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SOLAR HAPP WEIGHT ESTIMATION 

. 

INTRODUCTION 

Status o f  Previous Work 

Previous weight est imat ion techniques used t o  s i ze  s o l a r  HAPPs (High 
A1 ti tude Powered P1 atforms) have been based on a1 g o r i  thms accepted i n  the  
aerospace i ndustry (References 1 through 4 1. These methods were modi f i ed 
where appropr iate t o  r e f l e c t  the very l i gh twe igh t  mater ia ls  being used and 
t o  agree c lose ly  w i th  a thorough prel iminary design o f  another so la r  HAPP 

done i n  1980 by Stanhal l  Aerosystems. The r e s u l t s  o f  t h i s  work have been 
p rop r i  e ta ry  and remain unpubl 1 shed. 

The work done fo r  NASA i n  FY82, which culminated i n  the descr ip t ion  o f  the 
methodology needed t o  design so la r  HAPP's, l ays  ou t  the  equations used t o  
a r r i v e  a t  a rough weight statement. Since the  primary purpose o f  t h i s  work 
was t o  analyze the i n te rac t i ons  of power t r a i n  components t o  assess the  
e f f e c t s  o f  improvements i n  the state-of- the-art ,  these methods were 
adequate t o  f i l l  i n  t h i s  very important gap i n  r e l a t i n g  a power t r a i n  t o  
an ove ra l l  vehicle. The algor i thms developed t o  describe power t r a i n  
i n te rac t i ons  were, i n  fac t ,  thorough enough t h a t  confidence i n  t h e i r  
accuracy should be w i t h i n  +lo%. 
o r  s t r u c t u r a l  a1 go r i  thms 

This i s  no t  t r u e  o f  e i t h e r  the  aerodynamic - 

Purpose o f  Current Work 

The purpose of the work described i n  t h i s  repo r t  i s  t o  b u i l d  a more 
accurate s t ruc tu ra l  weight est imat ion model t o  be used w i t h  the power t r a i n  
methodology prev ious ly  done o r  w i t h  other conceptual design e f f o r t s .  

1 



Scope 

The cu r ren t  work analyzes three wing bracing schemes,and scales one w i t h  
gross weight, wing loading, aspect r a t i o ,  and wingspan. The work does no t  
include rev i s ions  t o  e i t h e r  power t r a i n  o r  aerodynamic a n a l y t i c a l  methods 

described i n  NASA CR 3699 (Ref. 5).  
~ 

DESCRIPTION OF WORK 

Vehicle Designs 

The conceptual HAPP RPV (Remotely P i l o t e d  Vehicle) which was chosen f o r  
d e t a i l e d  s t ruc tu ra l  analyses i n  t h i s  work i s  a mod i f i ca t i on  o f  the MK20 
vehic le  analyzed i n  Reference 5. The wing i s  the same, as i s  the power 
t r a i n .  Changes include add i t i on  o f  a h igh ho r i zon ta l  t a i l  supported by 
t w i n  v e r t i c a l s  which are mounted on tailbooms. These surfaces replace the 
separate v e r t i c a l  and hor izonta l  surfaces o f  the MK20.  Figure 1 presents a 
general arrangement o f  the basic vehic le  analyzed here and r e f e r r e d  t o  i n  
the t e x t  as the MK21. 

Basic vehic le  parameters such as wingspan, aspect r a t i o ,  wing area, gross 
mass, wing thickness-to-chord r a t i o ,  and hor izonta l  and v e r t i c a l  t a i l  
volumes are the same f o r  both the MK20 and MK21.  Mass parameters other  
than s t ruc tu re  are a l s o  the same f o r  consistency. 
modif ied w i t h  three bracing schemes: 

The basic M K 2 1  was then 

0 F u l l y  cant i levered ( M K E l A ) ;  
@ External ly  braced w i t h  s t r u t s  (MK21B);  and 
0 External ly  braced w i t h  wires (MKZlC). 

2 



'.. 

I t  

ii 

PT 

0 wl 

0 m 

0 

4 

!I s 



Design o f  non-wing components was done once,and the  r e s u l t s  were used w i t h  a l l  
t h ree  designs. 

Weights of Non-Spar Component Par ts  

Since a change i n  brac ing scheme i n  the  wing would on ly  a f f e c t  wing spar, 
s t r u t ,  and w i r e  brac ing weights, a l l  o the r  s t r u c t u r a l  components i n  the  
a i r c r a f t  could be l e f t  constant. This includes wing l ead ing  and t r a i l i n g  

edges, wing r ibs,  a i lerons,  and spo i l e rs ,  a l l  o f  which w i l l  be discussed here. 

Wing Leading and T r a i l i n g  Edges. 
used i n  t h i s  work are shown i n  F igure 2. 

The wing leading and t r a i l i n g  edge concepts 
The leading edge has been designed 

T r a i  1 ing Edge Concept 

Std .02Sn aluminum 
3003H14 T. E. 
(ut. = 1.4 o z / f t )  ' 

.25" square spruce 

,,- .Ol6" Bi rch Ply Web 

Leading E* Concept 
L 2#/ft3 foam nose r i b s  

10"' spacing 

Fi- 2. Ylmg Leading and T r a i l i n g  Edge Concepts 

t o  h o l d  shape i n  order t o  minimize v a r i a t i o n s  i n  a i r f o i l  c h a r a c t e r i s t i c s  along 
the  wing. Basic s t r u c t u r e  i s  b i r c h  plywood w i t h  spruce caps and foam lead ing  

