST CONFIGURATIONS 

Test 
Phase 

I 

I I 

IIIA 

I I IB 

I VA 

I VB 

ACl4 S/N 

313 

313 

312 

313 

312 

313 

Configuration 

178N (40 l b )  bearing preload; dua l  e las tomer ic  
O-rings between c a r t r i d g e  and d i f f u s e r  housing. 

7 bo l t  f lange  mounting por t ion  of c a r t r i d g e ;  
m e t a l l i c  C-ring between c a r t r i d g e  and d i f f u s e r  
housing. 

Increased c a n t t l e v e r  support  a s  i n  Phase TI1 
combined with 178N bearing preload. 

178N bearing preload and m e t a l l i c  C-ring 
betdeen c a r t r i d g e  and d i f f u s e r  housing. 

Same a s  IIIB. 

17dH bearing preload and c iearance  between 
c a r t r i d g e  and d i f f u s e r  housing. 



TABLE 3 

R E L I A B I L I T Y  T E S T  CCNDITIONS 

DELIVERY PRESSURE 

10 k P a  

ROTOR UNBALANCE 
BASELINE 

7 X 1 0 - ~ ~ - r n  n ROTOR UNBALANCE 
WEIGHT N o  1 

14 X 1 0 - ~ ~ - r n  n ROTOR UNBALANCE 
WEIGHT N o  2 

28 X 1 0 - ~ ~ - r n  n ROrOR UNBALANCE 
WEIGHT N o  3 

42 X 1 0 - ~ ~ - m  



PROXIMETERS SiGNAL CONDlTlCNlNG PACKAGE 

I 
I 

GAIN 

UNITS 
I I 

A C C E L E I O U f  1 L I S  

- - - - - - - - - - - - 
01'3 
' ACY 

TELEMETRY 
PACKAGE 

DATA ACQUISITION. 
REDUCTION L PROCESSING 

Fig. 3 - Air Cycle Machlne Rotor Dynamics Test Instrumentation 

PLOTS OF 
ANALOG TIME HISTORIES - DISPLACEMENT 

t VS RPM 
7 

ANALOG-TO-DIGITAL CONVERSION j 

t 
DIGITAL TlME HISTORIES 

ANALYZER 
REAL-TIME -u 

DISPLACEMENT SPECTRA AND 
CROSS POWER SPECTRAL DENSITIES 

SOFTWARE 

v 
DISPLACEMENT & PHASE 

PLOTS OF &-* DISPLACEMENT 
& PHASE VS RPM 

Pig. 4 - Air Cycle Machine Data Procerring Methods 



For t h i s  ph.~sc o t  t e s t i n g .  i 3 t a  wrre 
recorded a s  e.rch of two ACMs ( b o t h  of t h e  same 
b a s i c  d e s i g n )  WLIS a c c e l e r a t e d  then d e c e l e r a t e d  
over J range o t  r o t o r  unbalance c o n d i t i o n s .  Com- 
prebsor  a i r  i n l z t  t empera tures  were a l s o  var ied .  
Data from t h e  e c c e l e r a t i o ~  and d e c e l e r a t i o n  r c n s  
were used t o  l o c a t e  t h e  c r i t i c a l  speeds  o r  syn- 
chronous w h i r l  f t e q u e n c i e s .  Haximum r o t a t i o n a l  
speeds  of 583 rpa (35,000 rpm), well above 
mnximum ape r a t  in8  speed ,  were monitored dur ing  
t h i s  e x e r c i s e .  Each ACE! was a l s o  s u b j e c t e d  t o  a 
s e r i e s  of cons tan t  speed runs a t  a  s e r i e s  of un- 
balance and compressor a i r  i n l e t  t empera ture  
cs11dit ic .n~.  The ACns were simply h e l d  a t  a  con- 
s t a n t  speed a s  d a t a  were recorded f o r  a  s h o r t  
(10 - 15 second! t ime i n t e r v a l .  Speeds f o r  t h i s  
e x e r c i s e  we1 e s e l e c t e d  from a range of speeds i n  
t h e  area of tllc c r i t t c d l  spred?  observed from 
3cccleratron:decele1~tion runs.  Data from con- 
s t a n t  speed r r n s  were a l s o  used t o  l o c a t e d  any 
nonsyn3kro.1ous f r r a u e n c i c s  which could  poten- 
t i a l l y  r e s u l t  i n  a d d i t i o n a l  r o t o r  e x c i t e w n t .  

Data Process ing  

The  bulk s i t  t h e  d a t a  process ing  e f f o r t  was 
cnnduc-tcd hp AFI'DL. Process ing  of t h e  t e s t  
d a t a  uds p r r f o n e d  accord ing  t o  t h e  scheme 
shown i n  F igure  4. The ana log  time h i s t o r i e s  
v e r e  prccessed us ing  a rea l - t ime  spectrum 
ana1yzt.r opera ted  i n  t h e  peak mode. For each 
recorded time h i s t c r y .  c o n s e c u t i v e  segments of 
d a t a  were c c n v e r t r d  t o  displacement s p e c t r a  
( w i t h  a 2 Hz handvid th)  and t h e  maximun va lue  
a t  each frequency was updated. The f i n a l  

spectrum. c o n s i s t i n g  of t h e  h i g h e s t  v a l u e s  a t  
each  f requency ,  was p l o t t e d .  Y 1 X  provided a 
measure of  s h a f t  r o t a t i o n ;  o t h e r  s o u r c e s  pru- 
vided n e a s u r c s  of s h a f t  d i sp lacement  from t h e  
a x i s  of r o t a t i o n .  In  p a r t i c u l a r .  Y 1 Y  and YSY 
provided measures of v e r t l c a l  d i sp lacemrnt  of  
t h e  S h a f t  a t  t h e  covpresvor  end and t u r b i n e  
end r e s p e c t i v e l v .  

The ana log  s i g n a l s  a c q u i r e d  from each 
proximity probe d u r i n g  r o t o r  s h a f t  a c c e l e r a -  
t i o n s  verc a l s o  low-pass f i l t e r e d  a t  lCOO Hz 
and d i g i t i z e d .  Narrow band s p e c t r a  were pro- 
duced u s i n g  a hardware impelemntat ion of  t h e  
F a s t  F o u r i e r  Trarnfcrm. D i s p l a c e a e n t  s p e c t r a  
were a c q u i r e d  f o r  each of t h e  1 3  s e n s o r s  used 
d u r i n g  t e s t  and c r o s s  power s p e c t r a l  d e n s l t i e s  
v e r e  ob ta ined  f d r  each m i r .  i - e . .  Y l X - Y l Y  and 
YlX-Y5Y. The bandwidth f o r  each  spec t ru*  was 
10.18 Hz. For each  i n t e r v a l  of .7858 s e c o ~ d s  
d u r i n g  t h e  s h a f t  a c c e l e r a t i o n  t e s t  c o n d i t i o n .  
a  complete set of s p e c t r a  (d i sp lacements  and 
cross-power s p e c t r a l  d e n s i t i e s  v a s  ob ta ined .  
Each spectrum is  t h e  average  of t h e  o u t p u t s  of 
l o  F a s t  F o u r i e r  T r e n s f o m s .  

The s p e c t r a  were prccessed  u s i n g  a F o r t r a n  
I V  program i n  t h e  f o l l o v i n g  manner. The Y l X  
spectrum was inspec ted  t o  de te rmine  t h e  s h a f t  
i-pm d u r i n g  each .7858 s c l o n d  i n t e r v a l .  The 
frequency cor responding  t o  t h a t  s h a f t  rpm was 
s t o r e d .  For each  of t h e  s e n s o r s ,  t h e  s o f t w a r e  
produced a p l o t  of t h e  d i sp lacement  and :he 
phase w i t h  r e s p e c t  t o  Y 1 X  v e r s b s  s h a f t  speed. 
F igure  5 is  a t y d i c a l  p l o t .  

Fig. 5 - ACH Rotor Dynamics Data from Analog-to-Digital  Process ing  Methods (Phase 1IIA) 

Pig.  5A -- Rota~r Compressor End A c t i v i t y  
(Yrabe YlY) 

Fig.  58 - Rotor Turbine End A c t i v i t y  
Probe Y5Y) 



AQL DYNAUIC RESPONSE RESULTS ANP ANALYSIS 

h l y s i s  of test r e s u l t s  involved c a r e f u l  
i n spec t i on  of t h e  curves of displacement and 
phase versus  frequency. F igure  5 is a t y p i c a l  
set of curvds. Diaplacenent peaks and l a r g e  
phase changes were used a s  i n d i c a t i o n s  of criti- 
c a l  speeds. For each t e s t  unbalance cond i t i on  
c r i t i ~ a l  speed,  t h e  dtsplacement a t  t b a t  speed 
and t he  uabalance was then i d e n t i f i e d  and tabu- 
l a t ed .  Tables 4 through 8 provide t he se  r e s u l t s .  
For p a r t i c u l a r  unbal..ace c o n d i t i o c s  and c r i t i c a l  
speeds,  repeated  a c c e l e r a t i o n  runs  r e s u l t e d  i n  
d i f f e r e n t  dieplacement va lues  f o r  t he  sane c r i -  
t icz i l  speed. I n  t h i s  c a se ,  a range of va lues  
is presented.  Each t a b l e  p r e sen t s  ?he da t a  f o r  
a p a r t i c u l a r  conf igura t ion .  For t h e  ba se l i ne  
t e s t  us ing  AQ( S/N 312 and f o r  Phase I of t h e  
Deaign Change Tes t ,  t he  d a t a  with r e spec t  t o  
unb.>lance is not s u f f i c i e n t  f o r  tabula t ion .  For 
t b r  f i r s t  c r i t i c a l  speed,  compressor end d i s -  
p laceaent  is presented; f o r  t h e  second c r i t i c a l  
speed. t u rb ine  end displacement is presented.  
I n f ~ ~ . z i t i o n  is provided i n  t h i s  manner s i n c e  
both a n a l y t i c a l  p r e i i c t i o n s  (us ing  the m1 pro- 
gram t i t l e d  Unbalance kenponse of a F l ex ib l e  
Rotor)  and base l i ne  test d a t a  e s t a b l i s h e d  t h a t  
t h e  f i r s t  c r i t i c a l  speed is  most s e n s i t i v e  t o  
response a t  t h e  c m p r e s s o r  end of t h e  r o t o r  s:?s- 
tem. S imi l a r ly ,  t h e  second c r i t i c a l  speed is  
most sensitive t o  t u rb ine  end response. 

Af t e r  analyz ing  base l i ne  d a t a ,  p ro j ec t  de- 
s i g n  goa l s  became Dore v i s i b l e  and well-defined. 
For i n s t ance ,  two of  t he se  des ign  goa l s  were t o  
I l n imize  s h a f t  excurs ions  r e s u l t i n g  from syn- 
chronous r o t o r  response and t c  move the  machine 

second c r i t i c a l  speed 15: o r  more above t h e  
maximum opera t ing  speed. Fu l f i l lmen t  of tirese 
goa l s  requi red  review of t he  d a t a  t o  determine 
t h e  following: 

1. The a c t u a l  r e l a t i o n s h i p  between d i s -  
placement and a range ~f unbalance f o r  each  
t e s t e d  conf igura t ion .  

2. The a c t u a l  r e l a t i o n s h i p  between c r i -  
t i c a l  speeds and e rango of unbalance f o r  each 
t e s t e d  conf igura t ion .  

3. An optimum con f igu ra t i on  which would 
provide t h e  minimum displacements over t h e  range 
of unbalance f o r  t he  range of r o t o r  speeds. 

A .  the relations hi^ between displacement,  
unbalance and opera t ing  time f o r  t h e  optimum 
conf igura t ion .  

Displacement and unbalance were expected t o  
vary i n  a d i r e c t  manner. The l a n n e r  i n  which 
c r i t i c a l  speeds var ied  wi th  unbalance could not 
be p r ed i c t ed ,  however. With chese goa l s  and 
expec t a t i ons  i n  mind, t h e  test r e s u l t s  from 
each t a s k  were analyzed and evaluated.  

Base l ine  Tes t  

Table 4 p r e sen t s  ba se l i ne  t e s t  r e s u l t s  wi th  
r e s p c t  t o  changes i n  unbalance. Changes i n  
unbalance caused the  most s i g n i f i c a n t  changes i n  
compressor end displacement. The only  s i g n i f i -  
c an t  change I n  t u rb ine  end displacemer.: is 
r e l a t e d  t o  a r e l a t i v e l y  smal l  change i n  un- 
balance. There was nc d i s c e r n i b l e  c r i t i c a l  
speed r e l a t i o n s h i p  with unbalance. 

TABLE 4 

BASELINE DATA 
ROTOR DYNAYIC RESPONSE RESULTS 

ELASTmRIC O-RING BETkEEN 
CARTRIDGE AND DIFFUSER HOUSING 

*BASELINE CONDITION 

UNBALANCE FIRST CRITICAL SECOND CRITICAL 

COMPRLSSORITURBINE 

6 
N-m X 10  

7/7* 

1417.8 

42/18 

56/28 

150163 

T'URBINE END 
DISPLAC-WNT 

m PIP x 10 
3 

38 

76 

76 

SPEED 

rPs  

467 

500 

483 

COMPRESSOR El'ii ' 
DISPLACEMENT 

an ~ i p  x 10 
3 

8.4 

5.1 

28 

25 

80 NO DATA NO DATA 

SPEED 

rPs  

250 

267 

250 

267 

283 A 



Design Change Test-Phase I 1  

The result .  f o r  P b a e  I 1  a r e  nhom i n  
Table 5. With each c h a q e  i n  t he re  
is a s i g n i f i c a n t  change i n  compressor end dis -  
placement bt:+ not i n  turbine  end dl-placement. 
F i r s t  c r i t i  speeds fo r  various unbalances do 
not exhibi t  a trend. There is m apparent 
10 rps  (600 rpm) increase  i n  second c r i t i c a l  
#peed f o r  each inc rease  i n  unbalance. Also. 
secoqd c r i t i c a l  speed i s  increased by 45 r p s  
(2700 rpm) d e n  ACH unbalance is re turned t o  
t he  base l ine  condition.  No a n a l y t i c a l  r a t i o n a l e  
f o r  these  t rends  i s  avai lable .  

Design Charrge Tes t  - Phase :!!A 

Phase I I l A  r e s u l t s  a r e  shown i n  Table 6. 
The compressor end displacement va r i e s  with un- 

balance i n  t he  expected d i r e c t  r e l a t i onsh ip .  
Turbine end displacement does not i nc rease  v i t h  
increased unbalance. There a r e  two a n o u l i e s  i n  
t h e  data .  The displacement 0.0026 r p/p (1.04 - ~ 

m i l s  p ip)  fc.  t h e  7 . 1 ~ 1 0 - ~ - 7 . 1 ~ 1 0 - ~  N-m (0.001- 
0.001 o r  in.)  base l ine  unbalance is g r e a t e r  than 
t h e  0.017 r p/p (0.69 m i l s  p lp)  f o r  t h e  

s l i g h t l y  worse ~ . l + x 1 0 - ~ - 7 . 1 + ~ 1 0 - ~  N-n (0.001+ 
+ 

-0.001 oz in . )  base l ine  unbalance. This  a n o u l y  
c o n s i s t e n t l y  appears i n  t he  r e m i n i %  t e s t s .  
Secondly. t h e  g r e a t e s t  unbalance is r e l a t e d  t o  
t he  s ~ l l e s t  turbine  end displacement 0.084 r 
p/p (3.31 m i l s  p/p). The only s i g n i f i c a n t  
change i n  c r i t i c a l  speed ( a  decrease  i n  f i r s t  
c r i t i c a l  speed t o  377 rps  (22,600 rpml) coin- 
cided with t h e  l a r g e s t  increase  i n  displacement.  

TABLE 5 

DESIGN CHANGE TEST - PHASE I1 
ROTOR DYNAMIC RESPONSE RESULTS 

LARGER NOUNIING FOOTPRINT AND C-RING - S/N 313 

*BASELINE CONDITION 

TABLE 6 

DESIGN CHANGE TEST - PHASE 11 
ROTOR DYNAMIC RESPONSE RESULTS 

LARGER NOUNTING FOOTPRINT. C-RING 
AND INCREASED BEARING PRELOAD - S/N 312 

*BASELINE CONDITION 

50 

-- 
'JNBALANCE FIRST CRITICAL SECOND CRITICAL ' 

CONPRESSOR/TURBINE 

N-m x 10 
6 

7 i 7 *  

32/25 

130/70 

7+/ 7+ 

SPEED 

rps  

460 

420 

375 

465 

COUPRESSOR END 
DISPLACEMENT 

rn plp x 10 
3 

26 

32 

110 

17 

TURBINE END 
DISPLACEMENT 

am p/p x 10 
3 

100 

100 

84 

100 

SPEED 

rPs  

568 

583 

373 

567 



TABLE 7 

DESIGN CHANCE TEST - PHASES I I IB  AND IVA 
WOIOR DYNANIC RESPONSE RESULTS 

C-RING AND INCREASED BEARING PIlEUMD 

DISPLACEMENT 

*BASELINE CONDITION 

Design Change Tes t  - Phases I I IB  and IVA 

Two phases of des ign t e s t ,  Phases I I IB  and 
IVA, were run with t he  same conf igura t ion .  The 
da t a  f o r  these  phases a r e  presented i n  Table 7. 
There i s  an anomalous point  i n  -he  d a t a  f o r  
Phase IVA - the  coapreseor end displacement f o r  

the  4 . 6 x 1 0 - ~ - 2 . 1 ~ 1 0 - ~ ~ - m  (0.0065-0.003 oa in .  ) 
unbalance condition.  Except f o r  t h i s  point .  
both compressor end and tu rb ine  end displace-  
ments a r e  r e l a t e d  t o  unbalance i n  t he  t y p i c a l l y  
expected d i r e c t  manner. The Phase I I I B  r e s u l t s  
showed a high second c r i t i c a l  speed (and a 
r e l a t i v e l y  low compressor end displacement a t  
the f i r s t  c r i t i c a l  speed). Even though a c r i t i -  
c a l  speed - unbalance r e l a t i o n s h i p  could not  be 
a sce r t a ined ,  t he  Phase I I I B  conf igura t ion  was 
se l ec t ed  a s  a p o t e n t i a l l y  acceptable  s o l u t i o n  
s ince  a major i ty  of t h e  p ro j ec t  goals  (and 
the  most of any conf igura t ion  t e s t e d  thus  f a r )  
were met. This a c c e p t a b i l i t y  became more ques- 
t i onab le  when the  Phase I V A  r e s u l t s  d id  not show 
complete s i m i l a r i t y  wi th  t he  Phase I I IB  r e s u l t s .  

Design Change Tes t  - Phase I V B  

The Phase IVB conf igura t ion  was t e s t ed  t o  
determine the a f f e c t  of t he  O-ring on t h e  b s e -  
l i n e  t e s t  r e s u l t s  obtained from ACM SIN 312 and 
SIN 313. This conf igura t ion  demonstrated su r -  
p r i s ing  r e s u l t s  with nea r ly  constant  low l e v e l s  
of r o t o r  displacement r ega rd l e s s  of unbalance. 
In  add i t i on ,  c r i t i c a l  speeds appeared t o  have 
no more than a small  random v a r i a t i o u  with 
unbalance. These f indings  were s u f f i c i e n t  t o  

r e s u l t  i n  t h e  s e l e c t i o n  of t he  Phase I V  
conf igura t ion  f o r  t h e  r e l i a b i l i t y  t e s t .  

R e l i a b i l i t y  Tes t  

Data from t h e  l a s t  des ign change t e s t  arrd 
from the  r e l i a b i l i t y  t e s t  a r e  s u m a r i z e d  i n  
Table 8. For Design Change Test .  Phase IVB, 
t he re  is no s i g n i f i c a n t  i nc rease  i n  d isplace-  
ment. Both compressor end and tu rb ine  end 
displacement a r e  not s e n s i t i v e  t o  unbalance. 

The 3.5x101gl.4~l01t4-m tO.0005-0.002 o r  
in . )  and 3 . 5 ~ 1 0  -2 .8~10 N-m (O.OC95-0.004 oz 
in.)  r e l i a b i l i t y  t e s t  unbalance were imposed on 
t h e  machine a s  a l l  unbalances f o r  previous t e s t s  
were imposed on ACUs. The machine was then 
returned t o  a base l ine  unbalance. For t h e  s e r i e s  
of t e s t s  t h e r e a f t e r ,  t h e  unbalance was not  
d e l i b e r a t e l y  changed; t h e  ACn r o t o r  was permitted 
t o  become unbalanced dur ing operation.  Measure- 
ments made a f t e r  t h e  l a s t  t e s t  showed t h a t  the-5 
ACM did_4become s i g n i f i c a n t l y  unbalanced 2 . 1 ~ 1 0 - ~  
1 . 5 ~ 1 0  N-m (0.003-0.021 oz in.) .  The 1 . 4 ~ 1 0  

-6 .3x l0 -~~-m (O.CO2-0.009 oz in.)  unbalance i s  
an estimate.  

The imposit ion of unbalance d id  not i nc rease  
displacement a t  e i t h e r  end cf t h e  ro to r .  Uhen 
the  ACU was re turned t o  a base l ine  unbalance, t h e  
displacement a t  both ends decreased; t he  t u rb ine  
end displacement decreased s ign i f i can t ly .  When 
the  machine van permitted t o  become unbalanced, 
t e s t  d a t e  showed no inc rease  i n  displccement a t  
e i t h e r  end of t he  sha f t .  



