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St ruc tu ra l  Analysis of Hollow Blades 
(Torsional Stress Analysis of Hollow l b  Blades for 

Aircraft Jet  Bngines) 

By A. Ogawa, Y. Sofue and T, Isobe 
National Aerospace Laboratory 

1 Preface 11" 
In recent  years  the trend in fanjet engines has been t o  greater 

s i z e  and thrust, and i n  l i n e  wi th  t h i s  the daimeter o f  fan blades 
has increased and, s ince  out  of considerations of s t rength  and r ig id-  
i t y  the fan chord length has also increased, there has been an over- 
all trend t o  greater siee. This enlargement o f  the fan blades neces- 
s a r i l y  l e d  t o  the thickening of the  fan sha f t  which must withstand 
the centr i fugal  forces,  and the weight o f  o ther  components is  a lso  
increased by the same influences.  Since such an increase i n  weight 
causes a considerable lowering o f  performance i n  the case of an en- 
gine f o r  a i r c r a f t  use, the hoklowing of  the fan blades becomes neces- 
sary. Experimental fan blades have already been tested i n  this  lab- 
oratory with the aim of studying such l i gh t  weight hollow blade con- 
s t ruc t ion  t o  increase meir trustworthsness i n  respect t o  s t r u c t u r a l  
s t rength [1,7 ). 
analysis  by the f i n i t e  element method, o f  the effects of  the hollow- 
ing  o f  fan blades on strength and r ig id i ty .  

Here we repor t  the results o f  a study, using numerical 

For the load, we have assumed a torque load a r i s i n g  from a com- 
ponent o f  the c e n t r i a g a l  force. 
sion problem, the  method o f  analysis is nvmerical analysis by the 
f i n i t e  element method, according t o  t h e  procedures o f  K a w a i  and Yoshi- 
mura. On t h i s  occasion, pa r t ly  t o  increase t h e  refinement of the 
calculat ion and par t ly  because of the complexity o f  the hollowed sec- 
tions, a s i t u a t i o n  gradvally developed i n  which the number o f  divis-  
ions exceeded one thousand. '&en the  number of  divis ions became so 

Considering t h i s  a S t  Venant tor- 

*Numbers in the  margin ind ic s t e  pagination i n  the or ig ina l  tex t .  
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l a rge ,  the production o f  data and checking of e r ro r s  became too 
much fo r  human s t rength,  so w e  decided t o  devise a two dimensional 
diagram automatic dividing program t o  make the process easier. 

I n  order  t o  obtain data f o r  the hollowing configuration most 
su i t ab le  from the perspective of s t rength  and tors iona l  r i g i d i t y ,  
we analyzed models i n  which reinforcing webs were placed i n  the hol- 
lowed sec t ion  i n  varying nuuhers and locations.  

As the  r e s u l t  of  inves t iga t ion  mainly concerning the loca t ion  
and number o f  webs i n  r e l a t i o n  t o  tors iona l  r i g i d i t y  and the conver- 
gence of  stresses, we have obtained data concerning the optimum loc- 
a t ions  f o r  webs. From analys is  o f  many models, we have obtained a 
fo rcas t  o f  30% hollowing against tors iona l  loadings. 

2 Methods of Analysis 

2.1 Load Distr ibut ions and the Modellina of Blades 

The shape and dimensions o f  experimental fan blade F-10 are 
shown i n  Figure 1. 
blade t i p  there  is a t w i s t  of  about 37%. "he fan blade can have a 
pin-joint coupling o r  a double tai l  coupling, and the bending moment 
due t o  air pressure is  calculated to  be balanced by the c e n t r i a g a l  
force. 

I n  the dis tance of  260mm between blade root  and 

/2 

Stress caused by torque as a component o f  centr i fugal  force 
pr inc ipa l ly  a r i s e s  i n  t he  fan blade [l]. Figure 2 shows the ana lys i s  
o f  the torque. 

In a case where the  fan blade and the torque are as i n  Figures 
1 and 2, then fo r  a xigorous s t r e s s  andlysis  a three dimensional 
e l a s t i c  analysis would be necessary, but as an approximition we have 
anayeed the one face o f  the b l ade  where the torque i s  g rea t e s t  as 
a S t  Venant two dimensional tors ion problem [2] . 
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Figure 2. Torque D i s t r i -  
bution. 
Key: a cross sec t ion  of  

ana lys i s  
b torque 

F i g r e  1. Experimental 
Fan Blabs. 