4 



edge partial ribs every ten inches. 
birch plywood. 
density of two pounds per cubic foot. 
and all pieces would be the same size. 
193 would be required. 
total of 1934.4 inches long each for a total weight of 3.92 pounds. 
0.016 inch birch plywood web would be 16.2 inches deep and would weigh 
15.23 pounds over the entire span. Since the plywood canes in 50 inch 
square sheets, one-inch wide gussetts will be required every 50 inches for 
an additional weight of 0.31 pound. 
edge skin would cover the entire span and be 24 inches wide for a weight of 
22.57 pounds. 
0.46 pound weight for 39. 
leading edge, then, is 0.77 pound. 
wing leading edge, including 15% for adhesives, to 

The trailing edge structure is shaped 
The partial ribs are 0.300 inch thick Styrofoam with a 

Each piece would weigh 0.0105 pound 
If rib spacing is ten inches, then 

Spruce caps would be one-quarter inch square and a 
The 

The 0.016 inch birch plywood leading 

One-inch gussetts would again be required for an additional 
Total weight of these gussetts for the web and 

This brings the total weight of one 

= 1.15 (2.03 + 3.92 + 15.23 + 0.77 + 22.57) 

# = 51.21 

# = 102.42 %ING LE 

The trailing edge would he made up of 0.025 inch thick 3003 H14 aluminum 
sheet weighing 1.4 ounces per foot. 
pounds, or 21.72 pounds for both sides. 

For a 124 foo t  run, t h i s  would be 10.86 

5 



Winq Ribs. 
thickness-to-chord ratio. 
Materials are birch plywood and spruce rod. 
the authors holding a full-scale wing rib built of these materials. 
in both the untapered and tapered sections of the wing are similar in 
construction. Total length of 0.300 

inches, and density is 0.0162 pound per cubic inch, so the weight of these 
mmbers is 0.73 pound per rib. 
weigh 0.074 pound at the same density. 
weigh 0.099 pound for a total area of 0.704 square foot ahead of the 40% 

chord rib center of gravity, 1.07 square feet aft, and a total weight of 
0.29 pound per rib. 
be, then, 1.31 pounds including 10% adhesive weight. 

The airfoil section used is a Liebeck L1003 (Ref. 6 )  of 20% 
Figure 3 shms the makeup of a typical wing rib. 

Appendix A presents a photo of 
Ribs 

inch square spruce members is 500 

The 0.300 x 0.12 inch spruce members will 
The 0.031 inch birch gussetts will 

Rib weight in the untapered section of the wing will 

Section A-A 

.016" birch ply 4 .30"x .12"spruce 
.031" thick birch ply gussets - both sides 

sol i d  .30" square spruce 

.016" Thick Birch Ply 
- -  Gusset - Both Sides .031" Thick Birch Ply L.E. 

Airfoil: 20% Liebeck L1003 
Weight: 1.31% 

Figure 3. Typical Wing Rib . 
(Scale: 1 "  = 24") 

The average weight of a rib in the tapered section of the wing will be 
approximat.ed by averaging the weight of a constant-section rib and the 
weight o f  a 

6 



wingt ip  r i b .  Given the same geometry and const ruct ion technique, the  w ing t ip  
r i b  w i l l  be a r a t i o  o f  chord lengths squared, o r  

- w ~ ~ ~ ~ , I B  - 

An average r i b ,  then, i s  

0.507* 

Since plywood thickness stays the same i n  r i b s  and i s  not  tapered w i t h  
decreasing chord, t h i s  number w i l l  be increased about 20% t o  1.10 pounds t o  be 
conservative. 

Each wing h a l f  i s  made up o f  43 constant chord r i b s  and 21 tapered r i b s .  Wing 

r i b  weight f o r  each wing h a l f ,  then, would be 79.96 pounds, o r  159.92 pounds 
f o r  both wing halves together. 

A i  1 erons. 
a i  1 erons ( x-axi s) , e l  evators (y-axis) , rudders (2-axi s) , and spoi 1 ers  ( x and z 
axes). 
w i th  the  t r a i l i n g  edge being an aluminum sheet. Covering i s  doped fabr ic .  
The a i l e r o n  main spar i s  0.020 inch t h i c k  3003H14 aluminum channel measuring 
5.4 inches high by 0.600 inch  wide. Ribs are formed sheet approximately 29 
inches long by 5.4 inches high. Figure 4 shows d e t a i l s  o f  a i l e ron  construc- 
t ion .  
diameter i n  the spar t o  an inch  i n  the r i bs .  

The MK21 as cu r ren t l y  envi  sioned i s convent ional ly con t ro l  1 ed by 

Each a i l e ron  i s  450 inches long and i s  made up o f  an aluminum t russ  

A l l  aluminum pieces have l i gh ten ing  holes varying from 3.75 inch  

7 



450" -4 

A i le ron  Plan View 
Scale: 1" = 50" 

.020" 3003)114 

Figure 4. A i le ron  St ruc tura l  Concept 

The a i l e r o n  spar w i l l  be formed from 6.6 inch  wide sheet and w i l l  weigh 5.94 
pounds w i thout  1 ightening holes ' o r  4.13 pounds w i t h  82 1 igh ten ing  holes o f  
3.75 inch  diameter. 
weighing 0.2262 pound each. With seven l i g h t e n i n g  holes tapered from 2.75 t o  
1.00 inches, t h i s  weight w i l l  be reduced t o  0.1903 pound. 
w i l l  be 6.09 pounds per a i leron.  
from the  same mater ia l  and w i l l  be i d e n t i c a l  i n  concept t o  the  wing t r a i l i n g  
edge. Weight w i l l  be 3.28 pounds f o r  the t r a i l i n g  edge y i e l d i n g  a s t r u c t u r a l  
weight of 13.5 pounds per a i le ron .  Covering i s  accounted f o r  i n  wing weight. 