TABLE 8 

DESIGN CHANGE TEST - PHASE IVB AND RELIABILITY TEST 
ROTOR DYNAUIC RESPONSE RESULTS 

INCREASED BEARING PRELOAD AND C L E W C E  
BETWEEN CARTRIDGE AND DIFFUSER HOUSING - S/N 313 

*BASELINE CONDITIONS 
**Displacecent was i n c r e a s i n g  a t  upper l i m i t  of  t e s t  run ;  c r i t i c a l  speed was 

e s t i m a t e d  t o  e x i s t  beyond t h i s  speed. 

There was no d i s c e r n i b l e  t r e n d  i n  f i r s :  p l o t s  of t h e  compressor end and t u r b i n e  end d i s -  
c r i t i c a l  speed. Displacement i n c r e a s e d  a t  t h e  placements r e s p e c t i v e l y .  Each f i g u r e  i n c l u d e s  
upyer l i m i t  of a l l  but one of t h e  a c c e l e r a t i o n  one curve  of d i sp lacement  v e r s u s  r o t o r  r p s  f o r  
runs. The second c r i t i c a l  speed could n o t  be each unbalance c o n d i t i o n .  
a c c u r a t e l y  determined. F igures  6 and 7 a r e  

Fig.  6 - R e l i a b i l i t y  Tes t  Rotor Dynamics Data Fig. 7 - R e l i a b i l i t y  Tes t  Rotor Dynamics Data 
from Renl Time Analyzer Process ing  from Real  Time Analyzer Process ing  
Methodd. Compressor End A c t i v i t y  Methods. Turb ine  End A c t i v i t y  

(Probe Y1Y) (Probe Y5Y) 



Review of these  f i gu re s  begins with a com- 
parison of t he  335-550 rps  (20,000-33,000 rpm) 
por t ions  of curves U and I1 of Figure 6. Thia 
comparison shows the only da t a  f o r  which inc rea re  
i n  unbalance d id  not a c t u a l l y  decreuse diaplace- 
ment. The remaining da t a  of Figures  5 and 7 
(curves U, I 1  and 111) showed t h a t  increased 
unbalance reduced displacement a t  both ends of 
the r h f t .  When the machine was allowed t o  
become unbalanced during ope ra t ion ,  t he  da t a  
(curves IV, V and VI of Figures 6 and 7) rhowed 
no s i g n i f i c a n t  i nc rease  i n  disp!acement a t  
e i t h e r  end of the  s h a f t .  These r e s u l t s  con- 
firmed the  s e l e c t i o n  of t he  Design Change Test  
Phase IVB conf igura t ion .  

S W R Y  AND CONCLUSIONS 

An e f f o r t  was made t o  determine the  r e l a -  
t i onsh ip  of t he  r o t o r  dynamic response t o  
unbalance. I n  each of the  t e s t s ,  t he  c r i t i c a l  
speeds (synchronous whir l  condi t ions)  varied 
randomly. S imi l a r ly ,  no s p e c i f i c  r e l a t i o n s h i p  
could be determined between non-synchronous 
whir l  condi t ions  and unbalance. During Phases 
I1 and I I I A  of t he  Design Change Test  ( a s  i n  t he  
Baseline Tes t ) ,  t he re  was a d i r e c t  r e l a t i o n s h i p  
between unbalance and compressor end displace-  
ment due t o  f i r s t  c r i t i c a l  speed. There was a o  
d i sce rn ib l e  r e l a t i o n s h i p  between unbalance and 
turbine  end displacement due t o  second c r i t i c a l .  
During Phases I I IB  and I V A ,  both of t he  d ie-  
placements were d i r e c t l y  r e l a t ed  t o  unbalance. 
For t h e  Phase I V B  t e s t ,  t he re  was no d i s c e r n i b l e  
r e l a t i onsh ip  between e i t b r  of t h e  displacements 
and unbalance. The second c r i t i c a l  speed was 
r e l a t i v e l y  high and was not s i g n i f i c a n t l y  
a l t e r e d  by changes i n  unbalance. Although u.- 
balance r e l a t i o n s h i p s  were d i f f i c u l t  t o  a s s e s s ,  
t he  Phase I V B  conf igura t ion ,  by providing the  
most s i g n i f i c a n t  reduct ion  i n  r o t o r  displacement 
through a t yp ica l  range of unbalance, was 
se l ec t ed  f o r  R e l i a b i l i t y  Test. 

The f i r s t  pa r t  of t h e  R e l i a b i l i t y  Test  
involved unbalance imposed on the  machine. Con- 
cen t r a t i ng  only on the  compressor end and tur -  
bine end displacement a t  f i r s t  and second c r i t i -  
c a l  s p e ~ A  r e s p e c t i \ e l y ,  t he re  was no d i sce rn ib l e  
r e l a t i onsh jp  wi th  unbalance. Considering the  
e n t i r e  speed range,  displacements a t  both ends 
of the s h a f t  drcrpased when unbalance was 
increased,  M t c r  t he  machine was returned t o  a 
base l ine  unbalance condi t ion  the  r o t o r  operated 
without any con t ro l l ed ,  imposed unbalance. 
According t o  t he  predic t ions ,  r o t o r  unbalance 
increased. However, cont rary  t o  expecta t  ions ,  
s h a f t  displacements and c r i t i c a l  speeds remained 
near ly  unchanged. Fur ther  a n a l y t i c a l  e f f o r t s  
a r e  required i n  order  t o  determine the  r a t i o n a l e  
f o r  these  unusual trends.  
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SELEmD TOPICS FROM 
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FOR 'THI: B-1 AIRCRAFT 

Peter M. Belcher 
Rockwell 1 nternat ional Corporation 

k s  hgele. ,  Cal i fomia 

Introduction 

The LOS Angtles Divtsion of Rockwell Interna- 
tiona'. Corporation has been engaged since "the mid - 
1960's in  development of the manned penetrating 
attack aircraft, the B-1. A research, develop- 
ment, test. and evaluation program initiated 
during May 1970 continues. Currently, three of 
the four test  aircraft are on f l i g h t  status. 

Structural acoossics consideration% havc plaved 
major roles, perhaps to an unp~tecedented extent, 
i n  establishment ~f the design condirions for this  
aircraft. Because the engines am mounted in 
nacelIes under thc .:ing roots (tipure I 3  and are 
large du-t-aftcl.i~urninp. turbofans , the mnjori t y  of 
aft fuselage and empennage stlucture was sized Tor 
acoustical fatlguc prevention. The vehicle has 
three 15- fmt-long, deep wetcapow bays, required to 
withstand cavity prcssurc-osci llations during 
mapons drops throughour the flight envelope. kt-. 
lines of thc three sets of weapons hay doors can 
be seen in Figure 2. The a f t  stmcturc and the 
weapons bays house eauipmnt in potentially severe 
hamis enrimmnts. 

The elaborate and critical dependence of the 
stluctliral desixn of the airfrmc on acoustical 
fatigue requirements has provided severe t es ts  of 
the availability of data bases, of laboratory 
techniques for addm t o  them, o f  methods for 
specifiiing requirme;ts and comhininfi them ui th 
those for oth$r load conditions, and of techniques 
far their detailed implementation i n  thc Jesihm. 

This pappr considers a select4 subset o f  thc 
structural acoustics work performed in  support o f  
the R - l  design, the results of which may have 
utility for future programs. Spccificslly, s a c  
results of measurements of engine wise on thc 
airframe surface during static ground m s  are 
presented, and the treatment of thcse results in 
preparation for a structural redcsign is discus- 
sed. W i t h  regard to design for acoustical 
fatigue, thc smwhat unusual appronchcs to the 
acquisition i n  Iaboratory tcsts of design data 
far two conri~rretim conccpts arc r c ~ ~ ~ w d .  Som 
cans iderations related to mechanical fastcncrs i n  
acoustical fatigue applications arc explored. 

F ipn  I .  Thr 8.1 Ilrcnlt ih flhht 



Mde 1 for Acous t i c b a d s  

Figure I shms the aircraft in flight, with 
the variable-dlwcicr nor:ler; of the I;cner~l 
Electric F l Q l ,  30,000-pmJ-class engines open to 
the afterburnpr posit ion, 7hc figure a d  Fig- 
ures 2 and 3 suggest the spacial relationship 
between the a f t  stnrture of the airframe and the 
noise field o f  the engines. en gin^ noise ranged 
fm contrihutop to dominant a design condi- 
tion far the fuselage aft of the engine mrz le -  
plane and for thc cmt)Pnnage. Because o f  thc 
attendant w i g h t  and the cost of deta; 1s appm- 
priatc for fatigue resistance, and because an 
oppstuni ry t o  fine- tune cmpnent thicknesses 
would e x i s t  for much of thc stmcture for AJC-4, 

F i p n  3. Thr ah h s l ~  m d  p n  a1 1110 r m m w  #I drb 1.1 .htmr, 4th 
micrpphonr mwasd mn rhr rk ttld h y  mud rtl wipnmt Ir(. Thm Ywmr 
* m a  m a n b d  m b r q h m .  r Emd and K@ 1138. 

an elahorate static sound survey for these sur- 
faces was co~iducted on AfC-1. t4ea~urements wem 
made a t  280 locations on the structure for sev &.11 
cmbinations of nunbcr of mgines and engine 
thrust-setting. Figure 3 s h m  :he af t  fuselage 
with the micronhones muted on pads of closed- 
cell [om. The diaphragms face aft and are abmt 
2 inches from the surface. 

Ihe wsults for four-engine, nmirnun after- 
burner oprat'on wele usd ir, construction of a 
mudel for acoustic pressure on the stmcture. 
Some of the steps taken and results produced in 
tha* process, as it dealt with the a f t  fuel bay 
and a f t  equipnent bay, fallow. 

Overall Pressure Levels 

Ovcrall pressure levels, raised 1 decibel (dB) 
t o  correct to see level fm,r the elevated measure- 
ment site, Edwards Air Force Base, md 2 dB for 
thrust loss related to the ambient temperature, 
were plotted for eight water and (roughly) buttock 
lincs [Figure 4 ) .  The mlmt u f  data thins beyond 
station 3b00, as fewer than eight microphones pm- 
vidcd coverage on a roughly 20- hy O-inch grid a t  
station planes having smaller cross sections. 
Smc attrition occurred; its effect i s  particu- 
larly rvidcnt at statlon lh40, 

The lustllting s m t h e d  values were cross- 
plotted for station planes at 50-inch intcmls 
(Figure 53. Interactive smoothing beswecn the two 
sets of curves provided the results shown here. 
These levels then werp transferred to a flselage 
diagram, and smooth contour5 wre drawn. Fig- 
ure 6 is the result. Figure ? shows the overall- 
pressure-level field on the lmes surface o f  the 
horizontat stabilizer; :he coiltours were devel- 
oped in a siinilar process. 

Frequency Distribution 

It freqtlently is assuned for engine-noise pre- 
dictions that spectra at any station plane have a 
sbape roughly independent of distance above, 
belw, or to  the side of the wake, provided those 
distances are not excessiv~ and that specla1 sir- 
cmtances, such as surface or p u n d  reflection, 
do net dominate. /.See Kcference 1, for exaqle. 1 
Results of work w i t h  th i s  large ht:~ base support 
th i s  conccpt. 



F i p n  0.0- of the aft funlap d 6 8  0.1 ridmnn with contun  of rrmll 
cwnd pmnun krrl for fwrmqiw, rwk m u h u m  afnrb~mof thrust Tho 
kd~ m somctd  to 9 8  Id, mndud day conditions. 

F b n  I. Impmanuti& eft tucr l ly  fmqwncy4h~lut ions in  omUIid-actm 
knlc for frur+n(iin. mtk m u h u m  mnburnrr thrust lh plomb ! ..a8 e n  
rnm horn t h ~  w d s  of dl mkrophom m t  rh8 i n l d  hdr, mtim. The 
dhtm8 uch mtion I'm aft of th8 enCm nazlk+lrm h iaIkM1. 

A model of frequency d i s t r ibu t ion  was con- 
s t ructed for  use, with the overal l  contours of 
Figure 5, i n  the  A/C-4 design ,recess. For t h i s  
purpose, each of the 17 station-plane one-third- 
octave dis t r ibut ions was represented by three 
least-square-error l ines .  Figure 9 presents 
smoothed longitudinal f i t s  t o  values calculated 
from the l inear  representations fo r  several third-  
octave bands. The curves fo r  the 200 and 630 Hz 
bands, which define the region 1 1  range of the 

418.14 ll-(lWO1ll model, approximate the  points t o  within 2 1  dB. 
1110 "..Cl, 'lhose for the 125 and 1,250 112 bands, which are  

from the high-pressure portions of regions I and 
J I I ,  respectively, a l so  f i t  the values from the 

F i p n  I .  O b n m  of the I-: w h  ofdm horLontJsULilinrofth~B.1 l inear  equations t igh t ly .  The curves f o r  the 
fnmr d t h  contwn of mnll sound p m n  knl for four*noim. l i l t ic  mui. 31 5 2,500 H- bands, roughly the middle bands 
mum &rCurmr l lwun T b  I d s  BN comcmd to ma Id, mnlud 
d q  conditiom. f o r  regions I and 111, respectively, manage a 

close f i t  a t  the cost  of some d i s to r t ions  i n  

Samples from the 15-second records were 
reduced i n  one-third octaves from 10 t o  8,000 
hertz  (Hz). Figure 8 presents i i v e  (from a t o t a l  
of 17) third-octave plots  f o r  roughly equal s p x e s  
along the fuselage. Each of the ~ralues shown 
(as dB below the overall  level)  is the average 
taken from the s ignals  of a l l  microphones a t  the 
indicated f tselage s ta t ion .  The character is t ics  
and s u i t a b i l i t y  of these averages a re  discussed 
in the following paragraphs. The distances from 
the w;kc to  the surface vary from about 10 to more 
than 100 inches. 'lhe closest  microphones t o  the 
ground (those forward, a t  the bottom centerline) 
were 110 inches above i t .  

Thcsc average third-octave-level dis t r ibut ions 
(involving, of course, logarithms of pressure and 
frequency) seen remarkable in  that  they can be 
approximated t ight ly i n  each case by three 
s t ra igh t  l ines  (although a gentle S-shaped curve 
would yield a s l igh t ly  t igh te r  f i t  fo r  reg-on 
111). The l ines  of Figurc 8 are  least-square- 
e r ror  f i t s .  

t h e i r  shape:;. This degeneration of shape a t  
frequencies remote from region I I continues 
t o  the curves fo r  the extreme 13 and 8,000 flz 
bands. 

F i ~ n  9. S p r i d  distributions of p m w n  h d s  on $18 aft halap for o k c a d  
(hird.ocmw8 knds for fourmyin@, cUtk muimum I tb&ur rn  'h r rs l  T b  
plamd poins rm clkul8lnd from the Jimmr f i k  to the rtllion+lnn myn. 



The curves of Figure 9 permit construct ion of 
a th ree- l ine  representation f o r  design purposes 
that  surely provides a be t te r  estimate of  the 
frequency dis tr ibut ion at an a rbr i t ra ry  point on 
the surface than would interpolations based on 
measurement resbl ts  c-r  lrearbv micl-ophone locat  ions 
This can be asserted .*.:h par t i cu le r  confidence 
f o r  frequencies i n  and near region 11, the  range 
of in te res t  fo r  acoustical fat igue ar,aly:.is, as  
w i l l  be shown. 

Several observations can be wade about the 
representations of  Fi,qurc 8 and the 12 others not 
shown : 

1. Ihe f ive  s h m  are typical  of  the 17. 

2 .  The ind indua l  band levels  "add" t o  zem 
dB ( t o  within one-half dB), a s  is required by the 
meaning of "overall ." 

3. The three-l ine representatior! is superior 
i n  f i t  t o  that  provided by any s ingle  g e n t ~ t  curve. 

4 .  The efficacy of the th ree- l in~ .  f i t  is not a 
resu l t  of the averaging process that  ieads t o  the" 
band averages; the same three-segment property is 
found f o r  the dis t r ibut ions of the single-micro- 
phone s ignals ,  although, of course, each has more 
s c a t t e r  than the average. 

5. R.2 t race of the frequencies of intersec-  
t ion  between the l ines  representing regions I 2nd 
I1 r i s e s  t o  200 Hz a t  about s t a t i o n  1475 and re- 
mains roughly constant a f t  of  there. The corre- 
sponding t race of intersect ions between the  l ines  
representing regions I1 and I1 I r i s e s  to  a peak of 
about 1 , l O C  112 i n  the v ic in i ty  of s ta t ion  1400 and 
declines smoothiy s f t  of there t o  about 500 Hz; a t  
s t a t i o n  1680, the region I1 and I I I  l ines  effec- 
t ive ly  have merged. 

More needs t c  be said about the primary in-  
gredient o f  the frequency-distribut ion model ; i. e .  , 
its treatment of the d i s t r ibu t ion  a t  a s t a t i o n  
plane as  an invariant,  and i t s  rt?presentation for  
that  purpose by  he band-by-band averages of 
levels ( re  the overalls) from a l l  microphones st 
that  s t a t i o n  plane. I t  is not obvious on physical 
grounds that  t h i s  should lead t o  an acceptable 
reprdsentation. Figure 10 presents the resu l t s  of 
an evaluatiotl of adequacy: 

1. Consider, f o r  erample, the point plot ted in 
Figure 8 f c r  +he 10 Hz band f o r  fuselage s ta t ion  
1342. That value is the simple mean of the  levels  
( in  dB below the corresponding overall  levels) fo r  
the s ignals  from seven microphone5 spaced around 
the fuselage, from the top of  the fuel bay t o  its 
Lottom center l ine,  a t  t h a t  s ta t ion  plane. 

2. The standard deviation of those seven 
levels  about the plot ted mean was calculated, and 
from it the confidence interval  a t  the SO-percent 
level was computed. Similar confidence in te rva l s  
fo r  tne  10 Hz band f o r  the  other  four s tat ions 

FROM OISIRIBUTIONS FU2 
0 5 TYPICAL FUSfLAGt STt,IIONS 
0 WHIE NO IS^" IN 5 C R u u r s  

BAND CfOMfTRI"  -MEAN-fRfQUtNCY - Hz 

Fiqu,r 10. Wimty-puwnt *onfidmm intMJr for rnrn  third.- 
krrh plolmd in Fi(m 8. auM a if hry m rnwnr of n p r w d  murunnwrb 
of 0 d 3 a  pl;rrommon. m)lw ihtn d y l e  mrrumnmb of s p ~ ~ W l y  dbdnct 
phtnmmt. Tho vl lun h m  m mi#md m m p ~  of tho f i i  i n t m l h  c a m .  
spc.tdiy to tho h tau of poinu of F i p n  8. N imtv~ercr l~ t  in twJc  fw 'Lrhiw 
rrhr" 1pdr i knDUly  p : W  tnd vwuod o n  dorm f a  cornparirn. 

represented i n  Figure 8 were comuti3:, and the 
average f o r  the f ive  was f o x  .d. yr,  10 pre-  
sents  that  average and those for he other  29 
bands. Here, the averages a re  r,ighted f o r  the 
nurrhcr of contributing s ignals  a t  each s t a t i o n  
( i . e . ,  seven or  e igh t ) .  The figure shows a s e r i e s  
of averaged i n t e r  . I .  . of n t .<h ly  i-1 dE from 63 t o  
1,250 Hz;  t h i s  range includes the frccluencies of 
importance for  accust ical  fatigue p e r f c m n c e  of 
the fuel  and equipment bays. 

3. Also plot ted i n  Figbre 10 a r e  the ccnfi-  
dence intervals  a t  the 90-!,:rcent !c.sel rec,tilting 
r7-om an e - x t l y  p a r a l l e l  wr igb,ted-r verage t r e a t -  
ment f o r  f ive  groupc, of sev1.r: o r  eight th i rd -  
octave frequency d i s t r ibu t ions  for  a "white noice" 
(produced 'ly a signal generatoi) processed by the 
same data-reduction program. ?h: comparison 
demonstrates that  the u n c e r t a i n t ~ e s  shown for  the 
pressure model a re  a t t r ibu tab le  t o  the Lreatment 
of the frequency dis tr ibut ions a s  i n v ~ r i a n t  a t  a 
s t a t i o n  plane, not t o  the data sanu'ling and relivlc- 
t ion  processes. 

Acoustical Fatinuc k s i m  

The high in tens i t i es  of pressure sources, 
large areas of  involvement, and mult ipl ic i ty  o f  
incorporated s t ruc tura l  concepts make the B - 1  a 
candidate f o r  his tory 's  most complex a i r L r a f t  
design with respect t o  acousticcil fatigue. None- 
theless ,  the pract ice of t h i s  discipl  inc h3d 
achieved suificiel!: lnaturity tha t ,  with \rely few 
exct?ption.s, concepts, thicknesses, and l e t a i l  
requirements could be established on the basis 
of analyt ical  modifications t o  exis t ing,  largclv 
published i n f o m t i o n .  

Some of thc concepts i n  t h i s  catc-gol? ~f 
requircmcnts specif icat ion by analys i s  iricorpo 
rntcd into thc design a r e  s h ~ n  :old r r ~ n c  ( o r  sh in  
ad r i b ) ,  f l a t  ~ I I U  curved; honeycomb, ful l -depth 
and panels, firit  and curved (;lltm~in~un, t i t  ;ul iun, 
f i b c r ~ l r l s s  arid graphi te/cpoxy ) ; hradc~l o r  corm-  



gated inner-skin p e l s  (aluninm uml Jiffusion- 
~ s u p e r p l a s t i c - f o ~ ~ ~ , d  t '  tanim); quartz fiber- 
glass panels of vsriws construct ions; prtd 
plates on heam s q p t s :  large acwss panels 
sqqwrted by trusses; c a n t i l e v l e d  acces: panels; 
and integrally stiff& skim [alminuu arrd 
t itaniun). 