We assumed the length o f  the fan blade t o  be i n f i n i t e  and the 
cross sect ion uniform. 

Fbr t h i s  cross  sect ion we take a cross  sec t ion  of t h e  fan blade 
And, s ince  we take i t  a t  the  loca t ion  where t h e  torque is greatest. 

t h a t  the e f f e c t  o f  the fastening o f  the b lade  root  is t o  increase 
r i g i d i t y ,  w e  consider t h a t  the result of the above mentioned treat- 
ment as a S t  Venant two dimensional problem w i l l  be a s a f e  approach. 

2.2 Confimration of  the Hollow Blades 

When es tab l i sh ing  t h e  configuration o f  t h e  hollowing, one deter-  
mines t h e  percentage o f  hollowing as given in the following formula. 

hollow cross sect ion area 
ade cross sect ion area (includ- x 100 percentage of hollowing - b l  

ing  hollow portion) 

The r e s u l t  o f  an evaluation employing an approximate ana lys i s  
by membrane theory is t h a t  in the case o f  such a model as i n  Figure 
3 ,  where the percentage o f  hollowing is made about 3036, t h e  maximum 
s t r e s s  w i l l  be l e s s  than 10kg/mm . 2 
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From t h i s  we establitshed the  
percentage of  hollowing at  3096, and 
carried out analysis o f  the models 
shown i n  Table 1 ,  where the  number 
and loca t ion  o f  re inforc ing  webs 
i n  the hollowed sec t ion  were varied. 

of elements, percentage of hollowing, 
and number of node points  are shown 
f o r  each ana ly t i ca l  model. I n  Figure 
4 (a)-( j), the configuration of  each 

~ i g u r i  3. s;i -&;le of  
a *lade I n  Table 1 the designation, number 
er ia l  T, al loy)  
Key: a radius  at t i p  of 

hollow sect ion 

model is shown as a mosaic o f  hriangular elements of  the f i n i t e  element 
method. 

Since the cross  sect ion analyzed is symmetrical about the Y 
axis, analysis was carr ied out  only f o r  the r i g h t  hand ha l f .  

The thickness o f  the reinforcing webs is 2mm, the radius  o f  
the j o i n t s  between web and chord is O.6mm and the  rad ius  of  the t i p  
of  the hollowed sect ion is 0.2mm, except in the case o f  the webless 
model 08. As the number of webs is increased, the thickness o f  t h e  
chord must be reduced s l i g h t l y  t o  keep the percentage o f  hollowing 
and the web thickness constant. Because of t h i s ,  the  s i t u a t i o n  must 
be considered i n  which a decrease i n  r i g i d i t y  and an increase i n  stress 
due t o  the decrease i n  chord thickness which exceeds the reinforcing 
e f f e c t  o f  t h e  webs becomes a problem. The web thickness of 2mm was 14 
se lec ted  i n  r e l a t i o n  t o  considerations o f  manufacture. 

Finally,  the  percentage o f  hollowing was intended t o  be 30%, 
but t h i s  became d i f f i c u l t  t o  maintain uniformly due t o  the complexity 
o f  the configuration, and there  is  a var ia t ion  of  31%. 

4 ORlaNAL PAGE IS 
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2.3 Technique of Two Dimension Torsional. Stress Analysis being the I 5  
Fin i t e  Element Method 

The problem of torsion across a bar of' uniform Cross section, 
Weed on the theory of St Yenant, is solved by the method of Kawai 133 
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Yoshinura wing f i n i t e  elements. 

There is demarcated a section from the bar of uniform cpom 

eection of a length of 1 u n i t  i n  t h e  di rec t ion  of the axis, as shown 
i n  Figure 5(a), and then a system of r igh t  angle coordinates j 8  ee- 
tablished, as i n  the figure. Next it is modelled a8 a mesh of tri- 
angular elements as Bhown 

Figure 5. Modelling a 
B a r  of Uniform Cross 
Section 
Key: a modelling 

.V,.l) 

I 

Figure 6. A !ki&gular 
F in i te  Element 

in Figure 5(b) .  

A triangu1a:slement i j k  is shown i n  
Figure 6. The displacement (u,v,w) of 
a giveh point P within this element can 
be generally determined, according t o .  
S t  Venaut's theory, BS follows. 

r ( - - @ y r  (2.1) 
(2.2) 
(2.3) 

u - e x . L  
m = h (t. y 1 

Here 8 is designated "percentage 
of torsion. 