The r i b s  w i l l  be formed from 29 inch  long tapered blanks 

For 32 r i b s ,  t h i s  
The a i l e r o n  t r a i l i n g  edge w i l l  be formed 

Spoilers. 
path cont ro l .  Figure 5 presents d e t a i l s  o f  s p o i l e r  const ruct ion w i t h  wood and 
foam as the  primary mater ia ls  f o r  both the spo i l e rs  and t h e i r  r e l a t e d  
s t ructure.  
inch  wide x 1.00 inch  h igh piece o f  spruce weighing 0.178 pound. 
spar w i l l  measure 29 x 0.12 x 1.00 inches and w i l l  weigh 0.56 pound - 

The MK21 HAPP w i l l  use spo i l e rs  f o r  added r o l l  con t ro l  and g l i d e  

The spo f le r  f r o n t  spar w i l l  be made from a 29 inch  long x 0.38 
The rea r  

Ribs 

8 



Spruce 

Spoiler Open 
Rib 

Spar Truss Fwd 

' L - - 7 . 5 8 4  

R i b s  

20" TYP y2.0" 
L.E. Skin x% ."lf p e  

0" P l v  ye .30" Square 
St i f f  ner Spruce 

L - 8 . 0 4  

Spoiler Well 

Figure 5. Spoiler Arrangement Concept 
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wil l  be 7.5 inches long spruce x 0.12 i n c h  thick and wil l  weigh0.018 pound 
each. 
spoi le r .  
0.211 pound. 
will be required f o r  each spo i l e r .  
Associated control horns and hinges will boost this t o  1.28 pounds. 
s p o i l e r s  (one wing panel) will weigh 7.68 pounds. 

A t o t a l  of 5 will be required for  a weight of 0.090 pound for each 
Upper and lower skins will be 0.016 inch birch plywood weighing 

The foam is  2 pounds per cubic f o o t  densi ty  and 0.315 pound 
Total spoiler w e i g h t  will be 0.98 pound. 

Six 

Figure 5 a l s o  shows d e t a i l s  of the spoiler wells made from birch and spruce. 
Total weight of well s ides  p l u s  s t i f f e n e r s  is  0.775 pound per spoiler. Six 
wells would weigh 4.65 pounds. Total weight o f  spoilers p l u s  wells f o r  both 
wing halves i s  24.66 pounds. 

Tail booms. 
6. I t  has been recalculated from t h a t  shown i n  Ref. 5 i n  order  t o  be i n  
closer agreement w i t h  Part  23 of the Federal Aviation Regulations. 
positive and negative limit loads are +2 and -1 g, respect ively.  The cr i t ical  
design condi t ions are the nighttime configurat ion a t  the low speed end and the 
daytime configuration a t  the high speed end since cruise speed varies during 
each 24 hour cycle. A t  sea level,,  i n  the nighttime configurat ion,  the stall  
speed f o r  a C 

The MK2l's load diagram, o r  V-n diagram, i s  presented i n  Figure 

The 

of +1.5 is  18 fps ;  the corresponding negative angle  o f  
L~~~ 

at tack (AOA) s t a l l  speed f o r  a C of -0.7 i s  26 f p s .  The l i m i t i n g  h i g h  
L~~~ 

speeds are establ ished as percentages of daytime and n i g h t t i m e  cruise speeds 
ex t rapola ted  from a l t i t u d e  by keeping cruise dynamic pressures constant. 
s a l i e n t  corners for structural design purposes are: 

The 

10 



+ Gust Factor 

I 
Equivalent Airspeed ( fps)  
*-Gust Factor 

Figure 6. .Veloc i ty  - Load Diagram f o r  MU1 HAPP 

0 Pos i t i ve  High Angle o f  Attack i n  the  n igh t t ime conf igurat ion 

( + H A A ~  I GHT ) O f  25.5 fpS 8t  2g 'S ;  

0 Pos i t i ve  Low Angle o f  Attack i n  the  daytime conf igura t ion  
(+LAADAy) of 36.1 f ps  a t  + 2g's; 

0 Negative High Angle o f  Attack i n  the  n ight t ime conf igura t ion  

of 26.2 fps  a t  -1g; and ( - H A A ~ ~ ~ ~ ~  

0 Negative Low Angle o f  Attack i n  the  daytime conf igura t ion  
(-LAADAy) .o f  36.1 f ps  a t  -1g. 

I n  order t o  s ize  t h e  t a i l  boom st ructure i t  i s  f i r s t  necessary t o  determine 
the gus t  loads which w i l l  be encountered by the hor izon ta l  and v e r t i c a l  t a i l s .  
The i l l u s t r a t i o n  below def ines the coordinate system used and shows forces and 

moments ac t i ng  on both the wing and the  hor izon ta l  t a i l .  The forces ac t i ng  on 

L 
~ 

11 



the  hor izonta l  t a i l  may be resolved i n t o  normal (C,) and chordwise (C,) 
components, which are def i ned as: _ _  -___ 

Cc = CD COSQ - CL s i n a  

A sumnary o f  per t inent  data used i s  given i n  Table 1. The t a i l  load fac tor ,  
TABLE 1 

S W A R Y  OF CALCULATED TAIL PARMETERS 

FLIGHT CONDITION (NIGHTTIME) FLIGHT CWDIT!~DN (DAYTIME1 

1 w = Gross ut. - lbs. 1757.4 1757.4 1757.4 1757.4 1757.4 1757.4 1757.4 1757.4 
2 v = Velocity - fps 34.0 36.09 28.7 36.09 34.8 36.09 34.8 36.09 

+IuA +lM -HAA -LM e + L M  -IuA -LAA - - -  - - - - )IO. ITEH 

3 'I 9 .00119 V2 . 0 0 1 1 9 ~ ( 2 ) ~  1.44 1.55 a98 1.55 1 -44  1.55 .98 1.55 
4 5 - w/s - I/s 
5 q/s = ( 3 ) / ( 4 )  