Ib kportant acqrtims to des ign based on 
analysis amse. The zm cmf iguratims wern to be 
wed over large areas of the airfraa subjm-ted to 
high acoustic load and, h d  pntmt is1 fcr 
costly and disruptive maintenance rquirmmts. 
While these considerations entered into, they did 
not govern the decision to  require tests. h'hat 
did pmve determinant was that each rgpcesentcd a 
s imificartt and mt mildil~ m-11!.:3ble departure, 
in ways inportant to 4 m i c  bhavior, fran st=- 
tu-1 concepts for hhich perfornrance data existed. 
These exceptions a* conside& in the following 
paragraphs. Ihe test p r o m s  for t h  cvhibit 
sane M U S ~ ~  approaches to design support mci 
W E  idat ion. 

Aft Fuel Bay 

h e  of the configurations for which test 
results e r e  q u i d  i s  lsed for the aft fml 
bay. (See Figure 6 for i%i location.; This 
20-foot-long section i s  constnrted of skins 
slpgorted by lighmight, built-up fmms on 
8. :-inch centers. The strtcthre Eom the 
tank surface and carries the strtrtural loads 

Jhe effect of the straps is to replace, in 
part, the inertial rescticn to the =king 
m o t h  of the f m s  by tensile forces in the 
straps. This reduces skin deflmtims tvld 
stmsscs thlargh the partial restraint or freme 
mation, but at the cost of increased web load 
ard of cmentrated loads a t  the strap-to-inner- 
cap intersections and in  the ueb s t i f  r'enets 
adjaccnt to :!?use interw~tio~. The skcrches 
of Fipurt? li suggest ~hese crmsequencw. Fig- 
urt 15 shows s ix  s t n p s  [brismtal in the 
photagraph) riwted trr the inwr caps. 

in this a m .  I%:! bay is essentially enpg of 
fuel during gmmd roll and takeoff, the tim ~ 9 L ~ ~ ~ * ~ d J k * * k l ~ I r r * . &  

u I I r m 5 * * m d m a t * n M q w C I  . - - I  during vhich it experiences significant acmstic s k ~ l a i m , i r m c * r k h t ~ ( i l ~ . ~ ~ ~ ~ ~ ~ ~  
load; i t  is filled to rehalance *he aircraft z ~ a ~ m m W * a k h r c l u d * r a l 0 1 . W m a r e Y a I b  
the wing i s  sucpt aft.  The cmfiguntion differs ~ * O : C U M * . * . I * ~ I D . - I ~ ~ ~ ~ I * -  

f r a  convrntional skin frame structure in i r o .  
that i t  has longitudinal f m - t o - f m  straps 
that -ct fml-slosh loads and radial f m - w e $  
stiffeners that divide the m-bs into small shear 
panels. Figure 11 is a skefcb of  one of the 
f-s, at used for thc rest specimen-. Lma- 
tions of the slosh strTs and m h  stiffeners are 
indicated. 

a'b 
%$ 
%> 

'> 7 ;e 
9% 

The effcct o f  the stjffmcrs i s  t o  c q e l  - *I- Im r. =actinn to th roll inl: mation of  the arthoard 
~rio-*kk.)~tlall~rrhw,+*h--d f r ~ , f c a p ~ , i n d u c c d ~ s k i n d c f l ~ r i o n ~ t h a t a ~  
mb- uns)mnctric about the f r . ~ ~ ,  to wrur primrily 



at  the web stiffemrr. rather than c m t i m l y  
s l a g  the weh. Ihc restilt is louallc soncen- 
tratrd l& in the outboard f m  C , I ~ I ,  i n  the 
stiffener at i ts  ~ I I ~ P M ~ I M  with the cap, :d 
in the fa%:erers tEut t i e  t h  together. Fig- 
ure 14 53- ;I Craw segmmt u i th  s a w  of i L* 
stifferr~r?: installed. 

The Stnrtun l  W e l .  Thc firl-hay design lor 
th? f irst  thrw test airsmft k:is h7~ed on nquire- 
m t s  genetrtd by n stnhltr~nl mxlcl; i.e., a 
5cries of ~ytutions that accomts for i t s   id^ 
'ariety of  cunxtures, twcmt  t~rcs, .mcl m d  
prms~~rrs. 'fir cocffisicnr:: or' tllc mnft-1, which 
determined cmponent thicLn.ntsscs aid t.astcwr m- 
q u i m t s ,  wcw h:lseJ oor; considcrcd cat im~tcs ,  
.md tllc &t3i 1s WCrr c x c ~ l t d  with the iniomkd 
.idwrit I E ~  (or cm~rin~rat imC not slab j ~ r t  to 
test. llh:l* .i~lSgmm? iwlrulml thc convict ion !ant 
the stiffener details ~ l ~ m n  i n  Figure 14, in i -  
tially strongly d c s i d  iLr stat ic s t w n g t h  Ilur- 
poxs , could riot pror-e successrul . I  Rm(~~iw,mt:: 
gewtatr41 hy thc d c l  mdc c l c ~ r  t h a t  ;rcoustical 
htipw kotrld duninate thc d c s i p  of thc Ttrl LI~. 
In view of the ~mmrtaintr- ahwt the  rrl'kct:: of 
the 4osh s t  rap:: :lnJ hrh s t i  f Cmncrs on t h  per- 
fam.Iulsc of  the cmfip;lration, m l w m c r  of  test 
ref.u!t!: for i n  :ir niort11inc.s rrnl:~;tt icny of rite 
thm tcst a;rcr;li': and in the Jcsifin rn'isio~l.-  for 
rVC-.l wotild h.nc cmpcllcS w c  -sf cuc~tic ' icn~.;  
that wml si~I*~t:mt I ; I I  t y  nhvr .SMISI vat ivc th;m 
thosc dloscn. \ r ~  t~rlnclrc.s.~;lri C y fit*;~i?- .111c1 nut 
: I ~ S L ~ ~ C L I ~ ~ ~  rt* 1 i d>  lc 5 t 17ti.t RIW wotil LI lt:lrr n*slrl t d .  

1. Ihp tests evaluated she strucnrml d l ,  
wed for &sign of the nirframe ad the spcc im,  
mtller thm thc tile1 ha!, itsrll. 

:. Clptiaizatim was scught t h n r *  an mh- 
t imv tcdmiqrr or dcvclqwnta2 tcsting, in 
which ~le l ikrate ly  uld~rstr~rlgth 5 t h ~  t m t U T e  
cmpncnts and rlp&misal i:~<tc~tcrs wen? installed 
init iilll!. ,mJ upgrJtYI a- thc lest revea l4  rela- 
ti\v faticre strengths. In this process, waltm- 
tion and mfinencnt r.T design dctails also took 
placr. 

3. ,Is a neccssan so~cmitant to the ewlu- 
t ~ o r u y  rthal, "step testing," the technique in  
which testing pra-wds in ntcy:: of time at pro- 
gresslwl!. higher s o d  lcwls, w s  q l o y d .  
The wtkd *as Jcrelyled for u*e with sin~rsoidal 
5ources; in  t h i s  in~r; iwC, a nndm-in- t im 
S O U ~ C  has wed, 

It is thc purpse of th is  Jisrussion about the 
fucl bay to chiI3i t the masoning that led to these 
appnaclw,.s end the Itecbirlics o f  thcir exccut ion. 
1hc tqtut iutts of the fldcl (with the exception o f  
that s b n  in Figure 2:. b%ich illustrates the 
g ~ m )  are not prcscntetl: without sl~tchc:: of the  
rmponent.4 tud d e t a i l s .  ~lwsclntatiar. o f  which is 
k!-d the ~ s q w  of this paper. they rmirlL wt be 
~ r c f u l .  

'Ihc e.qerinrenta1 design for the fuel-hay tests 
c\vlvt.J ~~~~~~~~nt ly  ~i th Jevclopment of thc 
szncruml nrodcl. Rrca~we of the  b l w d  r w c s  of - 
scmstic lwd, cumaturn, and surface t-rature 
in the  a i r f r m  appl icntian ant1 t l~c wed for cvolu- 
t ion of a configuration 0ptirni:ed for minirmm 
bright. i t  wzq ~ l c a r  that :I de\~lopmcntal tcst  of  
thC m l c l  (ui t h  ::p-inrm tlut incorpra ted a l l  
pcrt inent dct3ilr 1 ,  mthor than a p m f  test of 
tlw hiy i tsc l  t or a p s t  ion OF i t  , wIJ tw appro- 
priatc. f.igurc 15 indicate:: thc relationships 
among the c.qwrimnt.zl design. thc stnrtuml 
mrdcl, ;inti rlrr r l ~ s i p  of  the a i r f r . ~ .  

t i t~aIt~-t  ion o l  thc 5t nlct~lrnl F ~ ~ P I  . nip --- 
Rtr. inharatdry tcs t . :pcr t im~- l  Tor r l i i ~ p t ~ - p ~ . i t -  p~:ll~i:lf~otlnf t 1 1 ~ m l r 1  L - O ~ C C ~ I I  t roa~~~m, f inns  

wrt. imlisrl:ll in s~v~ccpt i r i  thn.~ rum<pcrt; : nhout hok. tlrr con f i ~ u r a t  hot1 flmct inns ; 0nc.c ?1rc?c 



were c o n l i d ,  nttrmtion coulrl shift to t h ~  
rrfinmr.*nt of cunGt;lnts fur thictit8s rn!uimnt!: 
Jral r o  thc ~rrfo~mnc't. O L  rtct;kil5. ~'nr c r F  the 
z!s~qbt i r*n< i s  t k ~ t  :In exist ~ n g  hut lxtz Clrmly 
~ ~ t 3 b l  ~.;l~t'rl corn*i-ticln for c ' u 1 ~ 3 t t i ~  to  ? k i n  
t h i ~ h w s s  d, in  tu,n, to the t h ~ c - l ~ s c c s  for 
r c h s t m t u n .  clcmrnts ( a l l  oC which :~rc  ~;:td ill 
prrlprtlon to fhc sk i l l )  i s  W i l l  over thr %iJe 
tmge af  curvature?: of the fwl hay. ~ h l a  nkX:.:lnt 
t l ~ r  t the spcimciis lwJ to prurirk. illriPpmdcm 
tests i :~r  :I rariett' o f  nlr\xttms. lhv 0rht.r 
-5-t ion i s  t h ~ t  ai l  sthstwtnrc  e t m n t ~  oth1.r 
th:w fastenes?: an- cri?ic':iI in t+cndin~ r ~ t h ~ 1 -  tl~:ln 
in  tenston or fr;ur?\~rsc 5he:ir. \ desel-illtion of  
the speci- and a statement of  thc  cl-itcriou 
for Jcrrrowtsation of  t l ; ~  ~aliditv (if thC mklel 
iollchc. 

'fir ems:: ~ t ~ t  ion at fwelacc stat i~m 14-5 ws 
$elected for the test spl.ciwns h : u ~ w  of i ts  
W I ~ C  ram* of cun..ztuws. (5~;r.c 1:igurc to . \  ' f l ~  
~ p e c i m n  of Fijiurc 13 i s  f r ~ m  t h ~  twttrm of this - 
s~ct icm;  i t  ir s ~ m n . t r f c , ~ l  ;~ko l~ t  the  h t t m  
r-enterline of the ~ L ~ P ~ : I ~ C .  t h:15 .I ~ ~ k l i i ~ s  ot' 
cu:Tattlrr of Ih inches. E'i::~~rc 1' shws Zhr 
side s p i m c n  m a t p k [  in  thc teat ~fmluk.: ~t 
W~IVWII~?; hnIE  s l  :hr F~rwlagc, ft\*rn rqrwr to 
lowr cmtcrlinc, In that oricnt:iti~m, :I rc::i<lr~ 
having a b9- inch r . i~ l l i~<  ol' cnrr; l t ! i t r  w171?: C ~ ~ L ~ C J  

tu :lCcwwtic ImJ. :t rtxatal oricntat 1~x1 cyroscll 
the  prt lon t e r m n  this ;m~i thc bttm wgirm; 
i t  ~ ; I J  n :b- inch m l l i t ~ ~  ::at' ci~n.;ttltrc. .I lunjicmn 
d i v i k s  thc hru wcion*. k r t s  oi :i hr:it ing 5ca- 
tern wed to tmkntaiu thc skin at .Tfldv t' d ~ ~ r ~ n ! :  
the test  irm c v ~ J c n t  in rig;lw 1:. 'Ih* qlt*ci~n~l i i  
ccwprise s i x  J q l i i a t e  f m ? :  (those to h* tc<t~*, l l  
and thu sZtvngCr tmt-:: :IT c.1~11 mJ to tcminatc  ;Ilr 
spsiitmr to provid~ ahenr-l>:~rr*l trmin;it ims 
for thc s l w h  sf r;qw. (SW Figtam- I!?, \ 

1tmnstr:ition ot' thc v:ll irl i l! .  of thc mlrl rr- 
qrl  i retl that :my c l mmnt tqw u i t h ~  rb i tl -51- slllr- 
s t r u c t ~ ~ r r  t h ~ t  L':li lr~l  i ti :ui!. rcgi on \coi~ltl trig i l l  t o  

ORIGINAL PAGE IS 
OF POOR QUASTTY 

f i i  II. fk htrw~ d F i ~ m  13 11 samrmcn;n. T h l  p m m  horn 
I- m 1-m of m hmn 4dn W i  rnd I..um hwn mJm udr md tm 
1.1 ym &dl. MI Ihn ar Tkn. Irmm. m d  toat hrd4ah r h p t  lm 6hr 
r#rm prog+t. 'hr (urp f r a n  a! rmh sldm md h nnnaonr et thr rtx 

mbd hr~n Cmmd th tolgwom prmr~dr slrrrturd rofinmr+rv md nrmlaltl 
th rplJmm, & ml-d mnd nbrtrlkl rrhrrwrmn m ~ntroducad cdhrm# 
mkmrmt uf rho mhll p o m a  11 thr ux ml Irmm md rha t h n p ~  ( S u  
F i p n  I4 1 

txpcricrisc cssr.ntiall!- i ,!t .~~!i;:~l I'~i?irrrs .it 

muphly thc s : w  lcm~t,'t iw r-c+r+ir:,rt ~ L * I I  ifi :11 1 
~ P ~ I L : I ~ ,  i .tS., i n ~ l t ~ ~ v ~ t ~ l ~ ~ ~ ~ ~  L-( t l t c  L ~ \ : V , I ~ I I ~ L -  ~ l f  
the shill. [hP t t + ~ t  r ~ * < ~ ~ t t q  ,liLl ~ I A  trn\ i i*n~it \  
:m*nc t hts ref, ie115 i 11 I+1:1il  I tbvt- I ! L V ,  .u t~ l  r t - .~<t~r~ 

: h I t q  ~ - ~ ~ . ~ ! n I ~ i l t t ? +  i t )  t t ~ w  IL-. t ' , t~!~irt ,  I L * I *  L - ~ ~ ~ I I  
clm-rtl t%ly. .  



1. lhe  skins and outer f r am caps, made of a 
titeniun alloy in  the original design, were sized 
by w analytical estimate. The acceptance of a 
fixed thickness relationship between these two (as 
a function of frame spacing) was a concession to  
the long lead times for material acquisition and 
fabrication for the specimens, a characteristic of 
parts made £run th i s  material. lhe dmice was 
hedged by sinultaneous procurement of ddditional 
specimens that differed fmn the f i r s t  only in 
having cuter caps of increased thickness. 

2 .  The remaining subs1 ructure components, a l l  
of which are of allminun alloy, were sized t o  bc 
ac balanced as analytical limitat ions would per- 
n i t ,  but were hedged t o  be inferior to the skin. 

5 .  A similar inferiority of fzsteners was 
srught. 'Ihis was achieved through substitutions 
for the a i r f rme fasteners by selection amng 
size, mte r i a l ,  spacing, and type. 

4. Ihe tes t  for each region was init iated a t  
an acoustic level substantially below the design 
objective for the specimen; th i s  load w a s  imposed 
for a major portion of the dbsign lifetime. lhe 
prccess w a s  repeated for pressures increased in 
5-dB increments. 

5. Repairs or  replacements #re made as conpo- 
nents and fasteners exhibited damage. 

6 .  Once patterns of h g e  occurrence had 
bzcn established for each conponent and fastener 
application in each cf the three regions defined 
by curvature, a resized and redctailed substruc- 
ture that incorporated the rwgh aptimitation 
inplied by the damage interrelationships was sub- 
st i tuted fcr the s ix  t e s t  frames ami the straps 
in both tho bottan and side specimens. (See 
Figures 1 4  and 18.) 

7. Testing was cont;nued, supported by addi- 
tional repairs, unti l  a i u l l  lifetime of exposure 
a t  the maximum level capability of the fac i l i ty  
had bee11 imposed for each of the three regions. 

The near-optinun relationships, absolute thick- 
ness requiremnts, and refinements of details  
established from the results of th is  procedure 
were used iii a revision of the structural model 
that governed the rZ/C-4 redesign. The redesign, 
of course, made use of the measurnment-based loads 
of Figures 6 and 9. 

I11 an unanticipated result, surface-tenperature 
tests on A/C- 1 established that aluninun (rather 
than titanium) alloy skins and outer caps could be 
used for the fuel bay. 'Ihe A/C-4 design incorpo- 
rates th is  change a t  a substantial cost saving and 
sl ight wcight penalty. Ihe s u b s t i t ~ i i o n  was sized 
for acoi~stical fatigue by a routine analytical 
adjustment of the t e s t  results for a l lwable  
fatigue stress.  Because of the certainty that 
some loss of optim;zation resulted fran the inabil- 
i ty  t c  establish a pefitiissible stress level i n  the 
aluminum skins and caps witliout allowing increases 
in their stiffnesses over those of the titaniun 

Colaponents they replaced, it was decided utat 
proof tes ts  of the revised &sign wculd be a- 
d ~ t e d .  lhe bottan spech11 has been tested at 
design load plus a 3-d6 margir.. After about 
10 hours of the 26-hour objective, a slosh strap 
failed. lhe t e s t  has not r e s d ,  and the side 
specimen h t ~ ~  not been tested. 

Step Testing. lhe  step- t e s t  method works well 
with sinusoidal snurces. A f u l l  l i f e  ine of expo- 
sure to  stresses a t  levels that & damage in  a 
randan-load application can be applied for  a 
single node i n  a sinusoidal-load t e s t  i n  &out 
15 minutes. Seldom are more than four modes 
recognized as potential contributors to  signi f i- 
cant damage. Thus, loads in a series of several 
steps, with interruptions for  periodic inspectiorls, 
can be appl~cd in a feu days. (See Reference 2, 
for e x q l e .  ) fiwever, with randan-in- time sources, 
the use of which constitutes a major improvement - 
in testing realism, the accunulatia~ of daarage 
takes place in  r ~ . a l  time. A lifetime of exposure 
to  the loads of gmund r m s  a t  high thrust  and 
takeoffs for the B-1, for  exasple, is 26 hours. 
h l y  an inp ra t ive  that transcends time and cast ,  
in this  situation the revelation of balance among 
regions wlth different curvatures d the quest 
for optimization, can justify multiple load steps 
of this  duration i n  a large, costly to use 
facil i ty.  

Stabilizer Structural Boxes 

The other configuration for  which evaluation i n  
laboratory tes ts  w a s  required is that  used f o r  the 
nuin structural boxes of the horizontal and ver t i -  
cal stabil izers.  This structure has thick aluni- 
nun skins t o  provide st iffness fo r  f l u t t e r  resis- 
tance, m l t i p l e  lightweight spars of wel?ed t i t a -  
nium sine-*wave-web and cap construction, and l ight-  
weight alminun sheet-metal ribs. F i g ~ r e  19 is a 
structures diagram for the horizontal stabil izer,  
and Figure 20 displays the cietails of the sine 
wave spar. M i n i m  thickness on thc -;rframe for  
manufacturing operations and handlir 0.020 inch 
for tk cap and web; the l a t t e r  is r .1 i n  two 
steps by chemical milling to  a mininnm. r 0.012 
inch. With few exceptions, these m i n i m  thick- 
nesses are adequate for  s t a t i c  strength requirements. 



In ;wo~u?zi~-.il ~ ' : I ~ I ~ I c .  the significa~t mtio~r 
fur thks 'uilfig~~~.:lt  ia !~  is th:lt i n  h i &  adjacent 
ski11 pmmLs ~rnrt* out of' 1rh:ise w i t h  one mottler, 
attcnyt i r g  to rcxl 1 tlw slur 1'39 yiJ hm the h ~ b .  
c : : r  1 flit- sine vaw krl? j>rnrirl~,c s t i f f ,  
Irroad-k~s~J supyurt to tlic cq); in  spite o f  tllc 
t h u t  g;argc5. the rolling mt ion is rcsistc~t eifcr-- 
t ivc l!.. Sunc*thclcs+, Iwsrlt~w attcnprts 3t .itati~- 
::tt~s:: u~:~l!.si:: ~ ? f  f isc slr;lr Tor this rat inn k + r e  
Il@t ~vh: i r~ i i i$ ,  II@ 5tT@!l?: i?l.ib:i3fi<~llt iUl1 0f 3 ~ 0 l ~ t l -  

1 f;a t iglk, ,~kl~.rl~ris?. c a ~ ~ l ~ l  l w  su-t: i i i td; i t  k 3 S  

nc.cv$s;al-y that tc5t5 trc ~rrrlc l~~l l  11) fu prot-iL 
311 rr;i lk~~t ion of tlic :~i n~~rtl~irics.: ut- t i c  5trthiI I -  
:crs O C  t iw First t l ~ r c ~  t r s t  .iircrait an~! 121 t~ 
riqqlly L I L K U I ~  i t a t  i vt* rnlui rcmcnts for tlic ,I/(:- 4 
IVJPS icn or. .I l t ~ i ~ t ; ~  t i\.~-:!-. to es t:ih l il;h wh:lt 
;i\lrl~t im;ll :c<t:: \,uu~ld Iw I W C C ~ S ; ~ ~ ~  for the 1attcr 

Fiin I!.  Y M  w w .  b m-w. **I mfkn d Irri-  d *n nn 
wwr h r S i b  min undmlbim~ uwm& A l r m .  Thl I l iu lmrrpU tw 
rdl tk. c a ~  and brr  &r mbl, Cut dn lpm pomrty )I nt+ll rn- tu mkt 
atIuwdq, Thm n is latlpr d m *  to t!n cw nnd m h  d w n r  lo  tho wrld 
that in in  dmn n o  Ihr lk~n. to  yrr I n a n o r .  