A s  is clear from the above equatlone, 
u and v of the given point  P within the 
element may be determined a i r e c t l y  from 
the  x,y coordin6it~-8 given 8 , and so col- 
umn v e c t o r d  of the displacement of the 
the node point o f  a t r iangular  f i n i t e  
element may be simplified t o  the follow- 
ing corcponen t . 

d =  { 0. w , .  W, . ut, (2.4) 
(Here superscript T shows t he  dis-  

placement matrix.) 

The column vector $of t h e  node point stress corresponding to  

. .  - is as follows. 
t =  { mt . z,  , 2, .  Z b  I r  ( 2 . 5 )  

Here zip zJe zk are i&e node point streb 
i, 3,  k,  and mt i s  the  torque appl ied t o  t h e  triangular element, 

i n  d i rec t ion  2 o f  points 
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Next, w is solely dependent on x,y, a8 shown in equation (2.31, 
and so i t  is assumed to be ao follows. 

uI = a', + ar ++ as y (2.6) 

Since th i s  calculation given above is  carried out in the same 
w a y  as an ordinary rigidity matrix [4], only the results w i l l  be 
ahown. 

Here A i s  the area o f  the base o f  the triangular element. 

The Relation between Distorltion and a 

ar aw 
at ax 
a, aw 
a, ay 

9, + a2 r, =- +-=- 

r,. =-+-=ex+aa, 

That is, 
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G = shearing e l a s t i c i t y  constant 

(2.10) 

(2.11) 

Table 2 shows the components o f  [Ke]. 

Nethod of  Torsional Analysis over a l l  Cross Sections 

By rearranging and combining the triangular element r i g i d i t y  
matrix t o  be found i n  Table 2 ,  a r i g i d i t y  matrix for all cross  sec- 
t ions  ffiay be obtained. In t h i s  case all f i n i t e  element r i g i d i t y  
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matrices c in t a in  the same displacement component 8, which d i f f e r s  
fkom the general  case. 

WZ 

WS 

"e 

...... 

The equation f o r  r i g i d i t y  over a l l  cross  sect ions becomes as 
follows. 

IKAelf 

I... 

(2.12) 

when It! = I t l . 2 2  --. 2.1. Iwt = I W l , W 2  ..- we)  then from equation (2.12) 

( 2  I = &I Iml + 8 lKml (2.13) 

It1 = o  (2.14) 
and s ince  there i s  no external  force applied in t h e  2 di rec t ion  

and consequently (2.13) becomes 

and from (2.12) one obtains  the following equation f o r  Mt and 
- 8  (K.461 =(&)IC01  (2.15) . /7 

A f t =  Ih'"/Jl r I w ) t K " O = ( l K ~ )  t w  181tK, , jD  (2.16) 

Solving equation (2.15) f o r  5 and i n s e r t i n g  the r e s u l t  i n  equa- 
t i o n  ( a .  16) one can ca lcu la te  8 . 
& 4  Bendina Rigidi ty  

The two dimensional moment8 over the cross  sec t ions  of  the  model6 
of Table 1 a r e  obtained by ca lcu la t ing  individual ly  f o r  the t r iangular  
elements then adding them a t  the center  of  grav i ty  coordinatee over 
the whole cross section. 

In  t r iangular  element ABC (Figure 7), take the center of gravi ty  
G as the point of generation and consider a local wordina te  system 
x,y i n  r e l a t i o n  t o  the X axis p a r a l l e l  t o  the base. 

10 



The two dimensional c rom sect ion 
moment i n  r e l a t i o n  to  the X,Y coordinates 
become8 as follows. 

Ao h' 1,- 1 yz d A -  - 
'\ Mc I n  

I , = ~ A ~ d A = . 4 0 *  ( a z +  bz+ e* ) -  2 1 '  

36 

* A  A 
1, =S,,;:d A .do* -- 12 

re .I 
Here . 4 ; ~ +  , dA is d i f f e r e n t i a l  

Figure 7. Calculation o f  Two a rea  
dimensional cross  sec t ion  mo- 
ment f o r  t r i angu la r  element 
A N .  Transform the  above equations i n  

terms of  the basic X,Y coordinate system. 

Yhe center  of  gravi ty  for all cross sect ions was taken as the 
point o f  generation o f  the basic  coordinate system. Since the  model6 
o f  Figire  4 are symmetrical about the Y axis, the X and Y axes become 
i n e r t i a l  shafts. 

3 Construction of Data for  Applied Force 

The model of Figure 3 i s  divided i n t o  blocks as in Figure 8. 