6 "  Load factor (wing) 

7 ( 6 ) / ( 5 )  
o cc = cD cos - cL stn 

= ( R )  x ( 5 )  n 
, X I  

12 n' = T a i l  load factor 
13 "i = - ( 6 )  - (12) 
14 nx2 * - ( 9 )  
15 1 (1 )  x (12) = lbs. 

t a i l  load 
16 CL 

l7 coo 
coi  

19 CD 
20 a deg. 

21 cos 
22 SI11 
23 Cc 
24 C,, 

.57 
2.53 

3.0 
1.19 

.0337 

.0053 
-.03 

-.076 
.0311 

-3.031 
-.005 
54.66 

0 395 
.029 

,0010 
.0300 
-.42 

1.000 
-.0073 

.0337 
0.394 

.57 .57 
2.72 1.72 

3.0 -i .5* 
1.10 -.07 

.0373 .0357 

.lo15 .0614 
-.03 -.03 

-.082 -.052 
.02R7 -.0400 
-3.02 1.540 

-.lo15 -.0614 
50.44 -70.30 

.367 
,0315 
.0015 
.0330 

- . G 7  
.9999 

-.0117 
.0373 

0.3666 

.581 
.0190 
.0031l 
.0228 
1 . 2 7  

.9998 

.0222 

.0357 
0.5814 

.57 
2.72 
-1.5' 
- .55 

.037 3 

.lo15 
-.03 

-.082 
-.04R5 

1.549 
-. 1015 
-85.23 

.oo 
1.RO 
3.00 
1.67 

.0134 

.024 1 
-.03 
-. 054 
.0396 
-3.04 

-.024l 
69.59 

.367 .555 
.0315 .020 
a0015 .0035 
,0330 .0235 
-.67 1.04 

-9999 .!I998 
-so117 .01U1 

so373 .0134 
0.3666 

.no 
1.94 
3.00 
1.55 

.0189 

.0367 
-.03 

- . O W  
.037? 
-3.04 

-. 0367 
66.25 

.516 

.022 
,0030 
.0250 

,tin 
.99Y9 
.0119 
.oins 

.no 
1.23 
-1.5 

-1.22 
-.0309 
-. 0380 

-.03 
-.037 

- . O X O  

1.54 
.0300 

-63.27 

A0 
1.94 
-1.5 
-.75 

.oiog 

.0357 
-.u3 
-.058 
-. 0396 

1.54 
-. 0367 
69.59 

.81G .516 

.010 .022 
.0075 0030 
.0175 .0250 
3.40 .G8 

.9902 .9999 

.0593 .0119 
-.0309 .0189 

+Conservative 12 



may then be ca lculated using the solut ion o f  n3 * 

(1)  ( 2 )  (3 )  (4 1 ( 5 1  (6 )  ( 7 )  (8)-n, 
FLT. X3-X2 1/ (2)  nl nx1 h7  n l  X 2  (4 ) - (5 )+ (6 )  (3 )x (7 )  

CONO . 
__-- I 

tHAA 5.54 .1807 -.OS4 .0121 .285 .2189 .0396 
+LAA 5.54 .I807 - . O M  ,0184 .285 .2086 .0377 
-HAA 5.54 .1807 -.037 .0190 - . I43 - . I99 -.0360 

-LAA 5.54 .la07 -.os8 .0184 - 143 -. 0396 

i 

n3 1 

Results a r e  presented in Tab1 e 2. 

"x h2 + "1 x2) 

+HA& 5.83 .1715 -.076 .0427 .30 .I81 .0311 
*LAA 5.83 .1715 -.W2 .0508 .30 .167 .0287 
-HAA 5.83 .1715 -.052 .0307 -.15 -.233 -. 0400 
-LAA 5.83 .1715 -.OB2 .0508 - . I 5  -.283 - .0485 

I- / 
DAYTIME 

. 
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Gust loads may be a r r i ved  a t  us ing the  FAR P a r t  23.341 

K~~~~ "aN. n = 1 2  
498 (n/s) 

where 

= 2(w/s) 
. P N 9  K~~~~ 

The wind studies shown i n  Appendix A o f  Ref. 5 y i e l d  a maximum gust a t  
a l t i t u d e  o f  3.9 mps, o r  12.8 fps. Using t h i s  value f o r  U i n  the equation above 
y i e l d s  the  gust envelope shown i n  F igure 6. The v e r t i c a l  t a i l  gust  l oad  turns 

ou t  t o  be the  s i z ing  c r i t e r i o n  f o r  the  tailbooms given the h igh i n e r t i a  o f  the 
vehic le  d i r e c t i o n a l l y  as opposed t o  p i t c h  w i t h  wingt ips up. Loads on the  
tailbooms are shown i n  F igure 7. F igure 8 sumnarites the combined loads i n  

one t y p i c a l  tailboom bay. 