1. Ihe progcrm involvd a d c c i d d l y  unusual 
exmpl~  of s inall tmcous tests of stvcral boxes in 
;I large facility. Thcse were madc the elcments of 
hro larger rpecintens, so that tk ribs that fonaed 
interf:rces between the boxes could be evriluatd 
along w i t h  the spars. 'he virtu: of econPrr). w a s  
c - a ~ l m n t d ,  in fac t  overtaker,, h?. nwessi tp .  

2 .  Ihch s p i m n  inrlud~d individual boxes of 
widely  var).ing stwngths 'Ihcrcfare. as €or the 
litel bay tests, steppd loading was uscd. bk&:~n- 
i~-;il ~irutrali::~t ion ~ t *  ci;vnagcd Iro,*t.s pcmi t ted 
suiiti~nutron of tl:c. tcr t .  

3. his program of limited and not obviously 
arlPl1rxitc sqle pnw:rl~ul ,711 thc infunnation neces- 
sary to s w r t  qumtative &sign tqui;.ements 
for thc airframe. 

Fqwriwctat &sign, Figure ZS illustrates the 
schem f rom r h i c b  the conpnent &inat ions *re 
s t l e s t d .  ksz~l ts fm tests  whose carpnent 
?;i:c?: arc govemt?ti hy a fill l g - f i l  led ~-.:hc of 2:  
cck~hinat ions (to acmmt fcr three values ezch uf 
t h n ~  i d c p e n h t  variables] wwld be required in 
principle to establish the fmctiona! relatioa- 
s)iips m m g  :rllwsble acoustic lozd [for one l i fc-  
tim, for remplel ;ind the spar-related indepen- 
dent mtiahles : spar apcing, and cap and web 
thithesses. Limitation to  even this laqe n&r 
11) a s s m s  scatter sufficiently small that the 
relationships are not obscured, (2) does not pm- 
vide far the tequirrd information regarding rib 
and fastener h d e ,  and (3) muires that Jamage 
not x l a t e d  to the spars does not intervene. In 
these tes LS exogenous variables, tmshbmi gaps 
between the rigid skins and other conponents, 
assureti ~ i d e  scatter. Spar dara~u  traceable to 
prior rih failures, a canbindtian refenmi to 
'v-lcrg as tlte s ib i typ - I \ :  s~~~Irwne,  occurred; it 
pmrd to be o f  prinur). inqmrt3nce lor aim~rthi-  
ness evalmtions of the stabilizers. 



In rcmgni t ion o f  thc uncertaint ics .?bout pr-  
fonrwnce, u l  part wJ tes t  custs, of t i n e  
limit;itims, it was dezirled that a preliminary 
series of tests w ~ l d  hc conducted to evaimte the 
18 carbinations o f  Figure 22. A l i m i t d  ahjective 
of the establishment of minimn capabilities for 
the spar cq-mnent~ mtl of f imctio~ul  relstiwr- 
ships t-or rib thicknesses and fastemrs uas inher- 
ent irt this c h q i c ~ .  

Test Zqwcimns. Figure 23 i s  a sketch of one 
of the two specimens. ' Ih is  specimen canprises 
three major hea ~simlations of t h e  front and 
rear hems o f  the cirf ramel. the six boxes of 
Figure 2: that have 6.6 - inch spar spacing , and 
eight sets o f  ribs. Because the r i b  elexnts at 
the qm enk  oi' the s p c i m n  could tx rep:ared 
ezsi:y and thcie inside only with great d i f i i -  
r-llty, the f o m r  were sized in i t ia l ly  at 0 . 0 2  
inch at  ow end and 0.0.72 inch at t h e  other. h a  
1ir.e of inner rihs u s  set  at 0.D40 inch, and the 
other a t  U .050 inch. The other speciwn con- 
tains 12 Lmxe~, frwr with 5.0- and eighr with 
?.$-inch s p r  sp~cings; it has farr major hem. 
fizr lincs aT rills, and similar rib-thickness 
arrangmnts (Figure 24). The m a x k m  aspect 
ratio for individual skin panels for each of the 
tw specimens is 3.5 I i .r., rffectivcly infinite). 

Test Procedur?. l'ahle 1 lists the levels a d  
durations far the step-tesr procedure. Figure 24 
s b  the sword specimn after substantial h g c  
had occurred. E i @  o f  the nine i n t e m l  ribs had 
fail&; external supports had been applid over 
Lhm on the upper md Zorrer skins. The end ribs 
had been upgraded. Sane spar &wig@ had b m  
detected a t  the tirm the photograph was taken; for 
that reason, stiffeners were to be applied over 
the h g e d  boxes zhmelves. 

Ovr?nrll level* Test dtrrerion (hours) 

FIS-1 m- 2 

Test WsuIts. l?ie results fm the tests of 
these t*-o specimns provided al l  information nec- 
essary fcr the redesign for AJC-4. Table 2 sm- 
marize~ the types o f  damage, It can be intcr- 
pmted mre readily w i t h  the help of Figures 20 
and IS. 

T a t  i m d ' - e I '  

Skins - no Jamage 

Front and rear beam - no dam3~e 

Spars - damdge in fwr mode5 : 

Type I - scsllopeJ cracks o f  caps 
npc I 1  - wh-lalhd cracks adjacent to cap 

weIds 
Type 111 - weh-ficld cracks* 
Trpe W - web splicc-plate cracks adjazcnt 

te wp w e l d s  

Ribs - cracks in rib segmnts and clips 

Fasteners - l~sses in fire applications: 

2219-TSl regular head r ive ts  through l m r  
skin into spars and ribs 

2219-T42 (Snconcl hOO stcm) Cherry bulbs 
through upper skin into 5pars and ribs 

2219-TRl p r o t d i n g  heid rivets i n  
s&stmcture 



1. I spar rlamage i s  a primw failure. 
Rwentiar of its occurrence on the airfrme 
requires q s  of mre thm minlmm thickness in 
only a fm a m  o f  adid high : c w t i c  laad 
a d  wide spar spacing. A nur6er of incidmts aE 
typ 1 damage occurred in the res ts  as a m- 
:quer,;e of ~mshimaej: gaps between the caps and 
the skins; fastmer-induced preload i n  thc rap 
~~sdPs. A shin requirement that limits the mis- 
wtch to  0.010 inch for rhe sirframe precludes 
ctauage attributable t o  this condition. 

2 .  'r"ype 1'1 darnage i s  derived, or secondary. 
M y  rhen t%e rib seprlts at both sides of a web 
spli*-plate have failed is the plate free to mve 
enwgh to faif. 'Ihe faiIure is an the plate at 
the plate- to-cap weld; thus, i t  is similar to the 
type I1 failure t h e w e b  p-r. 'Pypc TV fail- 
ures in  the test sooil were follontd by se~mdaty 
f a i l u r n  o f  the adjacent webs in  either the type :I 
or 111 rode. 

3. A few cases o f  pi-imary types I I and I I I web 
damage (i.e., damage not incident to the rib/ 
sype- r\' syndrarr) ucmmd. These were used to set 
mini- thicknesses for thc webs. A s l i g h t  in- 
crease beyond the mininun thichess for fabriarion 
over a small area of the horizontal stabilizer 
resulted. 

4.  Formately, both on their wn a c m t  and 
in view of their role in the type IV s p a r - b g e  
syndrome, a great deal o f  infomtim about thick- 
nesses for the rib sepnts  ws obtained. Fig- 
ure ZC presents these results. Hem, "primary" 
refers to the first failure of any s e m n t  in one 
af the six-segmnt rius. "Fimt seandary" refers 
to the first x~wrrence ~f failures of an adjacent 
pai f  of segments, the damage mode ~.;sential to the 
trpe IV s y n d m .  The first seamdary failures 
cal lapse reasmahly well to the function noted 
i n  the figure; the primar failutes do not. 7 l x  
dashed line arsJ "design line" have the slope OF 
that fmction. b t e  the weak dependence o f  allm- 
able pr.. ~ u r e  on spar spacing. For she A/C-4 

. design, the acoustical Zatigue requirement r x c d  

that far s t w t h  for approximately half  of the rib 
segments of the horizontal stabilizer and for a 
few of the vertical s tab i  lirer. 

5 .  A substantial nmbrr OF fastcner failures, 
in al l  five classes of application noted in 
Table 2, yielded - a t e  infomition far design. 
For .WC-4, roughlv half  of the fasteners in 
the horizmtal stabi lizer m d  s m  i r i  the verti- 
cal stabilizer are governed by the results of 
these tests.  

Ihe wide variety of males of fai lum, primary 
and derived. 3 s 3 u d  that only Iimf t ~ d  infomtim 
for requirmxnts LOUIJ be obtained Tor the caps, 
web Ian&, and web fields, The design values for 
these capotents w e r e  estahl ished f1.m a carhina- 
t ion of prinury failures md t m k m g d  parts. 
'Ihey are, therefore, smmhat cossct~ativc oi-er 
the range of spar spacings reprcscntd i n  the t e s t .  
'Ihnt these mcrvativc r e q u i m n t s  Icd to cnly a 
$ 1 ~ 1 1  weight penalty for MU-4 mmt t h a t  further 
tests nerc m c e s s a q - .  

Design Reguinments. The d ~ s i p  values for 
4/C-4 established nn the basis of these test  
results form a structural d l  for the configura- 
tim, q u a l l y  applicable to the horirontol and 
Vertical stahili:crs. I t  is a series o f  lS qua- 
tions, the subjects o f  which are the conponents 
and fasteners listed in Table 2 .  7k.o; ~xmplrs 
from that description are conqidcred nere: 

1. ?he thicknesses of bent- flange sheet-metal 
rib segments, in inch-, arc control led by: 

when! W is thc spar spacing i n  inches. 'this 
equation cormspnnds t o  the "design line" of Fig- 
ure 26. The safe range o f  applicability is 



limited t o  small extrapolations beyond the 3.8- 
and 6.8-inch extlmes of spar spacing represented 
in the specimens. The design pressure i s  stated 
as a one-third-octave level; as Figures 7 and 19 
show, it need not be constant over the length of 
a rih. 

2. Once a requirement for r ib thickness has 
been established, it m s t  be satisfied for the 
equations that describe the fasteners that attach 
the r ib  to other components. The limiting r i b  
thickless for which a particular blind fastener 
of diameter d is applicable for  joining the skin 
and ribs is se t  by: 

where s is the rivet spacing and 1 is the lever 
a m  defined in  Figure 29. Any consistent s e t  of 
u n i u  is acceptable. 7he factor F/F is a dimen- 
s imless  ra t io  of figures of merit in fatigue for 
the fastener and the rib. 'he ra t io  is near unity 
i f  the fastener and component are of alloys of the 
same material, e.g., aluninun or titirniun. I f  
these two are mixed, the r a t io  is approximately 
four (or one-quarter) . 
Other Tests 

I t  should be clear fmm the foregoing that the 
tes t  methods used in the B - l  acoustical fatigue 
development program place enpirasis on the produc- 
tion of damage. There is no more definitive evi- 
dence of convergence tcmard optimum design than 
failures for each conponent and fastener 
application. 

In contrast to  this dependence on step-by-step 
destruction, two proof tests were performed with- 
out recourse to  stepped loads. One of the sub- 
jects was a large two-box specimen that represent- 
ed the two limiting load-to-strength conditions i n  
a' graphite/epoxy- composite version of the horizon- 
ta l  stabilizer. The load was taken imnediately to 
the design level (including required margin) for 
the design l i f e .  No detectable damage occurred. 
This configuration, selected f c r  A/C-5 and beyond, 
would have provided a substantial reduction of 
weight frcm that of its metallic predecessor a t  
similar cost. m e  other p ~ - f  tes t  was of a 
diffusion-bon&d/superplastic- f o m d  ti taniwn 
access panel in  the form of a corrugated sandwich. 
I t  demonstrated that the local details  character- 
i s t i c  of this fabrication process do not degrade 
the acoustical fatigue advantages for  which sand- 
wich panels and annealed 6A1-4V titaniun alloy are 
known. 

Mechanical Fasteners 

Currently, only v e y  limited infonnation i s  
avai l a d e  regarding design requiremer.ts for 
mechanical fasteners for acoustical fatigue 
prekention. 

Tes td Configurations 

The t e s t  prograns for the fuel bay and stabi- 
l izer  structural boxes provided definitive require- 
ments for fasteners appropriate for those con- 
figurations. Equation ? is an example of this 
infonnation for the stabil izer configuration. For 
L !  fuel bay, seven application situations exist  
for each of the individual frame assemblies; 
several other applications occur in  the hdy 
assembly, along longemns and intercos ta ls  , a t  
longeron/fram intersections, and for skin 
splices. 

Figure 27 provides an example of a design 
requ i remt  for A/C-4 established through the . 
extension by analysis of information from the fuel 
bay tests.  I t  is  for the web-to-inner-cap rivets,  
except for those that also pass through the s t i f f -  
ener ends. (See Figure 14.) The inboard ca,) is 
restrained i n  translation and rotation by the 
slosh straps; rnsymnetrical skin motion bows the 
web. This induces tensile load in the weh-to-cap 
fasteners that is  experienced principally by the 
fasteners a t  the ends of those st iffeners that t i e  
t o  the inner cap inmediately adjacent to  the inter-  
sections of the cap and straps. Thus, tlle spacing 
of web stiffeners is significant because it con- 
t ro ls  the allocation of reaction t o  r o l l  of the 
frame between the stiffeners and the web. Note 
the similarity of form of th is  equation to that 
of Equation 2 .  even though the situations described 
are substantially different. This constant is 
larger principally because the fasteners a t  the 
st iffener ends carry most of the load. 

.ml I 1 1 I I 1 
5 6  7 8 9 1 0 1 1 I Z  

Sl - SPACING ff YMP STIFFEMRS - IN 

F ipm 27. E x q l n  of 8 hnm mqmimmmt for *r ah hd Luy. tbac fw tbm 
m) to b r  u). TIW fnmmhp- m n b b ( i m  m mcorrcHW hr t)lr 
Mdd tmn but m. d urm, tmpaUI foc l a w  tow. Th8 mbrcithur 
v w  Si b cmmpmd to 8 iactm. 8 s t r d u d .  H is 8 "had tK1uP' fw tb riw0k.f 
un* for the XF-6. md 0.1 fw h AMP-6. T h  Imc mm I urn* n M hn 
fastew d h m m .  but not lm than t h m Q  W. in M. 

Thc equation specifies the requirement in tern5 
of a limiting allwable thickness of the trpstand- 
ing leg of the outboard cap; a l l  substructure coln- 
pofients and fasteners arc controlled from this 
quantity; it incorporates the cffects o f  :~ppl ied 
load, frame spacing, cllrvature, surfrice tempera- 
ture, .and material propert ics .  Tho fastener types, 



both having p r o d i n g  heads, are pennittcd. The 
P - 6  is a 3/16-inch-dlaineter 2219-T81 aluninun 
r ive t ,  and the AMP-5 is a 0.164- inch-dianeter 
Cherry bimetal titanium r ive t .  The allowable 
range of upstanding ley thickness f o r  each type of 
fastener depends on the r i v e t  spacing, s ta ted  i n  
the equation i n  inches and i n  the diagram as mu1 ti- 
ples  o f  the fastener  d i w t e r .  

Sanewhat surprisingly, almost no infornation 
about fasteners  existed t o  support the design by 
analysis f o r  the many concepts f o r  which t e s t s  
were not conducted. This necessitated formulation 
of  analyt ical  c r i t e r i a ,  f o r  a variety of fastener  
types and materials,  applicable t o  the fastening 
of the skin m d  substructure of  each of several 
canf igurations . Functional r e l a t  ions;~ips s imilar  
t o  that of Figure 27 resul ted tha t  probably are 
valid, but the  lack o f  data  t o  provide constants 
of proportionality d ic ta ted  a conservative bias  
i n  t h e i r  use. 

Some in formt ion  on skin fasteners  f o r  extend- 
ed skin and r i b  s t ruc ture  (Figure 28) was included 
in Reference 3, an indispensable source o f  data  
f o r  acoustics1 f a t i ~ w  analyses. However, the 
s ta ted  functional relationship, derived i n  the 
reference, is not that  plot ted.  The information 
is useful only i f  t h e  example superimposed on t h e  
nanograph re f lec t s  measurement resu l t s ;  if i t  
does, it supplies a va l id  constant f o r  the pro- 
portionalitv. That uiicertainty aside, the  in-  
formation of the f igure is inherently limited in  
u t i l i t y :  

1. I t  is applicable only t o  skin and r i b  o r  
skin and frame structure.  

2. I t  has no substructure information except 
that  which can be produced by analyt ical  extension. 

3.  I t  apparently applies t o  in-phase motions 
of adjacent skin panels. 

Figure 29 presents a derivation, para l le l  t o  
that which produced the  pnrport ional i ty  i n  Fig- 
ure 28, fo r  a skin-fastener  relat ionship f o r  
out-of-phase adjacent ski11 panels, a motion prob- 
ably substant ial ly  more signif icant  tha: in-phase 
motion f o r  acoustical fat igue damage. 

Concept f o r  laboratory Investigation 

Figure 30 suggests i n  an idealized Eonn a 
laboratory procedure that  would be usefill i n  
f i l l i n g  t h i s  void i n  essen t ia l  design irifonnation 
by confirming t h e  va l id i ty  o f ,  o r  supporting re -  
vision t o ,  :he frlnct ional relationships exempl i- 
f i e d  by tha t  of  Figure 29 and by providing the 
constants of proportional it?. Thi5 discussion 
is intended t o  emphasize the  pr inciples  involved 
and t h e  variables that  require consideration. 
The procedure is cast  in  terms of skin and r i h  
extended s t ruc ture  t o  provide a concrete esiunple. 
I t s  key objective is tb produce fa i lu res  of f a s t -  
ener and skin (or  fastener and r i b ,  i f  desiredl 
i n  suf f ic ien t ly  close loadltime coincidence 
t h a t ,  with small adjustn~ents through usc o f  a 

>.;cure fat igue curve and use of s t r e s s  vers:ls prt . . 
data from the  t e s t ,  they t i i l l  reveal the  re -  

I 
LMDILIR VARIABLE 

Fipm U I U h r d  rkn fw rxpwhwtd or)m hr t r a n r  mllym. The 
ryrckr i~ h @nl# frhm md mpoamnt Mum In wNiinuliv dom I n d l  
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quired conditions of compatibility between skin 
thickness and fastener strength. Thus, for a 
particular s t  ruftural concept, the requiranent 
for the fastener would depend only on i t s  own 
properties, the geometry of the application, and 
the thickness of the skin, because that thickness 
i s  presumed to carry a l l  necessary infonnation about 
support spacing, load, curvature, and temperature. 

Significant variables for the investigation 
could hcll l le suppr t  spacing, angle versus tee 
supports (and, thus, one versus two rows of 
fasteners), canpatible versus rigid supports, skins 
chemically milled between supports o r  not, shear 
head versus tension head fasteners, and blind 
versus driven installations. Cost could be mini- 
mized through the use of specimens designed t o  be 
remanufacturahle and thmugh simltaneous loading 
of several specmns in  a random-load fac i l i ty .  
As suggested in Figure 30, the t e s t  ?right begin 
with r ivets installed that were thought to be 
understrength (here symbolized by XD-4). Load 
would be applied in  a series of increasing levels 
for perhaps 3 hours each unti l  the r ivets begin to 
f a i l .  They then would be replaced by rivets of 
the next larger size [or greater strength). Load- 
ing in steps would proceed until the skin o r  the 
replacement fastener f a i l s .  'bat then would be 
replaced by the next size of skin or fastener. In 
this way, a combination of failures of r ivets of 
two sizes (or strengths) and a skin, or vice 
veysa, would pmvide infonnation about the func- 
tional dependence and for the cogstant of 
pmportionnl ity. 

'he follcwing list suggests, beyo.ld the fore- 
going particularized example, those more general 
objectives that could influence and, unfortu- 
nately, Sharply expand the tes t  plan: 

1. Determine the character of the r ivet  f a i l -  
ure (e.g., shaft tension, head shear, head pry- 
ing) ; a difference in functional dependence of 
fastener strength on diameter, between the square 
and the cube, is involved. 

2. Determine the contributions of symnetrical 
and unsymnetrical motion. 

3. Learn to what extent the K values are 
"universal" constants. 

4 .  Find the equivalent strengths of important 
fasteners: aluninum rivets (shear and regular 
heads), bimetals, Hhck bolts, H i  -Ids, and the 
blind fasteners: Jo-Bolts and Cherry locks and 
hulbs. 

'Ihat there is a speculative tone to mch of 
th i s  discussion regarding fasteners reflects 
the s t a t e  of knmladge i n  th i s  aspect of  &sign 
for acoustical fatigw: prevention. 

7. Establish the u t i l i t y  of "pmgressive 
remanufacture" of specimens as a cost-control 
techniqw . 

8. Repeat fo r  o r  include substnr ture  
applicat!ons. 

9. Repeat, i n  part, for other than skin 
and r ib  structure. 

C s o  luding Observations 

Ihe primary objective of th is  paper is to  
exhibit some of the major characteristics of the 
design-support program for structural acoustics 
for  the B-1. Enrpha5is has been placed on the 
approaches and techniques arid on the points of view 
that led to  them, with the anticipation that  they 
may be found suggestive of methods applicable to 
future programs. To the extent that these tech- 
niques deviate from conventional practice, dis-  
cussion may ensue that could prove useful. 