Y' 

The blocks a re  simple cannectea 
t e r r i t o r i e s  made up from four  o r  more 

Figure 8. Example o f  the formed I n t o  square regions using a 
divis ion o f  a model i n t o  su i t ab le  mapping function. Thus Fig- 

ure 9(a) is transformed i n t o  Figure blocks. 

The black dots along the  sides ind ica te  the node pointn. 

F-77-jj-j -2- YP> 
-1 -- A----r-- 

I node points. These blocks are trans- 

g(b). 
Normally, on being transformed i n t o  a square, the l e f t  and lower 



Figure 9(a).  Exartpls of  
automatic d iv is ion  
Hey; a arc 

Figure 9(b). Mapping of 
a block on planes 7 and 
e *  

sides will have fewer node points  than xhe opposite sides. When 
N1,Ml,N2,M2 rospect ively represent  the numbers o f  node points on 
the sides, 

/ 8  

NI < Nz 9 MI <A12 

I n  order  t o  divide the above squares i n t o  the required t r i ang le s ,  
use the following procedure. 

(1 )  
drawn through the node poin ts  on ",he l e f t  and lower sides ( r e f e r  t o  
Figure g(C))D 

Divide the block in+?  (N1-l)X(Mj-l) smaller blocke by l i n e s  

(2) Divide the horizontal  lines 
by PPovi8iona.l node points as i f  the 
as if t h e  irode points increased direc- 
t l y  from E l  t o  N2 (in Figure 9 ( d )  shown 

MI M, by 0 ) .  Divide the  v e r t i c a l  l i n e s  i n  
the same way w i t h  provisional node points 
as i f  they increased d i r e c t l y  from M 1  
t o  M2 (in Figure 9(e)  shcwn 3y x ) .  

Y, 

jl;.me 9( C) DivXi3ibh 
o f  a block by v e r t i c a l  (3) The provisional node points 
and horizontal  l i n@s .  

a r e  shown simultaneeus3.g J Figure 9( f )  . on both t h e  horizontal  and v e r t i c a l  lines 

12 



Bgure 9ld!. Uistribu- 
t i o a  of provisicnal node 
points on horizontal  
l ines  ( 4 / 4 9  1/2, 314). 

Figure 9( e). Dis-trl-bu- ' 
t i on  of provisional node 
o in t s  on v e r t i c i l  l i n e s  P = 113, 2/31. 

Figure 9( f) . Distribu- 
t i o n  o f  provision& node 
points. 

There are '7 provhiond node 
on t h i s  d i w m  w i t h  the  Symbol 0 ,  

and t? provisional node points  with 
the symbol H. There are 6 intersec-  
t i ons  between the vertical and hori-  
eontsll l i n e s .  Combine the o symbol 
auld the x symbol @mavisional node 
points  c loses t  t o  rn i n t e r sec t ion  o m  
the vertical .  and horisontal  l i n e s  t o  
make one real node point (caiculate 
dis tance i n  terms of the o r i g i n a l  
X,Y plane). 

In Figure g ( f ) ,  the provisional /9 
node points c loses t  t o  in te rsec t ion  
Q axe A and B (by chance, J j  and Q 
coincide) , and take their  coordinates 
as A ttA,?& (tB,3BJ whereupon the  
coordinates of the new real node point  
become (GB,qA). In this case the new 
real node point coincides with A. The 
in t e r sec t ion  point between vertical  and 
horizontal  l i n e s  Q is moved t o  the real  
node point. 

I n  Figure 9(g), scanning the in t e r -  
sect ion points s t a r t i n g  i n  the lower 
l e f t  corner, determine the real node 
point x f o r  i n t e r sec t ion  U, t h e  t h i r d  
one. Provisional node points  C and S 
me combined t o  form x. Sifice in t e r -  
sect ion point  U is moved t o  x, p r o v b .  
ional node point D, and so on, i s  
moved t o  D', and so on, on the  new 
horizontal  l i ne .  Peevisional node 
point T is moved to T' where i t  be= 
come8 the real node point. The re- 
maining uncombined provisional ncde 



.. . - - , . L d 

figure P(g). Deter- 
mination of real node 
points  . 

point8 become real node points  on the 
sides. 
operation, 

fiove i n t e r sec t ion  W by the same 

(4) Figure 9(h) i s  the s i t u a t i o n  
when these operations have been completed 
for all intersect ion& 
has been divided into 92 smaller blocks. 
Next repea t  s t eps  ( 3 1 4 3 )  for each s~nall 
block wherever i t  is poesible to  carry 
out  this kind of subdivision (where PI1 
and N1 are  greater than 2). 