\. 
V e r t i c a l  Ta i  1 

Boom 

2808# 

28081 

c, -+ 30.43" I- 
7 I 

t -  I 
19.5" 

R l  

J 

78.33# 

700" 

From Down Load On Horizontal Tail 

345.7# 

21.5" 
I -  - : :: 

700" 1. 30.43" 
8066#-- 

80661 

30" 

From Side Load On V e r t i c a l  Tail 

Figure 7. Critical Loads in One Tailboom 
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From Down Load 
From Side Load 

+1343 
- +3851 
T5zFT 
-251 5 

-5437 - 1404 
- +4033 
+m 
-5437 

Figure  8. Sumnary o f  Loads i n  Tailboom 

Table 3 presents longeron loads f o r  each bay. 

but  1, 2,  and 3 may be t rea ted  as short  columns. 
t o  provide the l i g h t e s t  possible member t o  meet the ne t  column loads (F igure  

9 )  

The longeron tubes i n  a l l  bays 
Tube s izes were then chosen 

16 



TABLE 3. S-Y OF LONGERON LOADS I N  TAILBOOMS 

BAY NO. UPPER LWGEROWS LOUER LONGERONS 

23 5201 lbs  -2515 l b s  

22 4964 -2400 
21 4728 -2286 
20 4492 -2172 
19 4256 -2058 
18 4019 -1943 
17 3783 -1829 
16 3546 -1714 
15 3310 - 1600 
14 3074 -1486 
13 2837 -1371 
12 2601 -1257 
1 1  2360 -1148 
10 2129 -1029 
9 1892 -914 
8 1656 -800 
7 1420 -686 
6 1182 -512 
5 946 -458 
4 709 -343 
3 473 -229 
2 237 -115 
1 0 0 

2629 l b s  
2515 
2400 
2286 
2172 
2058 
1903 
1829 
1714 
1600 
1486 
1371 
1257 
1148 
1029 
914 
800 
686 
572 
4 58 
343 
229 

-115 

-5437 lbs  
-5201 
-4964 
-4728 
-4492 
-4256 
-4019 
-3783 
-3546 
-3310 
-3074 
-2837 
-2601 
-2360 
-2129 
-1892 
-1656 
-1420 
-1182 

-946 
-709 
-473 
-237 

-- 
Note: For longeron s i z i n g  purposes, 

O.D. o f  each tube i s  designed 1 .OOx .04g4 
i 

* t o  f i t  I.D. o f  next l a rge r  tube 
7000 - 7  

Tube Span 

Tube Column Strength 6000 - 
5000 - 
4000- 

2 3000- 

2000 - 
1000 - 

Tube Size Y 

n < .750x. 049" 

0 
23 21 19 17 15 13 11 9 7 5 3 

BAY NO. 
700" 

Figure 9. D i s t r i b u t i o n  o f  Longeron 
Sizes Along L e n g t h  o f  Boom 
17 



Once longeron tube sizes had been determined, trusses could be sized t o  
t r a n s f e r  net  loads. The highest load i n  any t russ  member i s  351 pounds. 
( I t  can be computed from the longeron loads shown i n  Figure 7 . )  
column i s  42.73 inches. 

The longest 

A h a l f  inch outside diameter (O.D.) tube o f  0.049 
inch w a l l  thickness made o f  graphi te epoxy w i l l  provide adequate margin o f  
safety. 
4. 

Boom weights were estimated and the r e s u l t s  are presented i n  Table 

TABLE 4. SUMMARY OF TAILBOOM COMPONENT WEIGHTS 

I t e m  Uunbcr Arcr V o l u n e  lJr1ght 
SIDE TRUSS 
Upper 6 Lower longerons 
1 .W)xO.O49x95 
0.875x0.049x150 
0.750~0.049~192 
0.625x0.049xlA3 
Vevt Ical  I 

Diagonals 

Top 6 Dottom Trusses 

0.500x0.049x16.751awgl 

0.500x0.049x34.84 ( rvg 

CrOSS bk!I&'?VS 

0.500x0.049x25.7S(rvgl 
0 1 agonal s 

0.5WxO.O49~39.9R( nvg) 
TOTAL UT OF 1 SIDE OF OOUi TRUSS 
TOTAL WEIGHT OF BOTH SlDES 
OF Boot4 TRUSS 

JOINTS 6 ADHESIVES (15%) 
TOTAL WElGllT OF 1 BOO4 TRUSS 

\~OOOEII STRINGERS o.25~o.50~700 
UOOOEM STRIIIGERS ADI IESIVES (15%) 
TOTAL UT OF STRINGERS L ADI IESIVES 
FOR 1 RlMl4 

FADRIC h DOPE 

TOTAL UElCllT OF 1 T A l l B O O H  

TOTAL WElWiT OF BOTH TAILBOOIS 

2 0.1464111~ 27.8in3 1.701 
2 0.1272 63.G 3 . n ~  

2 0.0087 32.5 c 1.98 
2 0.1079 41.4 2.53 

23 1.G3 

23 3.39 

23 2.51 

23 3.9 
21.521 
- 

43.04 
6.43 

49.474 
- 
- 

0.125 350 5.671 
0.05 - 

413ft2 
6.521 - 
8.031 

Ve r t i ca l  T a i l  Design. The areas of both the hor izonta l  and v e r t i c a l  t a i l  
surfaces were kept  constant from the MK20 t o  the  MK21 as were t a i l  volumes t o  
maintain s t a t i c  s t a b i l i t y .  Figure 10 presents d e t a i l s  of the v e r t i c a l  f i n  



design. The u l t ima te  load shown i s  a f r a c t i o n  o f  the t o t a l  f i n  load o f  346 
pounds. This t rans la tes  t o  a tens ion load i n  one f i n  spar t r u s s  o f  586 pounds 
and a compression l oad  i n  the  o the r  o f  848 pounds. 

The a i r f o i l  chosen f o r  t h e  v e r t i c a l  f i n  i s  a NASA 632-015. Two a l t e r n a t e  
cons t ruc t ion  techniques f o r  r i b s  were examined. The f i r s t ,  shown i n  F igure  10 
(center ,  l e f t ) ,  i s  a r i b  o f  aluminum weighing 2.63 pounds ( w i t h  l i g h t e n i n g  holes) 

f o r  6 r i b s .  
spruce and b i r c h  plywood. 
l i g h t e r  than the  aluminum r i b .  
l i g h t w e i g h t  b u i l d i n g  mater ia ls .  The f i n  lead ing  edge i s  a 0.625 x 0.028 wa l l  
x 155 inch  graph i te  epoxy tube. The f i n  shape i s  maintained w i t h  doped f a b r i c  
covering. 
Table 5 summarizes v e r t i c a l  t a i l  weights. 