As the contents of the paper suggest, there has 
existed a narrow focus i n  use of the results of 
analyses and tes ts  toward airworthiness evalua- 
tions, the update of design requirements, and the 
support of weight- and cost-reduction efforts .  
substantial quantities of information from analy- 
ses and measurements were generated in the pro- 
gram that have yet to  be exploited; the engine- 
noise data for nonafterburner operations and for 
a single engine are  examples. Had the production 
program continued, it would have provided the 
opportunity and funding for these investigations 
of less imnediate applicability. 
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EXPERIMENTAL INVESTIGATION OF nYNAMlC CHARACTERISTICS 
OF T'JRBINE GENERATORS AND LOW-TUNED FOUNDATIONS 

S. P. Ying aod M. E. Forman R. R. Rumm 
Gilbwt/Commonwcnlth Pennsylvania Power and L i t  Company 

Jackson, Michian 49201 Allentown, Pennsylvania 18101 

Two 820 MW turbinegenaator (TG) units with low-tuned concrete foundations were 
investigated experimentally during both startup and normal operating conditions. The 
dynamic response of the turbine generators and their foundation systems was characterized 
by resonance curves obtained during the startup transient and by vibration mode shapes 
at  the normal operating condition. No severe resonance at  the fundamental frequencies of 
the system was observed. The deflection or displacement of the foundation pedestal does 
not lead to unrcceprablc T G  vibration. The experimental results are compared and dis- 
a w e d  with some previous theoretical studies. 

The defmitions of the so-called "high-tuned" and "low- 
tuned" foundations for turbine-generators (TG) are based on 
the fundamental frequency of the natural resonance of the 
system. This resonance is either higher or lower than the 
normal operating speed of the turbine generator. In partic- 
ular, thew resonant modes themselves refer to the elastic 
vibration of the turbinegenemtor and its foundatiorr pedestal. 
They do not include the mode t'lat relates to the vibration of 
the turbinegemrator and its supporting structure as a body 
resulting from the softness of the foundation subsoil. 

The traditional high-tuned foundations are constructed of 
large solid concrete blocks. The lowtunrd foundations 
poser, either steel [1,2] or concrete pedestal columns 13). 
Thk paper discusses measured dynamic responses for two 
low-tuned concrete foundations designed and constructed for 
twin 820 MW turhine-generators. 

Theoretically, the advantage of a low-tuned foundation 
lies in the reduction in bearing loads and forces which are 
transmitted to the sub-foun&.ron and the supporting soil. A 
practical advantage is the additional free available space 
under and around the low-tuned foundation pedest The 
larger free available volume under the turbinegenerator 
permits a more generous layout of piping and auxiliary 
equipment. Moreover, the cost of low-tuned foundations is 
less than that of high-:~ned foundations (4).  

l kcaur  of these technical, practical and economiul 
advantages, low-tuned foundations are quite popular in 
Europe and have recently been introduced in several U.S. 
power plants. The T-G foundations in this investigation are 
the fmt  two built in this country. 

The foundatiorns are part of Pennsylvania Power and Light 
Company's Martins Creek Station, Units 3 and 4. The two 
820 MW oil-fled units are designed to  operate at  1,OOWF and 
2,400 psi steam conditions. Unit 1 iai been in commercial 
operation since October. 1975 with Unit 4 operating co~rr- 
m a c i l y  since Much, 1977. The plant is local 1 along the 
Delaware River approximately 75 milo north of Philadelphia. 

STEADY STATE OPERATION 

The concrete fou:ldation pedestals shown in Figure I wcre 
designed and built with large amounts of reinforcing steel. A 
program for the experimental investigation uf the dynamic 
characteristics of the two 820 MW units was divided into two 
phucs. The fust p h w  consisted of dynamic measurement of 
the entire turbine generator and foundation pedestal during 
s tudy state operation for both units. Acceleration data 
providrd the necessary information for vibration charac- 
terization. 

The accelemtions in or thogod directions at each loca- 
tion were munved by acceleromtters and recorded on 
individual channeh of an FM tape recorder through charge 
amplifiers. This data acquisition system was calibrated in 
the fuld using a General Radio Model 1557-A vibration 
acceleration c~libmtor. The simultaneous UK of multiple 
accelerometers permitted inspection of several adjacent or 
distant points with equal ease. The data of a selected point, 
w u  recorded twice and each record contained at least two 
new data points. The rcyeated data point was used as a phase 
reference in ttlte domain. Approximately 500 data points 
wcre collected during the two unit survey. Acceleration 
frequency spectra were obtained from the data stored on 
magnetic tape by utilizing a Fast Fourier Transform (FFT) 
analyzer (Nicolet Scientific Corporation, Model 660). 
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Figure 3A. Mode s h a p ~ s  for the steady state operation of a low tuned foundation pedestal 

at 60 Hz in the longitwdinal (Xi) direction. 

Acceleration data of the foundation pedestals for botlt band-pass fdten and a dual channel o r d o r o p e  to determine 
units were investigated in the frequency domain. Figure 2 the oscill- ;on modes at the dominant frequency of 60 HZ, 
shows a typical spectr\sm o f  acceleration in decibels (dB) corresponding to the T C  speed of 3,600 rpm. The oxillation 
with a reference acceleration of 104 x gavitationd acceler- displacements tvue ulculated by uung the double integn- 
atron (g). The dominant vibration kquency is 60 Hz, whicb ti011 in Nicolet 660 from the recorded accelcratians on e:..h 
was detected at most measurement positions. kil latior.  pedestal column and the platform in each direction. Then, 
phase relations in the time domain were studied by using two the displacements were plott d as a function of distance. 

Figure 38.  hfodc shapes for thc steady state openztion o f a  low tuned foundation pedestal 
nt 60 Hz in the transverse (XZ) and vertical IX3) directions (A3  magnitude only). 

I r H. P. Turbiw End 1 



lhnr standing unvrforntl r r p s c n t  a m d r  uC the rorcr3 
osriilrrian tcwltinp, horn thr cr.ltr i fupl t4mc v n c n ~ c d  hy 
rhc Totor ul the turbmrptcntor .  

Thcornically. the wilbtion a? rht fuunbtiun Fedmal 
n symmttnc with rcsyKt to the tct. :JK axis. F ~ p r c +  3 3  and 
3PI depict the vihntion modr in mE.-aul Jsrcticbnr. XI. 
XI. anJ X j  (set Figurn 1). at OFC l idc e l  rhc T-I; aris uf a 

unit. n r  standing mucr  on the nrhcr sidc and an thc 0th- 
unir arc similar: nrwnhcltss. tk mqnitudcs may varv as 
much as b dB. 

Mosr af rht JprrGi obtained from the T-c br*riqs a!= 
dour prak at 60 Hz. A primary c a w  uf t h ~  I J ~  Hz f m c d  

w i h t i o n  is thr imbrtncc of rht rotating system. Fiprc 4 IS 

a typkd Ipertrum of such a vibnt: The data M.C cum- 
pared with the acrrptrblc criterion 2oi gnmal mchinvy - 
commcrcid (51. Mort olrhr rneamrcd dynamic disphcrm~ntx 
of the T-C bearing meet the maximurn critrriun. 

On the other hmd, a mis-r!i& coupling, which mifhr 
d t  from the foandatbn. can gmnafc !.-onicr at 120 Hz 
(scr F i p m  5:. Homm.  most 120 Hz culr,ponents in the 
frrqucncy sptc tn  wrr found to  be  nceliiiblc. srd  a t  v i h ~  
rims porri'bIy caused by rhc rnidignmrnt wtk6rd thc 
maximum acceptable limit. Fi..ally. obsrmrl Irl v 

components at 30 Hz, a subharmonic Crcqucncy o; 
running s p d .  rcwltcd From u l f txc f tcd  rihn!ioru ? . c . . . ~ ~ s l  

o f  bntndary conditions at thr bcar;nr or i ts  rrl; .d rtwl 
elemmts. 

STARTUP TRANSIENT 

f i t  wand p h a r  of chis invcstiption includtd rbc con- 

riatuous munitormng of the rurbbnr-gcnerator and fwnchian- 
pfdrual at r l c c t r d  lwarions d u r ~ ~ g  r cold startup of a 
rurbint-g..nmtm from amp t m  3.600 wpm. 7%- &ra wtm 

~ d d  for rhc tnnsienr vibnrion i n v r s t ~ p t k n  of thr low-tuned 
GunAtmn. 

"Ihc arcclmciom un a turhurc~encr~tor  and its faun- 
d a r i n n - p r d ~ ~ l  durinp, cold startup m r c  R K V U ~ ~ ~  at SCWII 

lucariu~ts, which wrrc ~ l r c t c d  L u A  un the stcadu state data. 

and cuntinuoudy mwdcd on individual channels of FM tape 
mcord~rs. Frequency spectra uf dytumic arcclefitions were 
obmincd from rhc data srvrcd un nugnetk t a p  by ur i l i r i iq  
thc nmuw hand F r T  a d y z t r .  

Fiws b and 7 we rccelcmtion sprcma r n k  4 rt a 
p d t ~ a l  column and A TZ; bearing. rcspectliwly. dlaing 
startup. Ar P.,wl~ in the spectra. thc i lot  m d r  urc i lb tkn  
fmqut;lcy ormch s p e c n ~ r n  wrhc TG s p e d  C l o w  3.600 rpm. 
1.1 con-. the rust mu& orilla;ion in rhost spectra o b  
rained during steady stare o p m t i o n  {such a$ r h m  shorvl~ in 
S iw< 2, J.and 5) is 60 Hz.its hannonicrw itssub-hamonus. 

D y a a  nic dkpiac~menri of the rust made orilIatione at  
thr rnor1ito:ing pudtiuns wcre cdculared from their actclcr- 
arions. Thr f i r s t  ~ d t  displcmcnts wc plotted US. frequency 
1'r-G spn~!! for tach pos~c iu tr  (cxcrpt ths front bcariq a l  rhi 
hkh pressure :HP) turb~nel durng ~ra-rup in F+;a 8 and 9. 

0 200 Hz 
Frequency, 20 HrEDirision 

- - 
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6 rvp icd  xcrlrrati~m spctfnrm t h r i r ~ ~  Srartrtp, ~h.'fb r l r - ~ r  n t f ~  ,pr-.I: , , . I I  , ,d~trnn 
La rr. hi& ;lirrrtion .Y 1 ,  l;rst ~.t*sk frr.qrm.nrv .'7 If: 

'Ihrrt p p h a  reprrrnt mvunt rut*cs at  t w r  lorr~il~ns, Tht data Fiialrr P w r t  obrrtnrrl frrrm rhe fifth a d  
Tht mhrcr cumts  in F w  8 rrr tht remnant r w r r  drtrctrJ srnth cnlumnr t.crul~tcd hnm the PIP turbine md. appmrl. 
at ths mr k r q  ol the la* prcuurr (LP) rurbint. and thr nlatcl? 9.6 In (-31 .S t i t  ah*w the nut. I h c  ZP nlthlnr rcrr. 
front md rrpr h-uing of the smmtnr. hrarfna and thc pnrrartrr frcln~ bcarrr~~ arr at the top d t h t  
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l:ipw 7 Typical c~cekrvtion spectrum duri-g cturtup, 3105 rptn ;!ow pressure turbine 

rear bedring, dinctioiorl X2. pcdk freyumcy 51.75 Hz). 

fifth column, and the generator rear bearing is at the top of 
the sixth column. The peak n w  40 Hz detected or! the fifth 
column Jso appurs on the LP turbine r u r  bearing, and the 
peak at 27 Hz obtained on thr sixth column is also shown on 
the generator rear bearing. 

The data obtained from the front bearing of the HP 
turbine in a vertical direction do not explicitly show reson-nt 
behavior The vibration accelentmns increased gadually as 
the TG speed inma.. 4. 

&cause the cenuifupi force exerted on the turbine 
generator and :.I ioundation during startup is smaller than 
that at a normal operating condition. the maximum accr!- 
cntions at the resonances are smaller than or cornpanble to 
those at opaating conditi~n. No severe resonance at the 
natural frequencies of the T C  and foundation rrrs observed. 
Table I compares the accclaations in dB at the resonances 
during startup and at a normal operating coadition. 

During startup of the unit an accelerometer was mon- 
itoring ihr vihration at the fifth column. same height (0.6m). 
of the TG foundation-pedeitr nf rhc other unit. It was 
found that there was no naticeable change in vioration 
amplitude at t!rc monitoring location during startup. 

detected in the direction (XI) parallel to the TG axis. Thc 
resonance frequency of another vibration mode detected on 
column No. 5 in the horizontal direction (X2). tranrvcrsc to 
the T-G a x i  is about 40 Hz as shown in Figure 9. 

DISCUSSION 

Natural frequec>cics of a large structure calculated from an 
Eigcnvalue equation usudly involve fhequencies from very 
low to very high vd*xs, u-ociated with many modes of 
vibration. However, the number of dominant resonance 
frequencies is quite limited. The data prexnted in the pre- 
ceding section indicate that t h a e  arc only one or two domi- 
nant peaks in each resonant curve for these 820 MW units 
with the low-tuned concrete foundations. 

Wilson and kebbia have estimated the dynamic rcsponsc 
of 500 MW t~rrbinegcnentors wiA low-tuned steel founda- 
tions [Il .  Their ulculrted results of vertical displacements 
also show that there arc only two domiaant peaks in the 
frequency domain. Although the experiment described In this 
paper is not the same as their wcrk, the rcwnance be!~aviors 
found by the two groups arc similar. 

111 'ontidering the entire TC foundation-pedestal system. 
a remonable mn&l is proposed in Figurc 11. The rotor 
pedestal, which includes a bcuing pedestal and foundation 

A more detailed study was conducted for a vonitoring 
cclumn. and foundation are viewed as a series of masses 

position on the sixth colu.nn (from the HP turbine end) of 
co~nected by either viscous or *;lastir sections. The damping 

the startup unit. In addition to  the fust mode data, the 
effects should be taken into account. Gook and Grantham 

second and thirG n d e  data were also analyzed and plotted 
used a similar model to predict the dynamic response of a in Figure 10. As shown in the fswre, thc I .  .lance fre- 

quencies of the first three modes are 27 Hz. 5i . q ~  and 70 Hz. 375 MW T-G with a steel low-tuned foundation by the 
Rohl-Mykitstad method [I ] .  They found that the resonance 

There is no resonance at or near 60 Hz. All these modes were 
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TABLE I 

Accclcration at Peak Steady State Test I 
Startup Test 
d~ (rc 1 0 6 ~ )  

Accelentim 
d~ (re lobg) 

L. P. Turbine 
Rear Bearing 

Cenentca. 
Front Bearing 

Generator 
Rear Bearing 

51 Hz. 106.6 dB 

40.5 Hz. 97.3 dB 

49.5 Hz. 95.2 dB 

Foundation-Pcdesta! Column, 9.6 111 High 

40 Hz, 92 dB 

27 Hz, 84.2 dB 

60 Hz, 107 dB 

60 Hz, 100 dB 

60 Hz. 97.2 dB 

60 Hz, 92 dB 

60 Hz, 84.5 dB 



at the journals is slightly less than 3.000 rpm. 

The exp~r imcn ta l  results 0btalnr.f i n  this ~nvestigation arc 
similar. !iowrver. Crook and Graniham's calculated vibration 
amr!itudes are much higher t h a i ~  those in  this paper hr- 
a u s e  th;y neglected the d a r n j o g  wbthin the pedestals. The 
numertcal values for the variauq p.lratnerers contained i n  the 
proposed model i n  Figure 1 1, except the damping coeff~cicnt 
ot the pedestal. can 'Jc found froan Reference 1. 

W~lson and Brebkia also calculated the modc shape for t l lc 
caw o f  frec vibra.roi~ by the fintte c ler r~e~i t  method. The 
calculated modc shapes are consistent wit11 the experit~rental 
results shown i n  Figure 3 of this paper. 

CONCLUSIONS 

dation pedestai. However, most 120 Hz components in the 
frequency spectra detected at the TG bearings are negligible. 
The def!ection or  displacement o f  the foundation pedestal 
does not  lead to unacceptable T-G vibration. 

N o  severe resonance at the natural frequencies o f  :he T-G 
and i ts foundation system w r s  observed during startup. The 
maximum accelerations at the resonances are smaller than o r  
coaiparrblc to  those ;kt a n o r n l d  operating condition. The 
resonance peaks detected at  the different locations occur at  
27 Hz, 40  Hz, 51  Hz and 70  Hz. There is n o  peak at o r  near 
6 0  Hz (3.600 rpm). 

Furthermore, therc was n o  noticeable change i n  vibration 
amplitudes at a normally operating unit during the startup o f  
the other unit. 

Based o n  the above observed results. it can be co.~ciudtd 
that the low-tuned concrete foundations for these large 
turbine-generators provide fuUy satisfactory perfurmawe. 

The vibration mode shapes o f  the foundation pedestals 
during a steady state, and the resonance frequencies o f  the 
TC. and i ts  supporting structure system obtained in this 
experiment. are consistent w i th  the previous theoretical 
studies. 
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S e r ~ i c e  problem3 encountered on the  F-4 a i r c r a f t  showed that 
the environmental q u a l i f i c a t i o n  requirements f o r  t h e  UHF blade 
antenna were  lot adequate. Although the  ind iv idua l  environmental 
l e v e l s  were s t r i n g e n t  enough, only  combined environmental t e s t i n g  
could dup l i ca t e  the  condi t ions  i n  which s e r v i c e  problems occurred. 
Techniques f o r  applying s t a t i c  s i d e  load simultaneously wi th  vibra- 
t i o n  and temperature were developed. The combined enviroament 
t e s t i n g  was instrumental in t h e  r ap id  assessment of  antenna m d i -  
f i c a t i o n s  and r e su l t ed  i n  a f i n a l  conf igu ra t ion  which proved 
s a t i s f a c t o r y  i n  service .  A need t o  include combined environmental 
t e s t i n g  f o r  q u a l i f i c a t i o n  of  blade antennas was es tabl ished.  

INTRODUCTION 

The UHF coclrmnication blade antenna on the  
F-4 and o the r  high performance a i r c r a f t  has  
encountered per iodic  environmental problems 
over the  years.  The antenna is can t i l eve red  
from the  a i r c r a f t  m l d l i n e  i n t o  t h e  a i rs t ream.  

D i f f i c u l t i e s  on the  F-4 were uncovered 
dur ing v i b r a t i o n  t e s t i n g  i n  1964 and 1969. 
Again i n  1974, an antenna incorporat ing e lec-  
t r i c a l  and p roduc ib i l i t y  improvements f a i l e d  
d-sring v i b r a t i o n  qua l i f i ca t ion .  F l igh t  vibra- 
t i o n  and a i r l o a d  (i.e. s ideload)  measurerents 
were made. These v e r i f i e d  the  t e s t  l eve l s .  
Supple=ntal high frequency v ib ra t ion  l e v e l s  
were a l s o  es tabl ished.  Bv e a r l y  1975, an  
antenna redesign with a tungsten powder damper 
passed a l l  requirements and was incorporated 
on the  F-4. 

However, i n  l a t e  1979, complaints were 
received from the  s e r v i c e  t h a t  t he  antenna 
wan developing cracks and some users  con- 
s idered it unsa t i s f ac to ry  f o r  f l i g h t  usage. 

The s t r u c t u r e  of t he  antenna is shwm i n  
Figure 1. It c o n s i s t s  of tm pieces  of  alum- 
inum separa ted by a d i e l e c t r i c  inser: a t  
approximately mid-span. S t ruc tu ra l  i n t e g r i t y  
is provided by . s t e e l  p i n  with a '.enrlon 
preload, and the  ou te r  su r face  is . ,-,.rd 
with a polyurethane r a i n  eros iou n ~ .  The 
cant i levered assembly is mounted L 1  115h the  
base to  the  a i r c r a f t  m l d l i n e .  

The se rv ice  f a i l u r e s  consisted of cracks i n  
the  r a i n  e ros ion  coa t ing  a t  the lower d i e l ec -  
tric-aluminum i n t e r i a c e  (Figure 1, Item 11). 
Disassembly of a re turned antenna showzd the  
d i e l e c t r i c  insert t a  be disbonded and cracked 
completely ac ross  the  in t e r f ace .  

Fi 1 Skotch of UHF A n t a m  

The se rv ice  complaints r e su l t ed  i n  a new 
invest igat ion.  Tests  on production antennas 
showed them capable of meeting a l l  i nd iv idua l  
q u a l i f i c a t i o n  requirements. Since the  individ- 
ua l  environments hdd been previously  v e r i f i e d  
by f l i g h t  da t a ,  i t  was concluded t h a t  t h e  
se rv ice  problems had t o  be caused by combined 
envir..nmen ts .  

Examination of the antenna const ruct40n 
shows t h a t  a l o s s  of  preload, o r  s u f f i c i e n t  
moment to  overcome the preload, would r e s u l t  
i n  gapping, because af  the  insert-alumintun 
i n t e r f a c e  has l i t t l e  o r  no t e n s i l e  cont inui ty .  
Since d i e l e c t r i c  ma te r i a l s  a r e  r e l a t i v e l y  
weak i n  bending, gapping would a l s o  account 
f c r  the  cracks i n  the die1ec:ric i n s e r t  and 
the  e ros ion  coating. 



The primary environments caus ing matent a t  
the  i n s e r t  a r e  v i b r a t i o n  and s t a t i c  s i d e  load.  
The combination of t h e  two ceuld r e s u l t  i n  
loads  which exceed the  preload a long the  f ace  
of the i l s e r t .  Since the  preload and mechan- 
i c a l  p rope r t i e s  of t h e  d i e l e c t r i c  a r e  a l s o  
a f f ?c t ed  by temperature a l l  t h r ee  environments 
were considered important f o r  combined t e s t i ng .  