The or ig ina l  block 

(5) When thls above blocks cannot 

Figure 9(h). F i r s t  
d iv is ion  into blocks, 

Figure 9 ( i ) .  Final 
d iv i s io r  i n t o  blobks. 

be firther subdivided, 
i n t o  t r i ang le s  (Figure 
shor t e s t  paths for the 
l ines .  

When the d iv is ion  

divide these blocke 
g ( i ) ) .  Choose the 
dividing diagonal 

of the block is 
completed as above, r e tu rn  1% t o  i ts  ori- 
ginal form by reverse mapping ( see  Figure 
9t;r)). 

This method has the  followkhg advan- 
tages compared to  the o lder  methods [5,6]. 

(i) I t  is not necessary f o r  node 
points on opposite a ides  t o  be equal i n  
number . 
dividing l i n e s  are  bent and bias i n  the  
dividing p a t t e r n  is s l igh t .  

(i i)  As seen i n  Figure 9( 3 )  t h e  

However, because of the following l imi t a t ions  f u r t h e r  improve- 
ment is necessary. 
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Figure 9(3). 
Completion of 
the automatic 

turned to  the 
X , Y  plane by 
reverse  mapping 
(28 node points,  
36 elements ) . 

Subdivision 3%- 

When the dens i ty  of the d i s t r i b u t i o n  of 
node points  on a given s i d e  is such t h a t  i t  be- 
comes uneven, a M a 8  is  developed in the d i s t r ibu -  
t i on  pa t t e rn  when the method of d i s t r i b u t i n g  pro- 
Vision& node po in t s  using s t ra ight  l i n e s  is used. 

The en t ry  of d a t a  is in a free format form, 
s ince  there js l i t t l e  data and i t  can be under- 
stood at  a glance, 
example presentdd above is showx as ZIigure 8(a). 

fphe en t ry  o f  da t a  for the 

4 Resul ts  of the Analysis 

aD END 

The results o f  t he  ana$)sis are given i n  

t i t l e  
node point  
name and co- 
ordinate  d a t a  

state o f  s i d e s  
and number of 
d iv i s ions  

de f in i t i on  of 
block no. 1 
end of data 

Figure 8(a . 
of dutomat 1 -  c divis ion.  
Data e n t r i e s  7 - 9 show t h a t  t h e  sides 
are  arc3. The arc is de f ined  by t h e  
end points  and t h e  point  whose coordi- 
na t e s  are given after the /.* !L%e en- 
t r ies  are i n  a free format form. 

h t r y  list for eXaInple 

Table 3 .  

4.1 R i R i d i t y  

Torsional r i g i d i t y  in 
the table, J, is a value de- 
fined by t h e  following equa- 
tion. 

.v, - J G ~  

Here Me is torque (kg-m) 
J is t o r s iona l  rigi- 

d i t y  (m-mm/rad) 
G is shearing elas- 

t i c i t y  constant 

is to rs ion  percen- 
(kg/mm) 

tage ( e r  u n i t  
lenethy (rad/mm) 

3096 hollowing produces about a 13016% decrease i n  to rs iona l  rig- 
i d i t y  compared t o  a s o l i d  b lade ,  but per  u n i t  a r e a  hollowing produces 
a 20-2496 increase i n  tors iona l  r i g i d i t y .  nle think t h i s  r e s u l t  from 
hollowing sa t i s f i c to ry .  With a 30% hollowed cylinder. taken as the 
idea l  case, t h e  to rs iona l  r i g i d i t y  per u n i t  area would increase 30%. 

15 



T A B U  3. BBSSUItTS OF m1 UALXSIS 
Model 2 Discnsion Torsional lltersional Greatest Greatest 

Bending Rigidi ty  Rigidi ty  Displacement Shearing 
Moment I J per U n i t  i n  Direction Stress 

- 
1.0 1 I 

I 8.0. I 

, 0.9992 

1.0 I 9 
1.034 

2 6 1  I 1.0 1 3 

2 6 3 6  

2.669 

2 5 9 2  

- I- t 020.38 

- ._ - - - - - 

- 
M t  = 5.65 kg-m 

1.0 2 0 

1.0 3 I 

) 0.9942 

' 
0.4 58  I 

0.4629 

Q.4 498 

0.4 40 7 
0.4 4 I 5 
0.4 40 0 I 

0.4499 

7.56 4 H 7.9 7 5 

7.9 0 s 
7.3 3 7 

---.- 
7.6 7 9 

6.229 ' - - ~ ._ 

*inferred -om 
stress diswi- 
bution 

The two dimensional cros8 sect ion moment decreases 10-11% but  
is increased 27029% per  uni t  area. 
the results obtained were higher than for tors ional  rigiditg, because 
o f  the difference in the stress dis t r ibut ions.  