. 

. The second i s  shown i n  Figure 10 (center ,  r i g h t )  and i s  made o f  
It weighs 2.10 pounds f o r  6 r i b s ,  o r  21% 

See Appendix B f o r  a f u r t h e r  discussion o f  

The rudder and t r a i l i n g  edge are made s i m i l a r l y  t o  the  a i lerons.  

Fin Spar Truss 

db=60)- . 4 3 O b  --I 6.67" 

Spar Truss I- h=yTb - - -b PuLT'233# 

7 k 1 3 . 3 3 #  

Look i ng P,f t 

I 4 a=12088 

Side View 

,020" A1 umi num I ,020" 

Fin Spar Truss 

.25" S q u q e  Spruce 1 
e c t i o n  A - A  

Spar Truss 

Rudder Design 

Figure 10. 

. P l y  Gussetts .016" Birch Ply 

Ver t i ca l  T a i l  Design 
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TABLE 5. $ M A R Y  OF VERTICAL TAIL WEIGHTS 

FIN SPAR TRUSS 

Lower Caps 4 

Upper Caps 4 

CHORD MEMBERS 12 

CHORD DIAGONALS 10 

CROSS MEMBERS 12 

CROSS OIAGONALS 10 
JOINTS 6 ADHESIVES 

UT OF 1 FIN TRUSS 

RIBS (SPRUCE 6, BIRCH) 

caps 
V e r t i c a l s  

Diagonals 
Chord Members 

0.031 Plywood 

0.016 Plywood 

RIB UElGHT 

ADHESIVE (15Xl 

TOTAL RIB UEIGHT 

TOTAL UT O f  6 RIBS 
FOR 1 VERTICAL 

FIN LEADING EDGE UT 

FABRIC COVERING 6 DOPE 

VERTlCAL FIN 

( s i m i l a r  const ruct ion)  

RUDDER 

Caps 2 

Cross Members 6 
01 agonal I 5 

Ribs 12 

Jo in ts  L Adhvll5X) 
T r a i l i n g  Edge 

fab r i c  6 Dope 

TOTAL UT OF 
1 VERTICAL FIN 

TOTAL UT OF BOTH 

VERTICAL FINS 

771n. 

75 

13.5 

32 

10 

32 

L50.0 
9.8 

31.0 

47.0 

308in. 

300 
162 

320 

120 

320 

94 

48 

50 

28 
_- 
_- 

300 

59 
155 

12.83ft 

1.53ft' 
0.0631 n2 

0.063 

0.063 

0.063 

42 

84 

95 f t2  

45 

2 w i n 2  

93f t7 

2 0 d  1 .219~  

15.33 0.935 

8.28 0.505 
16.35 0.996 

6.13 0.374 

16.35 1.000 

0.75 

5.781 
- 
- 

0.095 

0.049 

0.051 

0.028 

0.041 

0.041 

0.304( 

0.046 

0.3501 

- 
- 

2.10 1 

0.4961 

1.8471 

__ 

9.86 Y 

0.961 
0.189 

0.496 
5.84 

0.241 

1.12 
1.81 

31.611 - 

63.621 - 

Horizontal Tai l .  The ho r i zon ta l  t a i l  i s  s t r u c t u r a l l y  analogous t o  the 
v e r t i c a l  b u t  i s  constrained and loaded d i f f e r e n t l y .  
appl ied t o  account f o r  t h i s  di f ference, then the ho r i zon ta l  w i l l  weigh 
approximately 19.00 pounds. 

If a f a c t o r  o f  2 i s  

20 



Fuselage Pod. 
enclose power t r a i n  and payload items and may no t  be necessary on a l l  versions 
o f  so la r  HAPPs. 
angle. F igure 11 presents fuselage pod load  and const ruct ion de ta i l s .  The 

The fuselage pod shown i n  the  general arrangement i s  there  t o  

The main s i z i n g  load i s  ground impact a t  a 15' nose down 

2bf=3515# 

a- 
See Pylon Revis ion  

Side Views 

r - - 7  
I _ _ _ _ - - - - _  Truss Structure 

I 

> 

Top View 

Figure 11. Fuselage Pod Load and Construction D e t a i l s  

t russes i n  the pod may be broken i n t o  3 sections. The forward sect ion c a r r i e s  
n e g l i g i b l e  loads and, hence, can be made ou t  of the l i g h t e s t  p r a c t i c a l  s i z e  
tubes f o r  manufacturing and handling, 0.500 inch  O.D. by 0.028 inch thick. 
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The mid-section w i l l  ca r r y  a maximum load  o f  6100 pounds i n  compression. 
smal lest  s i ze  tube a v a i l a b l e  t o  handle t h i s ,  1.25 x 0.035 w a l l  x 33, w i l l  
handle almost 7500 pounds, so the  s t r u c t u r e  w i l l  be somewhat overdesigned i n  
t h i s  section. Lower longerons must handle a 2600 pound tens ion load. 
s i z e  o f  1.25 x 0.028 wa l l  w i l l  be used t o  f a c i l i t a t e  j o i n i n g  t o  o the r  t r u s s  

members. V e r t i c a l s  w i l l  be 1.25 x 0.035 x 52 inches and w i l l  c a r r y  a 
compression load o f  3600 pounds. 