Test tec l~niques  were developed f o r  simul- 
taneous app l i ca t ion  of s i d e  load with v i b ~ a -  
t i o n  and temperature. These combined environ- 
mental t e s t s  were successful  il reproducing 
the  type of cracks  repor ted  i n  s e rv i ce .  

Subsequently, a modified antenoa was 
developed which oassed a l l  i nd iv idua l  and 
combined environmental t e s t s .  Tke modif fed 
antenna was approved f o r  production and ree.ro- 
f i t  and has provided sa* i s f ac to ry  s e r v i c e  t o  
Gate. 

The dynamic and combined environment por- 
t i o n s  o f  t he  antenna t e s t  program including 
the  development o f  a n  improve,! s i d e  load 
method f o r  combined environment t e s t i n g ,  a r e  
presented below. 

REVIEW OF FLIGXT DATA AND QUALIFlCATlON VERIFI- 
CATION TESTING 

F l igh t  t e s t  d a t a  were obtained on an  in s t ru -  
mented antenna i n  l a t e  1974 t o  s i d  i n  evaluat -  
ing the v ib ra t ion  and ~ i r l a c i d  qual i f ic .a t ion  
requirements. Data were abta ined a t  repre- 
s e n t a t i v e  F-i f l i g h t  condi t ions  and maneuvers. 
F l igh t  s i d e  loads  were well below t h e  spec i f i ed  
t e s t  l e v e l s  a s  were the  v i b r i ~ t j o n  data .  

A composite o f  the  reduced accelerometer 
da ta  f o r  t h e  l a t e r a l  di .rctio11 a t  t h e  antenna 
base is compared i n  Figure 2 t o  t he  q u a l i f i -  
c a t i cn  t e s t  spectrum. The t l i g h t  d a t a  were 
reduced srtth 1 / 3  octave band techniques. 
Probabi l i ty  dens i ty  analyses  were perforred  
on each 1 / 3  octave  f i l t e r e d  time h i s t o r y  to  
obta in  a c r e s t  f cc to r  which was used t o  con- 
v e r t  the  rns acce l e ra t ion  l e v e l  t o  a s inusoid  
a t  t he  cen te r  lraquency of each 1 / 3  octave 
band. Thc f l i g h t  da ta  a r e  well  below the  
qua1if;catiou t e s t  spectrum a t  a l l  frequencies.  
The f l i y n t  da t a  show peaks a t  li and 125  t!z 
and seve ra l  above 500 Bz. These were e a s i l y  
preEictable.  The 12 Hz peak is dtle t o  fuselage 
l a t e r a l  bending. The 125 Hz peak is  the  f i r s t  
l a t e r a l  bending mode of t he  a'cenna, which 
has a somewhat lcwer frequency t h i n  the  can t i -  
levered bending mode due t o  t he  root  f l ex i -  
b i l i t y  provided by the  a i r c r a f t  s t ruc tu re .  
The h ~ g l ~ e i  frequency peaks a r e  a s soc i a t ed  wi th  
higher modes of the  -ntennB. 

Simi lar  f l i g h t  v ib ra t ion  d a t a  obta ined a t  
the antenna mid-span and t i p  were a l s o  w e l l  
below the  comparable labora tory  responses. 

Due t o  thc in-service problems, however, i t  
was decided t o  ve r i fy  t h a t  production an- 
tennas would s t i l l  nae t  qua1 t t i c a t i o n  t e s t  

requirements. An u t t e n m  was t aken  from 
s t o r e s  and subjec ted  t o  a l l  i nd iv idua l  c n v i r o h  
ments inc luding v i b r a t i o n  a t  ambient and ele- 
vated (127'C) temperatures,  shock (158, 11 
mil l i second,  ha l f -s ine)  and s t a t i c  s i d e  
loading t o  5.512 x 104 newtons per  square  
r t e r  (8 p s i ) .  The antenna rucces s fu l ly  c o w  
p le t ed  a l l  t e s t i n g  wi th  no s t r u c t u r a l  Qr 
e l e c t r i c a l  fa i l r l res .  It was ev iden t  t he re fo re  
t h a t  thc i nd iv idua l  f l i g l r t  e n v i r o ~ m e n t s  d i d  
n o t  produce t h e  f l i g h t  problems. 
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Fig. 2 Comprriror of F l i  Data ad Qualification T r t  

ANTENNA VIMRATION CHARACTERISTICS 

Tes t s  were performed on arttennas t o  ob ta in  
response c h a r a c t e r i s t i c s  and d e  shapes t o  a i d  
i n  determining Lhe v i b r a t i o n  modes r e l evan t  t o  
t he  f l i g h t  f a i l u r e s .  A t y p i c a l  can t i l eve red  
antenna frequency response p l o t  of t i p  t rans-  
m i s s i b i l i t y  is show1 i n  Figure 3 f o r  t he  
l a t e r a  axis .  

The a s soc i a t ed  l a L e r a l  v i b r a t i o n  w d e s  a r e  
presented i n  Figure 6 ,  The f i r s t  mode is 
e a s i l y  i d e n t i f i e d  a s  :ant i levered bending, 
whereas t he  remaining th ree  a r e  pr imar i ly  
assdcia ted  w l ~ h  t i p  motion. From t h e  response 
and mode shape da t a ,  it appeared t h a t  t h e  pre- 
dominairt mode involving high mments  i n  t h e  
a r e a  of f l i g h t  f a i l u r e s  was the  f i r s t  l a t e r a l  
bending mode. 



In order t o  fur ther  assess  which mdes were 
important, vibration responses of a cracked 
antenna returned from service were colnpared 
with those of an undamaged antenna, w i n q  s ide  
loads of 0, 44.5 and 89 newtons. The resu l t s  
a t  the qual i f icat ion vibrat ion l e v e l s  a r e  pre- 
sented in Table 1. 

The data showed no s ign i f ican t  difference 
without the  s ide  load. However, the  addition 
of s ide  load had a dramatic e f f e c t  on the f i r s t  
b e d i n g  mode frequency of the cracked antenna, 
dropping it from 235 t o  80 Hz, while the new 
antenna frequencies dropped only s l igh t ly .  
The higher mde resonances were changed only 
s l i g h t l y  by eide load. 

An examhatian of the f i r s t  bending mde 
rhaper showed evidence of gapping i n  the 
cracked nntenua under combined load as shown 
i n  Figure 5. For the no load care, the mode 
rhaper and freqcencies ore qu i te  r imilar  while 
f o r  the  sideload case, there i r  a t l is t inct  
break in curvature In the region of the dielec- 

t r i c  inser t  f o r  the cracked antenna. Thia 
indicater  g a p p i q  and a loas  of r t i f f n e r r  
across tho joint ,  r esu l t inp  i n  a reduced 
f reqwacy . 

t\ mar. da ta  tended t o  c o n f i n  a f a i l u r e  
mchanirm u m c i a t e d  with a combination of  the , . 

fuad lwnta l  l a t e r a l  bending mode and s ide  
loading. 

nr ~ U C U ~  RESONANT FREQUENCIES (Hd 
SIDE LOAD VIBRATION 

(N) (i3 NEW ANTENNA FAILED ANTENNA 

- BASE SPANWISE STATION TIP - 
-11 

COkBINED ENVIRDWENT TESTING 

Tn order t o  duplicate the f l i g h t  fai lures ,  
a new antenna was subjected t o  combined vibra- 
tion, s ide  load, and tenperature environments. 
A s o f t  spring cvstem was used t o  apply s ide  
loading. 

A schematic of  the t e s t  setup is shown i n  
Figure 6. The uniform pressure was c o r ~ e l a c e d  
with t i p  loading by equating wments a t  the 
lower center of the d i s l r c t r i c  imerc .  
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Fig. 6 Schematic of Cornbind Environment Ta t  Sotup 
Using a Soh Spring for Tip Eidr Lording 

In general ,  t he re  was a a i g n i f i a n t  drop i n  
frequency with increas ing s i d e  load a t  a l l  
temperatures. (Apparent inconsis tencie8 i n  
t h i s  trend were a t t r i b u t e d  t o  coupling between 
the  s o f t  sp r ing  s i d e  load se tup  and the  an- 
tenna.) These frequency reduct ions  a r e  indi-  
c a t i v e  o f  gapping a t  t h e  d i e l e c t r i c  i n s e r t .  

During t h e  f i n a l  t e s t  point  f o r  t he  f i r s t  
antenna, t he re  was a s i g n i f i c a n t  drop i n  
resonant frequency dur ing the  dwell, i nd ica t -  
i ng  probable f a i l u r e .  Post t e s t  examination 
revealed cracks in the polyurethane coa t ing  and 
the  d i e l e c t r i c  i n s e r t  s i m i l a r  t o  those found 
i n  t h e  re turned se rv ice  antenna. The second 
and t h i r d  antennas both f a i l e d  dur ing t h e  l a s t  
po r t ion  of the  high temperature t e s t i n g ,  and i n  
both cases  t h e  s t e e l  preload pin  broke. 

Tests  were a l s o  conducted t o  eva lua te  the  
e f f e c t s  o f  incredsing the  p i n  preload. The 
r e s u l t s  showed t h a t  t h i s  helped but the  d ie lec-  
t r i c  i n s e r t  s t i l l  cracked dur ing t h e  t e s t s .  

In p s r a l l e l  with :he ana lys i s  and t e s t i n g  
being conducted by MCAIR, the  vendor developed 
a modified antenna which provided s i g n i f i c a n t  
a t r u c t u r a l  improvement. A f i b e r g l a s s  s t r a p  
was bonded t o  the  d i e l e c t r i c  i n s e r t  and the  an- 
tenna base and t i p  a s  shown in Figure 7. Two 
o f  these  antennas were provided t o  MCAIR f o r  
t e s t .  

The t e s t  parameters were based on the  
maximum ranges an t i c ipa ted  dur ing f l i g h t  f o r  
the F-4. Testing was performed on seve ra l  
antennas,  a s  summarized i n  Table 2. It con- 
s i s t e d  of resonant dwells f o r  t he  c r i t i c a l  
f i r s t  l a t e r a l  bending mode a t  v ib ra t ion  l e v e l s  
of  23,  5 and 10  g's; a t  room temperature, 
93.3'C (200°F), aud -40°C (-40°F) ; with t i p  
s ide  loads of 0,  44.5, 89, and 133 newtons 
(0, 10, 20 and 30 pounds). 

Table 2 Surnmrry of Cornbind VibmtionlTrmpntunlSida 
L o d  Supphmmtal Antrnnn Tating 

rmcI 

Fig. 7 Sketch of Modifid Antrnna Showing Fibugkrr Strap 

The f i r s t  antenna was subjected t~ the  
v ib ra t ion  q u a l i f i c a t i o n  t e s t  spectrum and t o  
supplemental high f roquency t e s t i n g  i n  the  
l a t e r a l  axis .  The fundamental l a t e r a l  bending 
mode was found t o  be approximately 240 Hz. 
Shock and s t a t i c  d ide  1oa.Y t e s t s  were a l s o  
performed. The antenna passed these  t e s t s  
without any s t r u c t u r a l  o r  e l e c t r i c a l  degra- 
dat ion.  



The recond antenna was rubjected t o  c o w  
bined vibration/temperature/rideload t e s t i n g  
r i m i l a r  t o  that appl ied t o  the  unmdi f i ed  
S e r i a l  No. 0897 a n r e n u  i n  Table 2. It 
exhibi ted s t a b l e  fundamental umde frequency 
cha rac t* r i s t i c s  with s i d e  load a t  a l l  tempera- 
tu re r ,  althouph mechanical coupling with th 
s i d e  load rp r ing  ryetem continued t o  be a 
problem. 

Additional combhad t en t ing  w u  performed 
at  high temperature (93.3.C) wi th  t i p  s i d e  
loads  of 133 newtoru i n  .n attempt t o  t e s t  
the antenna to  f a i l u r e ,  The v i b r a t i o ~  e x c i t e r  
ryrtem being u e d  war near ing its mrximum 
capab i l i ty  of 35 g's ( a t  244 Hz) whc?r t h e  t e s t  
se tup was damaged and t e s t i n g  was discontin- 
ued. There was s t i l l  no s t r u c t u r a l  o r  elec- 
trical dunage t o  t h e  antenna. 

'rhe s t r 'uctural  i n t e g r i t y  of the modified 
antenna was v e r i f i e d  by the t e s t s  performed 
including combined environmental l e v e l s  
which equal o r  exceed those an t i c ipa ted  on 
the  a i r c r a f t  and which caused catas t rophic  
f a i l u r e  of the  unmodified vers ion of the  
antenna. This modified vers ion has been in 
use on the  F-4 w i t h o ~ t  f i e l d  problens f o r  w r e  
than tvo years. 

DEVELOPHEIC OF AN INPROVED SIDE WADlIJC SETUP 
WR COEIBINED ENVIROWNT TESTING 

Ae mentioned above, numerous problema were 
encountered with t h e  s o f t  sp r ing  loading system 
i n  t h e  t e s t  setup. Mechanical coupling and 
damping response e f f e c t s  made it d i f f i c u l t  t o  
I n t e r p r e t  t e s t  response changes. Also, de- 
s i r e d  bending moments and shears  could only 
be approximately matched, and t e s t  e f f i c i ency  
was poor due t o  t h e  need f o r  frequent loading 
system adjustments, especi3l ly  when the  access 
was required t o  the  thermal enclosure which 
then had t o  be r e s t ab i l l r ed .  

Several d i f f e r e n t  types of spr ings  and 
a t t a c h m e ~ t s  were t r i ed .  Although improvemenrs 
were made, the  coupling e f f e c t s  and damping 
problems pers is ted.  Therefore, another means 
was needed for  applying s i d e  load. 

The system decided upon was compressed a i r .  
A sealed a i r  cavi ty  was constructed beneath 
the  antenna, with a small a i r  gap around the  
edges of t h e  blade. (~mpressed a i r  was in- 
troduced in to  the  cavi ty  a t  a r a t e  f a s t e r  than 
it  could leak out  around t h e  gap between the  
blade and t h e  f ix tu re .  By regulat ing t h e  flow 
r a t e ,  i t  was poss ible  t o  hold a uniform over- 
prersure  on one s i d e  of the  antenna. S t a t i c  
pressures up t o  5.512 x 104 newtona per square 
meter (8 p s i )  were e a s i l y  obtained and even 
higher pressures could be  obtained i f  desired. 
It was a l s o  found t h a t  high o r  low tempera- 
tu res  can be obtained r a t h e r  quickly by pre- 
heat ing o r  precooling t h e  i n l e t  a i r  supply. 

This system I n  shown i n  Figure 8. The 
template on the top of t h e  cavi ty  can be  cu t  

t o  f i t  var iour  antenna shapes and t o  con t ro l  
tha air pap, which warn approx lwta ly  0.025 
go 0.050 cantimeterr (0.010 t o  0.020 in.)  
f n r  the UHF antenna confipuratione tes ted.  

Fig. 8 Combind Environmmt Tut Sotup Uliw Compnrd 
Ak for (Udr Wino 

Requency reeponae da ta  were obtained on an 
mtennr  t o  evaluate  t h e  t e a t  setup. The s i d e  
loading was conducted i n  t h e  sane t e s t  s e tup  
a t  room temperattire, both wi th  t h e  s o f t  spr ing 
t i p  s i d e  load mechanism and t h e  compressed a i r  
sy stem. 

T..e no load baselir?.e, and rep resen ta t ive  
equivalent  t i p ,  and uniform pressure  s i d e  
loading responses a r e  presented In Figure 9. 
As shown, the  fundamental mode responses using 
t h e  a i r  loading a r e  c leaner  and have l e a s  
damping (1.e. higher amplitude response). 
The higher mode responses a r e  s imi la r  with 
e i t h e r  loading system. 
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Fig. 9 Fmqumy Rrponw Comprbon with Spring nd Air 
8ick Lord 

In  o rde r  t o  f u l l y  check OI:L ~!!e getup, a 
new unmodified antenna was t e s t ed  :e com- 
bined environment compressed air f i .  uro. 
Results a r e  suaanarized i n  Table 3. The antenna 
l a s t e d  somewhat longer than previously tented 
unmodified antennas; however, the  pin broke 
and the  die1ecl:ic i n s e r t  was completely 
nevered a t  the  2.756 x lo4 newtons per square 
meter (4.0 p r i )  r i d 3  load, 93.3.C (330°F) 
t e s t  po in t  while peaking for  t h e  l o g  resonance 
dwell. 



Table 3 Sumnuw of Cornbind Tosting on O r i g i ~ l  ant en^ 
with C o m p r d  Air 

'Anlenna ta~led whtlo p a k ~ n g  a1 10 g, pan broka, d~electr~c severed at lomr lnlertr* 
wlth alurtllnum and antenna teprared Into two places. 

W M C U  

The t rend of decreas ing resonant frequency 
d i t h  i nc reas ing  s i d e  load,  'ypical  of t h i s  
t7:pe of antenna, i s  evident  i n  t he  d? t a ,  
al though t h e  percentage dro? i s n ' t  q u i t e  a s  
l a r g e  a s  f o r  antennas t e s t e d  with t h e  spr ing 
syFtem. The maximum antenna s t i f f n e s s  reduc- 
t i o n ,  3gain t - ? : ~ i c  -l! 1 ,  occurred a t  high tempera- 
ture .  

I,.., t e s t  s e tup  checked o l ~ t  very wel l  and 
:).. > ~ g h  and low temperature condi t ions  were 
r :  u y  obtained. The chcnge of s i d e  load was 
mu-h e a s l e r  t o  accor~pl ish  a t  temperature and 
the t e s t  setlip was focnd t o  he s a t i s f a c t o r y  
i n  a l l  respects .  

There a r e  s eve ra l  ac i~antages  of compressed 
a i r  f o r  corcbined loading. The ~ n l f o r m  pressure  
produces co r r ec t  shea r  and momelit d i s t r i b u -  
t ions .  Yhere i s  no mechanical coupling,  C J  

t h a t  damping and response e f f e c t s  due t o  t h e  
loading system i t s e l f  a r e  minimized, making 
t e s t  responses e a s i e r  t o  i n t e r p r e t .  The s i d e  
load  an be changed r ap id ly  and accu ra t e ly  
with temperature e f f e c t s  induced i n  t he  a i r  
supply,  which optimizes t e s t  time. Addition- 
a l l y ,  t he  loading system can be used t o  perform 
individual  s t a t i c  s l d e  load Lests. 

CONCLUSIONS 

The fo l lov ing  conclusions were made on t h e  
b a s i s  of t h e  a n a l y s i s  and t e s t i n g  progrcm f o r  
t he  F4 UHF antenna: 

o Blade antenna6 can be loca t ed  so  t h a t  
s i g n i f  i c a n t  vteady a i r  loads  r e e d  t. 
These m y  ccmbine wi th  v i b r a t i o n  over a 
hroad temperature range. Thus, s epa ra t e  
t e s t s  may be  inadequate. 

o Combined v ib ra t ion /  temperature/sideload 
t e s t s  can be  developed which dup l i ca t e  
a c t u a l  s e r v i c e  condi t ions  sufficiently 
wel l  t o  dup l i ca t e  s e r v i c e  f a i l u r e s  and 
eva lua t e  des ign modifications.  The 
antenna so  modified i n  t h i s  paper has 
performed s a t i s f a c - t o r i l y  on t h e  F-4 
i n  s e rv i ce  ro date .  

o The b e s t  method developed f o r  applying 
s i d e  loading wi th  v i b r a t i o n  and tempera- 
t u r e  is a compressed a i r  chamber wi th  a 
non contac t  s e a l .  This i s  recormended 
f o r  fu tu re  combined environment t e s t i n g  
of blade antennas. Thin method is a l s o  
appl-csbie  f o r  s tandard  ind iv idua l  s t a t i c  
s i d e  load t e s t s .  

o Tes t  requirements f o r  e .c ternal ly  .unted 
blade antennas should inc lude  combined 
v ib ra t ion ,  temperature and s i d e  l ead  
t e s t i n g ,  e i t h e r  a s  an  op t ion  dependent 
on antenna design,  o r  a s  a mandatory 
t e s t .  



SIIOCK ISOLATION P'ATFORM FOR SEASPALSOW LAUNCHER 

Paul V. Roberts 
Raytheon Company 

Minaile Svrtcmm Division 

A ~vligue low frquency ahock isolation platform i s  used to mount 
the NATO SEASPARROW Launcher aboard U. S. shock-hardened shipr. 
The platform attenuates shock response to less than structural d e s i p  
loads which were used to minimize weight on smaller NATO ships and 
for compatibility with airborne misililea. 

The platform atso isolates shipboard vibration in the most critical 
range of ! lunch cell and miseile resonances between 14 and 30 Hz, and 
furnink .+ I Lightweight convenient means of installing the launches 
aboari * .p. 

INTROt - 'GTION designed for aircraft carry 10a.r~ which are 
compatible with the launcher combined limit 

The NATO SEASPARROW Launch ?r. loads. 
mouatrd on the platform. is ehown in Figure 1. 
on the aft  main deck of the DD963. The Ule of low frequency 6 tc 10 Hz mounting 
L acher  carries eight (B) SEASPARROU- mis- waa recommended at the beginning of the NATO 
silt8 and operates through 360 train and -10' SEASPARROW program an the best mean3 of 

t o  90' elevation. not exceeding structural design loadr due to 
underwater shock. Analyses during program 
development using the DDAM method of Kav 
Ships 2 50-423-30 confirmed the desirability of 
a tow frequency platform as in.dicated I-. the 
shock spectrum curvee of Figure 2. 