In the case of bending r i g i d i t y  

'The reinforcing webs had no influence on torsional.  r i g i s .  ' 3  
As related below, the webs have the e f f e i t  or bending rigidity. 

o f  breaking up concentrations of  stress and their influence on such 
la rge  scale values as r i g i d i t y  i s  slight. However, properly located, 
they increase the tors ional  r i g i d i t y  per u n i t  area about 596. For 
any cross  sect ion area ( t h a t  is, percentage o f  hollowing) attachment 
of a web causes two opposing tendencies w i t h  respect  t o  tors ional  
r i g id i ty ,  a balance between one which increases  resistance to  d is -  
placement along the axis established by the reinforcing web, and 
another which lowers s t rength because of  the decrease i n  thickness 
of the blade surface material. The cases o f  2 o r  3 webs gave t h e  
highest r i g id i ty ,  compared to  e i t h e r  0 o r  7 webs. And, locat ing the 
webs near the ends gave b e t t e r  r e s u l t s  than locat ions in the center. 

The tors ional  d i s tor t ion  of a hollow blade is shown i n  Figure 
10. In  the f igure the d is tor t ion  i s  great ly  exaggerated. There 
is a slippage between the distorkion of the upper and lower p la tes  

76 
JRIQ1NAL PAGE 
'IF W R  QUALm 



Figure fO-, Torsional 
di;jtort: on of  a hollow 
blade (i ode1 711) (view 
of a c r  ss sec t ion  of 
tj,c b l w e  a t  an angle 

key: a tors iona l  d i s -  

b before d i s to r -  

of 30%) 

t o r  t ion  

t i on  

Figure 11. Greatest  a x i a l  
d i s t o r t i o n  and  f ~ )  s i o n a l  
r i g i d i t y .  
Key: a f;o=sional r igi-  

d i  by 
b g r e a t e s t  a x i a l  

d i s  (;ortion 

i n  t h e  d i r e c t i o n  o f  the axis, and 
because of t h i s  there is a shearing 
d i s t o r t i o n  i n  t h e  d i r ec t ion  of t h e  
axes o f  the webs. The d i s t o r t i o n  o f  
the lower p l a t e  is  considerable. 
0ve:all the t i p s  of t he  hollow blades 
show the  greatest a x i a l  displacement. 
The r e l a t ionsh ip  between t h i s  greatest 
d i s t o r t i o n  and to r s iona l  r i g i d i t y  is  
shown in Figure 11, The general  trend 
is a l inear  r e l a t ionsh ip  between tor- 
s iona l  r i g i d i t y  and greatest d i s t o r t i o n  
i n  the axial. d i rec t ion ,  the less the 
axial d i s to r t ion ,  t h e  greater the tor-  
s iona l  r i g i d i t y .  

/11 

Because of t h i s  i t  i s  f e l t  t h a t  an 
oblique web configuration as i n  Figure 
12 would be t h e  most successf'ul. 

The r o l e  of t h e  webs i n  the case 
o f  the p a r a l l e l  webs analyzed here is  
pr inc ipa l ly ,  as seen i n  Figure 10, t o  
resist d i s t o r t i o n  i n  the  d i r ec t ion  of 
t h e  axis i n  the  upper and lower plates 
o f  t he  blade. That is, t o  the ex ten t  
t h a t  there i s  a d i f f e r e n t i a l  d i s t o r t i o n  
between the  upper and lower p la tes ,  
t he  webs w i l l  come under a load and 
move. In the  center  par t ,  Secause o f  
symmetry, there is no difference i n  
d i s to r t ion ,  b u t  t h i s  increases approac- 
hing the  t i p s ,  then becomes zero a t  
the  spot  where t h e  upper a n d  lower 
p l a t e s  meet. The loca t ion  where paral- 
l e l  webs w i l l  have t h e  g r e a t e s t  e f f e c t  
is near this area. 





-- - 
Figure l3(c).  
stress i n  model OB. 

The f l o w  o f  shearing 

Pigure 13(d), 
stress i n  model 3B. 