The 

A tube 

The a f t  sect ion w i l l  absorb a 14,100 pound compression l o a d  and w i l l  be 1.62 x 
0.049 wa l l  x 30 inches. Lower longerons w i l l  be 1.62 x 0.028 wa l l  f o r  
consistency o f  cons t ruc t i on  with v e r t i c a l  pieces which are 1.62 x 0.028 w a l l  x 
40 inches. Diagonals w i l l  a l l  be i n  tens ion w i t h  the  maximum tension l o a d  
being 5600 pounds. Tube s izes o f  0.500 x 0.035 w a l l  w i l l  be adequate t o  
handle t h i s  with t h e  exception of one diagonal s ide  brace, which has a 
21000 pound tension l oad  and must, therefore,  be 1.25 x 0.049 w a l l  tube. 

Pod upper and lower t russes w i l l  be s i m i l a r l y  s ized since the  landing l o a d  i s  
expected t o  be the  worst  case load. 

The pod f a i r i n g  w i l l  be made up o f  spruce, b i r c h  plywood, f i b e r g l a s s  and doped 
f a b r i c  as shown i n  F igure 12. Both nose and t a i l  f a i r i n g s  w i l l  be f i be rg lass .  
The 12 spruce f a i r i n g  s t r i p s  w i l l  be 0.25 x 0.80 x 385 inches and the  52 
supports w i l l  be 0.25 x 0.25 x 70 inches. B i r c h  plywood w i l l  be 0.031 i n c h  
t h i c k  and each support w i l l  be approximately 0.59 square foot.  I n c l u d i n g  
j o i n t s  and adhesives, t o t a l  weight o f  f a i r i n g  s t r i p s  and supports w i l l  be 20 
pounds. Fabr ic and dope w i l l  add 9.76 pounds. F igure 12, bottom, presents 
drawings o f  the nose cone and t a i l  cone. 
21.92 square f e e t  and the  t a i l  cone i s  47.91 square f e e t  f o r  weights o f  3 
pounds and 8.13 pounds, respect ive ly .  

Surface area o f  t he  nose cone i s  

The landing s k i d  i s  a l so  a p a r t  of the fuselage pod. 

t he  same as a t y p i c a l  s a i l p l a n e  land ing  gear, o r  27 pounds (0.15W) . 
It w i l l  weigh roughly 
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. 

Maximum Cross-Section 

Truss 
Fa i r i ng  Str ips 

.031" Birch Ply 
.25x. 80" Spruce 

1- 32" d 
(1  1.2" @ Nose) 

y.25" Square Spruce Stiffner, .25" Square Spruce S t i f f n e r s  

Section A-A Section B-B 
7 2  Layers of  4 Ounce Cloth 

t 5  Coats of  Resin 
I / (wt=.128 psf) 

I 

Nose Cone 
r 2  Lavers o f  Ounce 

+5 Coats o f  Resin 
(wt=.128 ps f )  

k- H=114" d i 

i t h  

T a i l  Cone 

Figure 12 .  Pod Fairing Details 

23 



The motor mount i s  inc luded i n  the  fuselage pod weight. 
t russ  o f  0.500 x 0.028 wa l l  members of 1286 inches length.  

the  same as other  s t ruc tu re  examined so f a r  w i t h  15% f o r  adhesives, then i t  
w i l l  weigh 3.74 pounds. A $urnnary of fuselage pod weight, then, i s  

It i s  a can t i l eve red  
If t h i s  i s  weighed 

Main tubu la r  t r u s s  29.64# 
F a i r i n g  s t r i p s  and supports 20.00 
Fabr ic 8 dope 9.76 
Nose cone 3.00 
T a i l  cone 8.13 
Landing s k i d  27.00 
Motor mount 3.74 

TOTAL 101.27X 

Pod Support Pylon. The fuselage pod i s  at tached t o  the  wing by a support 
pylon which i s  an aerodynamic f a i r i n g  around a t u b u l a r  t russ.  F igure  13 
presents d e t a i l s  o f  the  s t r u c t u r e  envis ioned f o r  t he  py lon  and motor f a i r i n g  
as we l l  as c r i t i c a l  loads encountered i n  the  15' nose-down land ing  case. 
Given the  loads shown i n  F igure 13, i t  i s  poss ib le  t o  est imate tube s i t es .  
The forward caps w i l l  experience a 21,656 pound compressive l o a d  which can be 
handled by tubes 1.62 x 0.065 wa l l  x 30.67. A f t  caps w i l l  experience an 
18,496 pound tension load, so 1.62 x 0.028 w a l l  w i l l  be used. 

Chordwise py lon tubes w i l l  have 2473 pound compressive loads which can be 
handled by 0.62 x 0.049 wa l l  x 24 i nch  tubes. Diagonals w i l l  have 4013 pounds 
i n  tens ion and 0.62 x 0.028 wa l l  w i l l  be used. F i g u r e  1 4  presents a 

summary of tube s izes  and shows the  rev ised py lon  t r u s s  s t r u c t u r e  envis ioned 
f o r  the  MK21. Weights w i l l  be: 
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- -- .- 

24351 # 18243# 

24351# 6108% 

4331 1 i # 372031 

49468 

49468 

24351# 18243# 

4946# 

I # 
4331 1# 37203# Loads i n  Truss Members 

i72031 

2 Layers o f  4 Ounce Cloth 
t5 Coats o f  Resin (wt=.128 p s f )  

Pylon Truss 
/-- 

1 

/ 
\ 

Ply  L.E.  /-Spruce R i b s  
-r 
46" 
t 

rAluminum T.E. 6.25' ---- 
140" I- > -A -/I - 

-L 
Design o f  Pod F a i r i n g  

Pod Support Pylon D e t a i l s  Figure 13. 
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00 