The capability of the launcher to withatand 
underwater shock on the recommended p h t -  
form was demonstrated by 6uccessfully with- 
standing full Mil-S-90 1C underwater shock 
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Figure 1 - Platform and Launcher on DD 963 

T h e  Iaweher and missile supports were 
designed t o  specified underwater shock s t a t i ~  
equivalent loads of 15 g vertical. 9 g trans- 
verse and 6 g longitudinal t o  the ship. Theae 
loada were  taken as simultaneous combined 
limit load8 for structural analysis purposes. 
The Sparrow mianile i s  deaigned fox flight loada 
and the  rniesile attachmeatl to the launches a r e  Figure 2 - Shock Spectrum vcraus  Deck 

Frequency 



barge t e r t o  on an engineering design model  
(EDM) platform. T h e r e  t e s t s  were  conducted 
a t  the  Hi T e r t  Lab Faci l i ty  in  Arvonia. VA. 

The  plate  shock i rolat ion platform, cov- 
e r e d  ha thio paper. war verified a s  sa t i s fac -  
t o r y  f m m  a Mil-S-9OlC unde:water shock 
standpoint, by DDAM analyoes showing that  it  
war  super io r  t o  the  EDM platform. 

In addition t o  undorwater shock verif ica - 
tion, t h e  paper  covers  platform deriqn. devel-  
opment, e a s e  of ship installation, shipboard 
vibration isolation. weight reductiori and plat-  
f o r m  s t ruc tura l  analyses. 

P L A T m R M  RATIONALE 

Principal  engineering philosophies upon 
which the  p b t f o r m  design was based a r e  out- 
lined a s  follows: 

I )  Provide low ver t i ca l  and t r a n s v e r s e /  
rocking natural  f requencies  between 
about 4 and 8 Hz to at tenuate  under-  
water  s h o c k  

a )  The platform basical ly  protects  
the  launcher, and m i s s i l e  sup-  
port?  to  l e s s  than s t r u c t u r a l  
design loads, when subjected to  
Mil-S-TOlC shock. 

2 )  Isolate  Mil-Std- 167 shipboard vibra - 
t ion a t  principal launch c e l l  and m i s  - 
s i l e  resonances above 14 Hz. 

a )  The 4 Hz to 8 Hz na tura l  frequency 
range i ro la tes  vibration above 14 
Hz and avoids mos t  s e v e r e  blade 
passage excitation, which is 
above 8 Hz on mos t  ships. 

3) Incorporate damping to l imit  response 
a t  4 Hz t o  8 Hz platfornl f requencies  
due t o  Mil-Std - 167 inputs. 

a )  Although excitation a t  shaft speed 
occurs  in  the  1 Hz t o  8 Hz range 
on many ships, accelerat ion in-  
puts a r e  only a. 05 g t o  a. 2 g a t  
t h e s e  frequencies. 

b )  Hydraulic d a m p e r s  with c / C c  = 
0. 25, limit response  in the  4 Hz 
t o  8 Hz range  to l ess  than *1/2 g. 

4 )  The  platform rn-1st b e  convenient t o  in-  
s ta l l  direct ly  to bhips decks without 
auxi l iary support s t ructure.  

a )  The platfcrni ring, bolts o r  welds 
to  a matint, ring which is  welded 
to the  ahips duck. Secondary sup-  
por t s  a r e  necessary  t o  attach the 
damper* to t h e  ship. 

5 )  Ttre platform mus t  be within t h e  
launcher swing envelope for  minimum 
deck space and be  light weight fo r  use  
aboard smal re r  NATO ahips. 

61 The launcher  mus t  mee t  a l l  opera-  
t ional  performance c r i t e r i a  when 
mounted on the  platform. such a s  
response  t i m e s  t o  position commands. 
s e r v o  stability and pointing accuracy.  

PLATFORM DESIGN 

The principal  e lement  of t h e  platform con- 
r io t s  of a 2.64 m e t e r  d iameter  606 I -T6 r l u m i -  
nurn plate. The  plate  t a p e r s  f r o m  7.62 cent i -  
m e t e r  thickness  a t  t h e  inner  launcher  at tach-  
ment  interface to  2. 54 cen t imete r  a t  the  ou te r  
sh ip  at tachment  ring. The plate and o ther  
principal platform e lements  a r e  shown schema-  
t ical ly  on F igure  3. 

PLATE GASKET 

OUTER 
SEAL 

RING 

Figure  3 - NSSMS Launcher P la t fo rm 

The plate is tapered f o r  m o r e  uniform 
s t r e s s  distribution, weight reduction wlierein 
t h e  thinner  ou te r  portion c o m p r i s e s  moat of t h e  
a r e a ,  and for  shedding sea  and rain water  off 
t h e  upper surface.  S t r e s s e s  a r e  s t i l l  highest 
a t  the  thicker  launcher  attachment interface. 
but the  plate thickness  was limited to  7.62 c m  
t o  reduce machining waste  and ina te r ia l  cort. 

P a r a m e t r i c  s tudies  using t n e  ASSAS finite 
s t r u c t u r a l  e lement  computer  model  descr ibed 
under s t r u c t u r a l  analyses in F igure  14, showed 
that the  inner  t o  outer  t aper  was efficient f r o m  
t h e  standpoint of maintaining high rocking m o m -  
ent stiffness fo r  s e r v o  stability a l ~ d  pointing 
accuracy  along with low ver t i ca l  stiffness fo r  
shock isulation. The inner t o  ou te r  t a p e r  was 
found super io r  t o  f l a t  plates and r e v e r s e  t a p e r s  
f r o m  those stiffness standpoints, within allow- 
a b l e  plate  s t r e s s e s .  

In addition t o  t h e  plate, the other  m a j o r  
metal l ic  e lement  in t h e  platform is  a 1.27 c m  
thick s tee l  angle ring used t o  support the outer  
plate circumference.  The mountirlg ring is 
welded and bolted to  a mating ring welded to the  
ahip' s deck. T h e  deck attachment is described 
in m o r e  detai l  under shipboard installation. 



A 3.18 c m  thick neoprene s e a l  is used be- 
tween t h e  lower sur face  of the ou te r  plate  and 
t h e  mountmg ring. In addition t o  wate r  sealing, 
t h e  neoprene s e a l  furnishes additional down 
flexibility and provides a softer  pinned a s  com-  
pared t o  clamped s t r u c t u r a l  joint a t  the  ou te r  
plate  support. In t h e  up direction, flexibility 
a s  well a s  s e a l k g  is provided by 48 neoprene 
bushings located below t h e  mounting ring a s  
shown on  F igure  3. 

Ln addition t o  the  lower neoprene bushings, 
48 si l icone bushings a r e  inser ted in  t h e  plate  
f r o m  t h e  upper sur face  t o  provide overa l l  s e a l -  
ing a s  well a s  flexibility around t h e  outer  plate  
attachment bolts. The  s i l icone mate r ia l  was 
used in the upper bushings to  r e s i s t  heat  due  
to occasional  rocket motor  blast  inpingment on 
the  upper sur face  of t h e  plate, during m i s s i l e  
f i r ings a t  high elevation angles. 

F r o m  a d p a m i c  standpoint, t h e  neoprene 
s e a l  and bushings pr imar i ly  furnish flexibility 
in t h e  plane of the  plate f o r  ~ a o l a t i o n  of t r a n s  - 
v e r s e  and longitudinal underwater shock. The  
e las tomer ic  flexibility allows a b u t  2.2 c m  of 
relat ively soft t r a n s v e r s e  plate motion and p r o -  
t e c t s  elenrents c lose  t o  the launcher base  such  
a s  t h e  s l i p  r ing assembly,  which would be  m o r e  
direct ly  subjected t o  deck plane shock. 

In t h e  pr incipal  ver t i ca l  shock direct ion,  
t h e  plate is much m o r e  flexible than the  e las  - 
tonler ic  elements  and undergoes about 88 p e r -  
cent of t h e  overa l l  ve r t i ca l  deflection. 

Forty-eight shoulder bolts a r e  used to 
maintain compression on t h e  outer  neopren? 
s e a l  t o  prevent  leakage during s e a  s t a t e  con i i -  
tions. Short period s e a l  separat ion would 
occur  a t  response  motion peaks resulting f r o m  
underwater  shock. The launcher base  ring is 
attached t o  the  platform on a 0.81 m e t e r  bolt 
c i r c l e  by means  of 2 . 5 4  c m  d i a m e t e r  bolts. A 
0. 32 c m  thick 70 durometer  neoprene gasket  i s  
used bc twem t h e  launcher b a s e  and platform 
f o r  seal ing a1:d to re l i eve  s t r e s s e s  in the  
launcher  b a s e  due to radial  moment loading r e -  
sulting f r o m  plate  deflections. 

The  four hydraulic d a m p e r s  shown in Fig-  
u r e  3 p r i m a r i l y  furnish vibration damping m 
t h e  ver t i ca l  direct ion s ince Mil-Std- 167 input 
accelerat ions a r e  much g r e a t e r  a t  the higher 
v e r t i c a l  frcquency. Li t t le  damping is needed 
a t  the lower 4. 1 Hz t r a n s v e r s e  frequency s ince 
t h e  Mil-Std-167 input is  only iO .052  g, com-  
pared t o  f 0. 18 g a t  the ver t i ca l  frequency. 
Damping measured  experimental ly  during dy-  
namic t e s t s  averaged about C/C, = 0.25  a t  the  
7, 6 Ifz ver t ica l  frcquency, compared to C/Cc r 

0.036 a t  t h e  f i r s t  4. 1 Hz t r a n s v e r s e  frequency. 
T h e  d a m p e r s  incorporate  fo rce  limiting a t  high 
underwater shock inlput velocities such that the  
damper  attachment8 were designed for a ZOO0 
Ib. (8896N) peak force. 

DEVELOPMENT ANALYSES AND TESTS 

The following principal  analyses w e r e  con - 
ducted during platform development. Resul ts  

of t h e r e  analyser  a r e  discussed in s e p a r a t e  
sect ions a s  appropriate. 

ASSAS computer  p a r a m e t r i c  s t r e s s  and 
deflection ana lyses  

DDAM shock responae  ana lyser  descr ibed  
in l a te r  paragraphs  

NASTRAN vibration response  ana lyses  

E l a s t r o m e r i c  element  load and s t i f fness  
ana lyses  

S t ruc tura l  analyses of pr incipal  e lements  

Static,  dynamic and s e r v o  t e a t s  w e r e  con- 
ducted during development a s  follows. 

Static T e s t s  

1) V e r t i c a l  down t o  63 percent  load 
2 )  Ver t ica l  up t o  4Q percent  load 
3) ~ r a n s v e r s e / r o c k i n g  t o  37 percent  

load 

Dynamic Twang T e s t s  

I )  Ver t ica l  
2 )  Rocking 

Servo T e s t s  

1) Response t imes  to  s t e p  ccmmands 
and pointing accuracy  

2 )  Stability gain margin 
3) Response to  sinusoidal frequency 

sweeps 

Resul ts  of the  s ta t i c  s t r e s s  measurements  
w e r e  used to extrapolate  s t r e s s e s  up t o  full 
underwater shock design loads. Experimental  
s t r e s s e s  varied locally f r o m  s t r e s s e s  p r e d k t e d  
analytically p r i m a r i l y  due t o  bolt hole  cut outs. 
Deflections measured  in t h e  s tat ic  t e s t s  w e r e  
used to verify s t i f fness  analyses and f o r  f inal  
DDAM and vibration analyses. 

Dynamic twang t e s t s  w e r e  conducted in t h e  
ver t i ca l  and t r a n s v e r s e  direct ions to  ver i fy  
natural  frequency and damping ch rac te r i s t i cs .  
Step r e l e a s e  loads w e r e  suddenly applied a t  p r e -  
dicted levels by means  of s h e a r  bolts. 

The s e r v o  performance t e s t s  w e r e  con- 
ducted wich 8, 4  and 0 m i s s i l e  loads on the plat- 
f o r m ,  and with t h e  launcher b a s e  rigidly 
.attached t o  a concre te  deck. Resul ts  of t h e s e  
t.!sts showed that response  t i m e s  to  required 
elevation and t r a i n  angles  w e r e  a lmos t  identical 
on and off the platform. and that t ransient  
motions w e r e  well within pointing accuracy  r e -  
quir?ments .  In addition, both r a t e  and position 
loop gain marg ins  w e r e  fully sat isfactory on the  
p1atfo:m. 

T h ?  elevation rocking frequency resul t ing 
f r o m  the sinusoidal frcquency sweeps, reduced 
f r o m  6. 1 Hz hard mounted to 4. 1 Hz on the  plat- 
f o r m  with an eight m i s s i l e  load. This  reduction 
was anticipated due t o  inherent platform flexi- 
bility provided f o r  shock and vibration isolation. 
T r a i n  frequenries  remained essent ial ly  t h e  
s a m e  both on the  platform and hard mounted. 

Basic dynamic i?rformation resul t ing f r o m  
 test^ and analyses a r e  summar ized  below f o r  
t h e  mos t  s e v e r e  eight n i r n i l e  load condition. 



Ver t ica l  na tura l  frequency 7.2 Hz (shock)  

Ver t ica l  na tura l  frequency 7.6 Hz (v ibra -  
t ion)  

Ver t ica l  danlping C/C, = 0. ?5 

Ver t ica l  operational t r a v e l  14. 3 c m  

Maxinrur  down ver t i ca l  t rave l  - 10. 2 c m  

~ r a n s v e r s e / r o c k i n g  na tura l  frequency 
-4. ' Hz 

Transverse/rocking d a n ~ p i n p  C ~ C ~  =O.  036 

T r a n s v e r s e  operational t rave l  a t  plate  
*1. 6 c m  

h lax imun~ t r a n s v e r s e  t rave l  a t  plate 
*2. 2 C l l l  

Predicted operat ional  t r a v e l  a t  cg t3, 8 c m  

direct ion only, a t  both docks by meanr  of leaf 
spr ings o r  o ther  s u i t ~ h l e  f lexurer .  In addition 
t o  being heavy. the  t r u w i o n  takes  up cons ider -  
ab le  below deck space  and n ~ a k e s  a c c e s s  t o  the  
launcher base  difficult. 
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frequeucy sweeps a r e  listed a s  follows: + -- 4 kt ) I  
,in: 2 

No. Missi les  Elevation T r a i n  

SHIPBOARD INSTALLATION 

In addition t o  reducing rquipnlent weight 
due to permit t ing lower shock design loads, t h e  
platform conlpr i s ss  a convenient lightweight 
method of mounting the  launcher aboard ship. 

N g u z e  4 i l lus t ra tes  bas ic  advantages in 
installing t h e  la rge  2.64 n l r t e r  d iameter  plat - 
f o r m  on the deck conlpared t o  attaching t h e  
0.89 mete r  d iameter  launcher base  direct ly  to  
the  deck. The rocking stiffness R, in elevation 
direct ions n o r m a l  to  the  deck, mus t  be  mairr- 
tained for  pointing accuracy  and s e r v o  stability. 
F o r  a given rocking stiffness R the ver t i ca l  
stiffness K. given by K = ~ R / D : ,  is  inverse!^ 
propor t io~ ia l  to  t h e  d iameter  squared. With the  
s m a l l e r  launcher d iameter  there fore ,  the  deck 
stiffness K, for  t h e  Dame R ,  i s  8. 8 t i m e s  
higher than with t h e  platform. 

Due to the high ver t i ca l  t o  moment stiff- 
n e s s  without the  platform, it i s  difficult t o  p r o -  
vide sufficient: rocking stiffness fo r  sat isfactory 
pointing accuracy  and se rvo  stability and a t  the  
s a m e  t i m e  be sufficiently flrxiblc in t h e  v e r t i -  
ca l  direct ion t o  protect the  launcher and rnis - 
s i l e s  f r o m  underwater  shock. 

Ship installations without the platform use  
additional deck s t ruc ture  fur sat isfactory oper  - 
ational mornent stiffness but end up being too 
stiff ver t ical ly  for  Mil-S-9O1C underwater  
shock protection. A possible approach, which 
i s  inherently much heavier  than the  681 kg plat-  
form. i s  to  attach t h e  launcher t o  a trunnion e x -  

F igure  4 - Deck Loads with 0.89 nr Launcher 
B ~ s e  v e r s u s  2. 5 4  m Dia P la t form 

Figure  4 a l s o  i l lus t ra tes  basic  advantages 
with t h e  l a r g e r  2. 64 m e t e r  platform f r o m  the 
standpoint of much lower deck loads a t  t h e  
platform mounting ring. For  a given o v e r -  
turning morl~ent  M the  peak load F per  running 
unit of d rck  length i s  approximated by F= 
1 h 1 / ~ 2 .  The force  F i s  there fore  a l s o  in -  
v e r s e l y  proportional t o  t h e  d iameter  sqcared  
such that  with the  s m a l l e r  0. 89 nteter  launcher  
stand the  peak load is again A. 8 t i m e s  higher 
than with t h e  2 .  64 m e t e r  platform. 

With the  loufer deck loads and amount of 
deck s t r u c t u r e  swept by the  8. 29 meter  plat-  
f o r m  circumference,  additional deck support 
s t r u c t u r e  has  been found unnecessary.  The 
sk ip  attachment ring has  there fore  been wclded 
d i rec t ly  t o  the  deck and the  matching platform 
r ing  has  been tack wclded and bolted to  t h e  d r c k  
ring. Secondary s t ruc ture  ie needed for a t tach-  
ment of t h e  four  hydraulic shock absorbers .  

SHIPBOARD VIBRATION 

Although pr imar i ly  designed for under -  
water  shock 'qolrtion, +he low 4 ~ I z  to  8 Hz plat. 
f o r m  na tura l  f requencies  a l s o  isolate  shipboard 
vibrat ion in t h e  mos t  c r i t i ca l  range of launcher 
and m i s s i l e  raaonancer  between about 14 Hz 
and 30 Hz. 

Pr inc ipa l  advantages of the  platfornl front 
a shipboard vibration rtandpoint a r e  i l lustrated 
on F igure  5. Launcher rigid body ver t i ca l  r e -  
sponse  to the  shipboard vibration inputs of Mil-  
Std-  167 a r e  shown on F igure  5 both on t h e  plat- 
f o r m  and with rigid mounting. 

t e n d k g  f r o m  t h e  launcher deck to next lower As indicated by the lower platform response  
deck. The trunnion provides higt. ntoment curve,  vibration isolation o c c u r s  above about 
stiffrteas and i s  soft mounted in t11a ver t i ca l  11 Hz with t h e  7.6 Hz platform ver t i ca l  f r e -  

quency and progressively i ~ n p r o v e s  a t  higher 



frequencier.  The upper c u r v e  for  rigid mount- 
ing consis ts  of required Mil-Std- 167 input 
accelerat ions,  r ince inputs would be applied 
d i rec t ly  t o  t h e  l runcher  base  with r igid mount- 
Lag. 

Figure  5 - Base Acceleration with Rigid 
Mounting and on Platform-Mil  -Std - 167 Input 

Reference to  F igure  5 ahows that  peak 
Mil-Std-167 inputs occur  a t  25 Hz. 33 Hz and 
15 Hz. T h e s e  peaks correppond t o  m i s s i l e  
cmti!zver resonances between 20 Hz and 2 5  F:z. 
f r e e  naiasile resonances between 28 Hz anl! 33 
Hz and the  launch ce l l  ve r t i ca l  cant i lever  r e s o -  
nance at  14 Hz to  I8 Hz. When mounted on the  
platform, inpots to  the  launcher a r c  basical ly  
attenuated about 50 percent to  over  80 percen t  
f r o m  t h e  low t o  high range of t h e s e  resonances. 

Beefing up the launcher c e l l  s t ruc ture  t o  
r a i s e  the  14 Hz vert ical  frequency above 33 Hz, 
i r  questionable f r o m  a te;hnical standpoint 
without prohibitivc weicnt increase.  Various 
methods of restraining mise i le  body bending 
rebonances in t h e  1a.mch cel ls  a l s o  invariably 
lead t c  additional a eight, complexity and in te r  - 
i e r a n c e  with m i s r i l e  launch. 

Vibration response  ana lyres  were  made  
uring t h e  NASTRAN computer p r o g r a m  and t h e  
launcher/miar:le dynamic models  used f o r  
DDAM underwater  shock response. T h e s e  
ana lyses  w e r e  made  on the  plate  platform d i s  - 
c u r r e d  herein,  the EDM platform and with t h e  
launche . rigidly mounted. 

Resu l t s  of the  NASTRAN vibration analyses 
a r e  i l lustrated on F igure  6, which ahows r e -  
sponse  of l a p  m a s s  upper outboard m i s s i l e  1 
t o  Mil-Std-167 inputs. It i s  seen  that  response  
nn the  plate and EI)M platforms i s  much m o r e  
f. .vorable than rigid mounting and that  response  
on the  plate platform is most  favorable, The 
effect of the  hagher damping used with t h e  plate  
platform in reducing remponse a t  the  7 . 5  Hz 
v e r t i c a l  resonance is alao evident P:, Figure  6. 
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F i g u r e  6 - Missi le  1 Response Mil-Std-167 Input 

T h e  abi l i ty  of the  launcher  and m i s s i l e s  'to 
withstand Mil-Std - 167 vibration on the  EDM 
platform was verified during t e s t s  a t  Ogden 
Technology Labs using a l a r g e  hydraulic shaker .  
Since t h e  NASTRAN analyses indicate m o r e  
favorable  vibration charac te r i s t i cs  on the  plate  
than on t h e  EDM platform the  launcher  ~ n d  
m i s s i l e s  should sat isfactor i ly  withstand Mil- 
Std-167 conditions on the plate  platform. 