The flow o f  shearing 

Figure 13(e). 
stxess i n  model '?A ( i n t e r i o r  l i n e s  
abbreviated) . 

The flow of  shearing 

The increase near point B is 
normally seen i n  tors iona l  
stress, It is thought t o  be 
a consequence of the  addi t ion 
o f  the  concentrated stresses 
about point  A i n  t h i s  kind o f  
stress d i s t r i b u t i o n  curve. (rad- 
i u s  GT curvature P - 0.2mm). 

* 

I n  the case o f  model OB, 
where the radius of curvature 
P = O.5mm, the  concentration 
o f  stresses at  point  A is low- 
er and the  maximum stress is 
produced elsewhere. 

When a web is added the 
stresses a r e  divided and flow 

i n  the d i rec t ion  of the  web, so  that a low- 
er ing  o f  stress near the t i 2  o f  the hollow 
sect ion is  seen. 

The concentration of s t r e s s e s  a t  t h e  
point o f  junction between t h e  webs and the 

models (round, rad ius  0.6mm) and there  are 
c upper and lower plates i s  low i n  the present  

no problems with t h e i r  i n t ens i ty .  I 
I 
I 

The f low o f  shear s t r e s s  within 
Figure 74. SZress cibtri- 
bution in the region near 
the t i p  of the hollow sec- 
t i on  (model OA). 

the webs, as seen i n  the  7 web model 
(Figure 13(d)), forms eddies i n  the 
cent ra l  webs and flows along 8;the webs 
near t h e  t i p .  The shearing s t r e s s  
within the  webs is low. 



Z D i  s cu 8s ion 

The effect o f  the webs on tors iona l  r igidi ty  is, as shown in 
Figure 10, t o  lower the difference i n  d i s to r t ion  i n  the axial direc- 
t i o n  of the upper and lower plates. We have discovered the  loca t ion  
where t h i s  e f f e c t  is greatest .  

Consider the model (OA) in which no webs a t  a l l  a r e  introduced. 
Whtn the model is subjected to  torque there is dis tor t ion .  The ver- 
t i c a l  cross sec t ion  of  t h i s  model a t  a loca t ion  x ouo .pemoved *OM the  
center  o f  the chord along the X axis is  shown i n  Figure 15. If w e  

consider t h e  two planes 1 mm a p a r t  

d 
%.% : (ChkP'(t 

Figure 15. Shearing d i s t o r -  
t ion  i n  a hypothetical  web. 

. ( v e r t i c a l  cross  sect ion x mm 
from t h e  center).  
Key: a upper p l a t e  

b hypothetical  web 
c lower p l a t e  
d displacement i n  

d i r ec t ion  o f  ax is  

which are emphasized i n  the  f igure  
(shown by broken l i n e s  i n  tke fig- 
ure),  a point  loca ted  at  j u s t  the 
dis tance between planes w i l l  be 
displaced by exact ly  xB. 
of the  angle o f  r o t a t i o n  o f  the  
planes A W / l  (1 = the distance be- 
tween the upper and l ower  plates 
of the blade) which i s  derived from 
t h i s  displacement value is the 
shearing d i s t o r t i o n  (r) o f  the 
hypothetical  web, and so 

The value 

In  f a c t  there is a l s o  produced 
a tors iona l  d i s t o r t i o n  amounting t o  
j u s t  8 i n  t h i s  hypothetical  web, 

b u t  because t h i s  i s  uniform over the cross  sec t ion  it i s  reasonable 
t c  disregard i t  i n  t h i s  analysis.  

The f i n a l  r e s u l t  of the calculat ions f o r  model (OA)  using a l l  
the above equations i s  shown in 'F igure  16. 
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- _- - _  
Figure 16. 
ment between upper and lower plates 
o f  blade model OA. 
Key: a t i p  o f  hollowed sec t ion  

Bending and the  displace- 

Point 0, where eq- /15 
uat ion (5-1) is  greatest, 
is the poin t  of intersec-  
t i on  o f  the in t e r sec t ing  
curved l i n e s  running paral-  
l e l  t o  the s t r a i g h t  l i n e  
x@. This loca t ion  is com- 
para t ive ly  near the end 
o f  the  hollowed sect ion,  
and t h i s  agrees w i t h  the 
tendency of the r e s u l t s  
of to rs iona l  r i g i d i t y  
aa lys i s  f o r  each model 
tested so far. In the 
center  sec t ion  the webs 

show only the most s l i gh t  effects. 

When w e  place a web at  poin t  0 (though s t r i c t l y  w e  do not  use 
data from model OA) we consider t ha t  the web w i l l  bear the g rea t e s t  
shearing d i s t o r t i o n  (and so the  r i g i d i t y  w i l l  be highest) .  

The optimum model i s  the one where the webs are placed at 
point 0. 
est, and becuase the nubmer o f  webs is s m a l l ,  the thickness o f  the 
upper and lower  plates 18 increased and both bend r i g i d i t y  and great-  
es t  s h e u i n g  s t r e s s  a re  improved. 

From Table 2 the tors iona l  r i g i d i t y  per  u n i t  area i s  high- 

I n  dealing with to rs iona l  r i g i d i t y  by the  above out l ined method 
it  is necessary t o  consider 1) overa l l  ana lys i s  by some e f f ec t ive  
method ( i .e .  a method covering a l l  s t r e s s e s )  which takes account 
of changes i n  the  thickness o f  the upper and lower p l a t e s ,  and 2)  
employment o f  oblique webs as i n  Figure 12. However, one should 
expect no g rea t  improvement over the present 24% increase,  i n  l i g h t  
of the 30% increase i n  tors iona l  r i g i d i t y  ( p e r  u n i t  area)  i n  the 
caee of  a hollow cylinder.  
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The study of bending and external  loadings is  important. For / 14 
example, while central  webs a re  unnecessary i n  r e l a t i o n  t o  torsion, 
they are assumed valuable i n  r e l a t i o n  to  external  loadings. 

Examined from the  perspective of s t r e s ses ,  the g rea t e s t  stress 
2 w i t h  30% hollowing is  less than 10 kg/mm , and so hollowing t o  about 

30% is considered filly possible i n  r e l a t i o n  t o  hypothesized torsion- 
al loadings. 

6 Conclusions 

I n  order  t o  study hollow fan blades, l i g h t  in weight y e t  high 
i n  trustworthimess i n  terms of s t r u c t u r a l  strength,  f o r  use i n  air- 
craft fan j e t  engines, we took as examples ce r t a in  experimental fan 
blades and obtained the following r e s u l t s  from ana lys is  of tors ional  
stress and r i g i d i t y  f o r  hollowed models o f  them. 

1) Hollowing by 30% reduced tors iona l  r i g i d i t y  by 13016% and 
bending r i g i d i t y  by 10-1196. The maximum shearing s t r e s s  was increas- 
ed 17-2796. However, when computed i n  r e l a t i o n  t o  u n i t  area,  to rs iona l  
r i g i d i t y  increased 20-2496. 

2) Reinforcing webs had a negl ig ib le  e f f ec t  on tors iona l  r ig id-  
i t y  b u t  a good ef fec t  on the compounding o f  s t resses .  

3 )  As for the loca t ion  o f  webs, when placed where t h e  shearing 
d i s to r t ion  within the webs are grea tes t ,  there  i s  a good e f f ec t  on 
tors iona l  r i g i d i t y .  

4)  By se l ec t ing  an appropriate configuration o f  hollowing a 
weight saving o f  30% i s  possible allowing f o r  a l l  ant ic ipated t o r -  
sional loadings. 

22 



REFEBENCES 

1. Miyaji e t  al, "Concerning vibrat ion i n  the  blades o f  a x i a l  f low 

2. For example, Timoshenko e t  aJ., Theory_of E l a s t i c i t &  

9. Kawai, T. and Yoshimura, N., "Tyxional  a n a y s i s  o f  a b a r  by the  
matrix method," Seisan Kenkvu 20/5, 52-54. 

4. For example, Zienkiewicz, O.C., Matrix Ykcen.YGeo HG [The Eratrix 
F in i t e  Element Nethod], Baifukan, Tokyo, 1975. 

5. Zienkiewice, O.C. e t  al, "An automatic mesh generation scheme f o r  
plane and curved surfaces by isoparametric co-ordinates," 
t e r n  t ion-1  Journ 1 for Numerical. Mekhods & Engineering 2, 

ro t a ry  machines," Aeronautical Research Report TR-176. 

In- 
3--73+- 

6. Hayashi, Y., "A technique o f  automatic element divis ion f o r  use 
Mitsu- with th_e finite_ element method (plane construction),  " 

b i s h i  Juko Gih_ou5, 649. 

Aeronautical Research Reference TM-290. 
7. P u j i i , e t  al, "The development of t h e  study of  f r o n t  fans," 

2 3  