Inasmuch a s  the  plate  platform is highly 
damped in the  ver t i ca l  direct ion with C/CC = 
0.25. calculated r e s p o n s e  a t  the 7.6 Hz 
v e r t i c a l  frequency with t h e  a. 18g Mil-Std - 167 
input would be approximately M. 4g. Since no 
in te rna l  resonances  occur  in t h e  region of 
7.6 Hz, response  of t h e  o v e r a l l  launcher  m i s -  
mile a s s e m b l y  should not exceed t l / 2 g  a t  t h e  
platform v e r t i c a l  resonance. 

The t ransverse / rock ing  resonance  on t h e  
platform of 4. 1 Hz with eight miss i l es ,  i s  not 
near ly  a s  well damped a s  t h e  v e r t i c a l  7.6 Hz 
resonance. Since the Mil-Std- 167 input a t  th i s  
lower frequency is only 10.052g however, r e -  
sponse  accelerat ions would s t i l l  b e  on t h e  
o r d e r  of *1/2g with damping measured  during 
dynamic tes t s .  

Vibration on mos t  ships is well below Mil- 
Std-167 levels,  especial ly  during n o r m a l  c r u i s e  
conditions. On ships with shaft rotation speeds  
in t h e  region of 4 Hz, low level  t r a n s v e r s e  
vibration could occur  on upper launcher  ex-  
t r e m e t i e s  up t o  about 0.25 c m  double amplitude. 
The  peak *1/2g Mil-Std - 167 response  level, 
corresponding to about 1. 5 c m  double ampli tude 



would only be anticipated during aevcre maneu- 
vare ouch ae high speed turna and backing down. 
Similar leveln could a180 occur due to ohip 
damage, especially to the shafting and blsdea. 

Hard mounted vibration teats conducted st 
the Raythean Sudbury Facility, wherein Mil- 
Std- 167 levels w e r e  applied at the Launcher 
bare, verified the launcher and miasiles t o  with- 
stand Mil-Std- 167 levelm rigidly mounted. T w o  
neriea of tests were  conducted, The first up to 
9 Hz vesified the launcher and missiles for 
installation on AOR and AE type shipe having 
blade passage frequencies below 7 Hz. The 
second series of teats u e e d  auxiliary missile 
snubbing devices for overall Mil-Std- 167 ve r i f i -  
caion. 

UNDERWATER SHOCK VERIFICATION 

Verification of the shock isolation platform 
to protect the launcher end missiles from Mil- 
s-90 1C rhock. was based on DDAM analyata 
ahowing that the platform wouId furnish better 
shock protection than an engineering demign 
model, EDM, platform on which the tuncher 
passed full  underwater shock teats. 

The EDM platform is shorn in the photo- 
graph of Figure 7. as set up for ~mderwater 
ahock barge tests at the Hi Test Lab Facility 
in drvonia, VA, The platform structure con- 
aiated of two longitudinal and two lateral. 
27.6 cm depth by 3.66 meter length. wide 
flange steel I- beam^ about 0.91 meters apart. 
The launcher wan bolted to a 3. 18 cm thick 
ateel plate welded over the I-beam center sec- 
tion. The four ends of the structure were boxed 
in by meand of 30 .5  cm depth channele welded 
to the I-beams. 

Twenty Nichols Engineering aandwieh 
mounts w e r e  installed between the four ends of 
the platform and deck by -mean8 of 0. 9 1 meter 
length eteel angle fittings. The five mounts at  

each of the four ende of the beam atructurc 
were oriented at 45 d e g  in order ta reduce 
vertical compared to lateral and hngitudinal 
rtiffncsa and to partially decouple translational 
and rotational medca. 

k cornpariaon of chrracteriatica of the 
production plate and EDM platform, which 
principally effect underwater shock iaohtian. 
is tabulated below. The vertical and trans- 
verse/rocking freqoencies are  lawer on the 
plate t h a n  on the EDM platform and the plate 
platform i s  more highly damped. All of these 
factora are r-lore favorable from a shock iaola- 
tion atandpoint. 

DISC - EDM - 
VERTICAL FREQUENCY 7.2 Hz 7.8 Hz 

VfRTlCAL C/CC 0.25 0.1 

ROCK3NG FREQUENCY 4 . 1  Hz 7.4 Hr 

VERTICAL li 13.8 (101 6 ~ / m  25.7 I101 ' ~ / m  
(79 000 1wi.l (147.W llnJin.l 

lRANWERSE K 7.2 41~1~Njrn 16.5 (101 ' ~ / m  

ROCKING k l0.4(l0l6~m/md 45.2110l~~mr'md 
WEIGHT 7a37b (15,500Ibl BPBPkg l l P , W l b l  

The 1500 lb. (681 kg) plate platform ia 
much lighter than the 5800 Ib. (2633 kg) EDM 
platform a a  indicated above. Stifineases in 
principal directions, atao listed above, ehow 
the same trend as natural frequencies, but can- 
not bc compared directly, especiallv in trans- 
vtrae/rocking modes,  since they are  effective 
at different locations. 

Rtsubr of shock isolation analyaea de- 
scribed in the next section under n 1 4 M  h a l y -  
sea, ver i fy lower ahock transmis ,kq with the 
plate compared to  EDM platform at all locatione, 
wrticularlr an the m i s s i l e a  and launcher ex-  
tremitiea. 'since Mil-S-a0 lC  shock t e a t s  w e r e  
auccesafnlly passed on the EDM platform, the 
plate platform araa therefore ahown to be accept- 
able from an underwater shock standpoint. 

DDAM ANALYSFS 

The Dynamic Design Analysia Method 
IDDAM) is  eprcified by the Navy in Nar 
Shipe 250 -42 3-30 for analytical verif; cation of 
underwater shock integrity uf shipboard equip- 
ment. The DDAM analytical procedure was 
therefore uaed for both shock and vibration 
response analyees during development of t h e  
NSSMS launcher as well as for the shock isola- 
tion platform. 

The method wan initially programmed on a 
UNIVAC 1 108 computer for launcher natural 
f~equency and mode ahape analysee and for 
shock rsmponse using a atparate program for- 
mat. Both of these programs were converted 
to a CDC 6700 computer for analyses 31 t h e  
shock isolation platform. 

Ffgurc 7 - EDM Launcher Set -Up On Barge 
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The dynamic models used in t h e  DDAM 
analyses consisted of a rFxtean degree-of-  
f reedom ver t i ca l  model, and a 25 element  
t ransverse/rocking model. The ver t i ca l  
model  is shown i n  Figure 8 a s  an example. 
The  25 elements  in t h e  t r a n s v e r s e  model i n -  
clude 9 t ransveree ,  9 rotational and 7 m i s s i l e /  
cel l  ve r t i ca l  elements. The  eight m i a r i l e s  
were  separa te  elements  in  t h e  ver t i ca l  model  
but s imi la r  port and s ta rboard  mis r i l ee  w e r e  
combined into four elements  i? t h e  t r a n s v e r s e /  
rocking model. 

SHOCK INN1 

Figure  8 - Ver t ica l  Shock Model 

P r i m a r y  concentration in t h e  DDAM 
analyses was in t h e  ver t i ca l  direction. Since 
t h e  plate platform is  much softer  in t r a n s -  
verse/rocking direct ions than the EDM plat-  
fo rm,  m o r e  favorable shock isolation c h a r a c t e r -  
i s t i cs  a r e  predictable in t h e  t r a n s v e r s e  d i r e c -  
tion. Calculationr a l s o  indicated response  
accelerat ions well below t h e  6g minimum t r a n s  - 
v e r s e  unidirectional load allowed by the  DDAM 
proce,iure. 

Influence coefficients were  calculated for  
t h e  launcher and miss i les  during EDM launcher  
development. A s t ruc tura l  computc . p r o g r a m  
designated STIFF was used to calculate  c e l l  
s t ruc tura l  deflections and was found v e r y  
accura te  without joint degradation factors. 
The miss i les  were  t rea ted  separa te ly  a s  d i s  - 
tributed bodies on the i r  supports  and then 
lumped into s ingle  elements  fo r  equivalent 
loading. Elements  such a s  t h e  stand, pedestal,  
t r u s s ,  gear  sys tem and bearings w e r e  analyzed 
separately and utilized appropriate  joint reduc-  
tion factors .  Influence coefficients were  a l s o  
updated based on experimental  na tura l  f r e -  
quency and mode information obtained during 
EDM launcher shock and vibration tes t s .  

The accuracy  of t h e  dynamic model and 
influence coefficient maso  inert ia  m a t r i c e s  in 
represent ing the  stiffness and iner t i a  of t h e  
launcher, was demonstrated by experimental  
frequencies, found during hard  mounted launcher 

vibrat ion tes ta ,  which agreed with analytically 
predicted frequencier  within 0.5 Hz. 

A total  of 11 frequencier  with cor re rpond-  
ing modes w e r e  used in t h e  DDAM ana lyres  
such that  ful l  launcher dynamic m a r s  was  r e p r e -  
sented. In addition t o  the  79,000 lbr/in. (13.8 
(10f6 N/m) plate  platform st i f fness  found d u r -  
in  experimental  t e s t s ,  s t i f fnersee of 17.5(10)6 
Nfm. 21.9(1016 N/m and 26. 1(10)6 N/m w e r e  
used in t h e  analysee for  p a r a m e t r i c  purposer .  
The EDM platform which was compared analyt l -  
cal ly  by the DDAM metho had a s t i f fness  of 2 147, 000 lbs/in. (25. 7(10) N/m). Inputs apeci-  
fied by NRL 1396 of Reference 2, w e r e  used in 
t h e  DDAM analyser .  

F igure  9 showe a cornperison of predicted 
response  at  the  launcher base  (element 16 in 
F igure  9 )  and t h e  inboard and outboard m i s r i l e r  
(elements  5. 6 and 2. 3 respect ively)  plotted 
v e r s u s  t h e  f i r s t  mode  frequency of t h e  launcher 
s y s t e m  on t h e  EDM barge  tes t  platform and on 
the  plate  platform. The r e s u l t s  indicate that 
t h e  plate  platform provides bet ter  attenuation of 
underwater  shock than th. EDM platform p a r -  
t i cu la r ly  on t h e  m i s s i l e s  and launch cells.  The  
dependence of shock isolation on t h e  fundamen- 
t a l  frequency i s  inherent in th i s  data ,  and was 
fur ther  supported by the p a r a m e t r i c  s tudies  
with various platform stiffnesses. 

P U T E  EDM 
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Figure  9 - DDAM Response 

DDAM LOADS 

Resulting design loads a t  each element  ob- 
tained f r o m  t h e  DDAM analyses,  on both the  
EDM and plate platform, a r e  l i r ted in Table 1. 
Loads obtained f r o m  the  EDM platform barge  
tes t s ,  descr ibed in t h e  next section, which w e r e  
used for  s t r t ~ c t u r a l  analyaes. a r e  a l s o  listed in 
Table 1. 



Table I 

DDAM verrur Barge Tert  Vertical Loadr 

EDM PLATE EDM 
ELEMENT WEIGHT DDp D D r  M Y E  

KG 

zWG PLAT FORM LOAD = -- 9.6 8.8 8.3 
W 

The comparative DDAM loads in Table 1 
show about nine percent lower rhock loads on 
the plate than the EDM platform, substantiating 
the superiority of the plate platform from an 
underwater shock standpoint. The DDAM 
rtructural derign loads also show good agree- 
ment with rtructural loads 'btained from the 
EDM barge testa. The EDM barge loadr 
averaged about 86 percent of the DDAM loads 
on the EDM platform and loadr rhowed con- 
sistent trendr between elements. 

A total down vertical load of 8.8g referred 
to the overall 14,300 lbr launcher weight was 
obtained from the DDAM analysrr. The load 
war obtained from the weight data in Table 1, 
by multiplying each element weight by the 
derign G load and then dividing by the 14,000 
lbs (6356 kg) total weight. 

Rerulting overall loadr from the DDAM 
analyrer a r e  8.8g vertical and 6g tranrverre. 
The 6g t ranrverre  load is the least allowed by 
DDAM in the t rurrverre  directign and war ured 
rince preliminary checkr indicated lower loadr 
from the analytical procedure. 

The DDAM procedure does not require 
summation of vertical and transverre loadr 
r h c e  a r  noted previourly, peak rhock r e -  
rponrer in the two direct ion~ at various loca- 
tions do not occur rimultmeourly. A conrerva- 
tive procedure with rerpect to  the 8.8g vertical 
and 6g transverre loadr is to determine r t r e r r  
for the 8.8g unidirectional peak a r  well a r  for 
the 6g peak and then use an SRSS rerultant 
r t rerr  ruch that: 

The peak r t r e r r  uring thin approach war clone 
to  the r t r e r r  using combined EDM platform 
barge test loadr dircusred in the next section. 

BARGE mADS 

Underwater rhock loads on the EDM 
launcher and missile8 during Mil-S-9OlC 
barge tests were ured for etructural analyrer 
of the plate platform. Thir war conridered 
conrervative since it was shown by DDAM 
malyres that about 9 percent lower rhock loadr 
would occur on the plate platform. 

The Mil-S-901C tent requirer that the 
launcher with 8 missiles be mounted on the 28 
x 16 f t  (8. 5 x 4.9 m )  floating rhock platform a r  
rhorm on Figure 7. and then be subjected to a 
27.2  kg explosive charge ruspended at a water 
depth of 7. 32 m for each of five shots. Hori- 
zontal distances to the charge from the ride of 
the barge along its transverse centerline, a r e  
18. 3, 12.2, 9. 1, 7.6 and 6. 1 meters respec- 
tively for each of the five shots. 

Shock inputs a r e  progreerively more 
revere at the closer dietances with the closert 
6. I meter standoff being mort revere. Thir ir 
shown on Figure 10 by vertical velocity histo- 
ries measured on the barge for the five shots. 
Velocities at the launcher bare were rub- 
stantially leer than on the barge, varying from 
26 percent at the 18.3 meter standoff to 57 per- 
cent at the closest 6. 1 meter standoff. 

Acceleration data were measured versur 
time through the underwater blart rerponre 
period a t  17 locationr including the launcher 
bare, the upper pedestal rtructure, extremities 
of cell rtructure both toward and away from the 
blart and both inboard and outboard mirri ler.  

Since rhock rerponse peak8 occur a t  dif- 
ferent timer at variour locatione in the vertical 
direction and a t  rtil! differurt times in the 
t ranrverre  direction, detailed analyres of the 
shock rerponre data a r e  required to determine 
maximum simultaneous loads on the platform. 

Acceleration time hirtorier measured on 
the launcher and mirri ler in the vertical direc- 
tion for the mort revere 6. 1 meter standoff 
charge, a r e  plotted on Figure 11. Similar 
acceleration time hirtorier in the t ranrverre  
direction a r e  plotted on Figure 12. It i r  evident 
from there data that both vertical and t ranr-  
ve r re  peak accelerationr a r e  reached at the 
launcher bare and pedertal f irrt ,  and that peakr 
on the cell rtructure and on the mirri ler occur 
conriderably later. Vertical and transverre 
peakr a t  the name locationr also generally 
occur at different timer. 

The approach ured to determine the maxi- 
mum rimultanecur vertical plur t ranrverre  
load on the EDM platform, from the data on 
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Figure  10 - Barge Ver t ica l  Velocity 

F igures  I I and 12, was t o  de te rmine  t h e  overa!l 
load acting on the platform a t  each instant 
through t h e  b las t  period. The  instantaneous g 
load a t  each location was multiplied by the 
effective weight a t  that location f o r  a l l  launcher 
m i s s i l e  weight elements. The  s u m  of t h e  e l e -  
ment  weights, t imes  the i r  acce le ra t ions  was 
then divided by the  total  weight W t o  obtain the  
overa l l  load acting on the  platform based on the  
launcher m i s s i l e  weight. The element weights 
used in th i s  analysis  a r e  the  s a m e  a s  listed in 
Table 1 f o r  t h e  DDAM analyses. 

Resul ts  of the  barge t e s t  loads analyses 
a r e  shown on F igure  13, in t e r m s  of t h e  o v e r -  
a l l  launcher ver t i ca l  and t r a n s v e r s e  g loads 
with t ime ,  during the peak shock load period. 
The maximum load combination is  a peak 
ver t i ca l  shock load of 4. 58 which ac t s  s imul -  
t aneo l~s ly  with a t r a n s v e r s e  load of 4.6g. Add- 
ing t h e  Ig s ta t i c  weight acting down to the  4. 5g 
dynamic l o a i  gives t h e  following simultaneous 
underwater  shock loads on the  EDM platform: 

Ver t ica l  5. 5g 
T r a n s v e r s e  4.6g 

Since the  plate  platform would undergo 
lower shock loads than the EDM platform, based 
on DDAM analyses,  the  above EDM exper imen-  
t a l  loads w e r e  considered conservat ive f o r  
s t r u c t u r a l  design of the plate  platform. 

STRUCTURAL ANALYSIS 

The ASSAS computer  model of F igure  14 
was used f o r  e a r l y  p a r a m e t r i c  s tudies  to  opti- 
mize  t h e  platform plate and for  s t r u c t u r a l  
analyses of the final configuration. Elements  
w e r e  taken in s i x  l a y e r s  throughout t h e  plate  a s  
well a s  in t h e  launcher base  and ou te r  mounting 
ring. Smaller  e lements  were  taken in the 
region of plate, launcher and ring interfaces.  
The effect of gaskets ,  such a s  between the plate 
and launcher base, was considered by softening 
elements  immediately .tdjacent t o  the plate. 

Deflection analyses indicated that the 
tapered plate, 7.62 c m  at  the cen te r  and 2. 54 c m  
a t  the outer  per iphery provided t h e  soft ver t i ca l  
and suffic'zntly high moment s t i f fnesses  desired.  
A sketch of plate  deflection pat terns under down 
ver t i ca l  and rocking moment loads is  shown in 
F igure  15. 

S t r e s s  anaiyses of the  platform w e r e  con- 
ducted under the  5. 5g ver t ica l  and 4.6g t r a n s -  
v e r s e  rocking loads developed in t h e  previous 
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F i g u r e  11 - Barge Tes t  Ver t ica l  g' s 

sect ion under barge  loads. Ca lcnlated rad ia l  
and tangeqtial s t r l  c s  dis t r ibut ions v e r s u s  plate 
radius,  a r e  shown in F igure  16, due to  the  
axial  and moment loads, It is seen  that tangen- 
t i a l  s t r e s s e s  a r e  higheet. fo r  both type loads 
and that  peak s t r e s s c s  occur  in t h e  region of 
the  launcher bolt c i rcle .  

T h e  computer model considered ax isym-  
m e t r i c  geometry, and did not specifically t ake  
t h e  plate bolt holes  o r  localized introduction of 
loads through t h e  bglts, into consideration. 
Strain gauge data, measitred during s tat ic  t e s t s  
in c r i t i ca l  a r e a s  of the  launcher bolt c i rc le ,  
were  there fore  used for  plate s t r u c t u r a l  ver i f i -  
cation under m a x h m n  underwater  shock loads. 
Experimental  s t r e s s e c  were  l e s s  than calculated 
a t  the bolt center l ine but w e r e  higher  just f o r -  
ward and af t  of the  bolts due to load t r a c s f e r  r e -  
sulting f r o m  the bolt clamping action. 

In addition t o  the plate, s t ruc tura l  analyses 
were  made  on o ther  principal platform elements  
such a s  t h e  ou te r  s tee l  angle ring, the  launcher  
base, 2. 54 c m  launcher hold down bolts, 1.27 
c m  shoulder bolts and damper  attachments. 
Stiffness and bearing load analyses of the  elasto-  
m e r i c  s e a l s  and bushinge were  a l s o  conducted 
and found sat i r factory.  Analyres  were  a l s o  
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Figure  12 - Barge Tes t  T r a n s v e r s e  g1 s 

made  to . erify that peak loads due to  o ther  
environments such a s  green water ,  gun blast,  
vibration and s e a  s t a t e  conditions did not ex-  
ceed underwater  shock loads. 

With the  peak 5. 5g ver t ica l  and 4.6g t r a n s -  
v e r s e  underwater  shock loads. considering 
elast ic  m a t e r i a l  behavior, a peak combined 
s t r e s s  of 306, lOOPa a t  the  14. 5 inch (35. 8 c m )  
radius was obtained f r o m  the platform stat ic  
t es t  s t ra in  gauge data. This  point, noted on 
F igure  17, is below t h e  317, 2OOPa e las t i c  
allowable and well below t h e  427,  500Pa modulus 
of rup ture  allowable considering s o m e  plastic 
deformatio-.  of t h e  606 1 T6 mater ial .  

VERTICAL 

4.5 9 

10 0 TRANSVERSE 

TIMF (wc)  

Figure  13 - Barge Tes t  Load Summary  



F i g u r e  14 - AASAS Computer Model 

0 2 TRANSVERSE 4 6 (8 )  

F i g u r e  17 - Maximum S t r e s s  v e r s u s  Allowable - #cm 6061 Td plate m a t e r i a l  used in t h e  platform. 
The  certification data  indicates minimum 
s t r e s s  allowables of ~ , = 3 3 2 ,  300Pa ultimate, 
uy = 302. OOOPa yield and 13 percent  to 15 p e r  - 
cent  elongation. F o r  shock applications in -  
volving shor t  period dynamic loads, a s t r e s s  
allowable g between yield and ultimate is 
allowed a s  fkllows. The factor  F = 0. 5 f o r  
typical  plate c r o s s  sections. 

F igure  15 - Deflections Due Down and 
T r a n s v e r s e  Loads uA = uY + F iwU - u ) 

Y 

F r o m  a pract ical  standpoint, t h e  higher 

RADIUS I N  ( c d 2 . 5 4 1  
allowable of UA = 427, 5OOPa could be  used for  
t h e  plate conf~gurat ion.  This  higher allowable 
is based an the  modulus of rup ture  approach 
wherein m a j o r  unyielded a r e a s  of t h e  plate p r e -  

I 7 vent significant permanent  deformations d u e  to 
localized yielding in s m a l l  sur face  a r e a s .  
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