Outline of Original Spar Truss 2 
X 
N X 
(0 

N 
rD 
F c 

g 

Typical for All /Original Pylon Outline 

Original Torsion Area 
4 sides 

OutlSne o f  Locally Revised Spar Truss 

Revised Pylon ht1iAe 

Revised Torsion Area 
(Doubled) 

Figure 14. Pylon lube Size Sumnary 
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TOTAL 

LENGTH 
184i  n 
184 
192 
192 
468 

ITEM - 
Forward Caps 1.62 ~0.0651 n 
A f t  1 .62~0 . 028 
Chordwise members 0.62x0.049 
Spanwise members 0.62x0.049 
Diagonal s 0.62x0.028 

J o i n t s  & Adhesives (15%) 
TOTAL 

- AREA WEIGHT 
0.31861 n2 3.576# 
0.1405 1.377 
0.0887 1.039 
0.0887 1.039 
0.1050 1.498 

1 . 309 
9.838# 

The pod f a i r i n g  w i l l  have a b i r c h  plywood lead ing  edge, spruce r i b s ,  and a 
t r a i l i n g  edge s i m i l a r  t o  the  a i le rons  w i t h  cover ing being doped fab r i c .  
Apply ing the  same u n i t  weights as comparable wing par ts ,  pod f a i r i n g  weights 
are: 

ITEM UNI  T WE1 GHT WEIGHT - 
Leading edge 0.318 #/ft. 1.99# 

Spruce r i b s  1.31 # 5.24 

T r a i l i n g  edge 1.4 o t l f t  0.69 

Fabr ic  & dope 0.01944 p s f  2.79 
1.07 Adhesives - 

TOTAL 11.78# 

The f i be rg lass  motor f a i r i n g  w i l l  be made up o f  2 p l i e s  o f  4 ounce c l o t h  and 5 
coats  o f  res in .  Tota l  area i s  116 square feet, and weight  is 18 pounds. 

Sumnary o f  

The var ious p a r t s  o f  the MK21 whi 

Non-Wing Spar Weights 

h have been discussed so f a r  were l e f t  

constant  as wing design was changed t o  evaluate the  e f f e c t  o f  b rac ing  concept 
on wing weignt. These p a r t s  m a y  be summarized, as below: 
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ITEM WEIGHT FRACTION OF TOGW - 
Wing leading edges 102.42% 0.0583 
Wing t r a i l i n g  edges 21.72 0.0124 

A i  1 erons 27.00 0.0154 
Wing r i b s  159.92 0.0910 

Spoi 1 ers d we1 1 s 
T a i l  booms 
Ver t i ca l  f i n s  & rudders 
Hori zontal t a l  1 
Fuselage pod 
Landing s k i d  
Pod support pylon 

TOTAL 

24.66 
128.04 
63.62 
19.00 
74.27 
27.00 
21.62 

0.0140 
0.0729 
0.0362 
0.0108 
0.0423 
0.0154 
0.0123 

669.27# 0.3808 

Bracing Schemes Analyzed 

Strut-Braced Wing. 
these a l te rna te  wing concepts and they are: 

Several assumptions have been made t o  begin design o f  

0 Wing loading i s  uni form across the  span; 
0 No t i p  losses; 
0 Design load factor  i s  t 3.0; 
0 Vehicle gross weight remains constant a t  1757.4 pounds 

(797Kg); and 
0 Vehicle wing area and planform remain constant a t  3088 

square f e e t  (287 square meters) 

The wing planform t o  be used i s  shown below f o r  one wing hal f .  
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S2 = 1098.65 sq.f t .  10.22' 
I 
I 
I - -  

53.7' ,+ 107.5l ,-I t 

The l i f t  load per panel i s  2636 pounds and t h i s  i s  a r r i v e d  a t  by apply ing the 
design l oad  f a c t o r  t o  h a l f  the gross weight. Wing dead weight items may be 
approximated by m u l t i p l y i n g  the wing panel area by a f a c t o r  o f  0.164 p s f  which 
was a r r i v e d  a t  i n  e a r l i e r  LMSC studies. Add t o  t h i s  the fo l l ow ing  items: 

0 Fixed so la r  panel o f  283 square feet ,  weighing about 170 
pounds inc lud ing  so lar  c e l l  s on the panel ; and 

Movable w ing t i p  and so lar  c e l l s  weighing about 130 pounds. 

Total dead weight per s ide i s  1010 pounds. 
purposes o f  l oad  ca l cu la t i on  and w i l l  be r e f i n e d  as the analysis continues. 
The l i f t  load may be expressed i n  terms o f  a running load i n  the spar o f  1.46 
pounds per  inch. 
15. Figure 16 presents the l i f t  react ions and c a l c u l a t i o n  o f  the l o a d  center 
o f  grav i ty .  
spar and have react ions a t  the j o i n t s  shown i n  Figure 17. 
weight shears on both tapered and constant chord sections may then be 
calculated,and the ne t  react ions are presented i n  Figure 18. 

This i s  a s t a r t i n g  p o i n t  f o r  

This w i l l  be taken o u t  by the support scheme shown i n  Figure 

S im i la r l y ,  the dead weight items create a running load i n  the 
L i f t  and dead 

. 
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A i s  f r e e  
6 i s  sinrply supported 
C i s  f i x e d  

Figure 15.  Free-Body Representation 
o f  Strut-Braced Wing Spar 

I- 645" *-I 
103.64 sq.ft. 3 

* - I  @ 1098.65 sq.ft. 
341,53 s q r f t .  I 

1 6 1 2 .2  I' 

xCG r l  
1544 

XCG = 916.58" 

Figure 16. Determination o f  Load Center o f  Grav i ty  
For Strut-Braced Wing 

Wing bending moments f r o m  both l i f t  and dead weight may be calculated, Figure 
19 presenting the resul ts .  The s t r u t  attaches t o  the wing a t  wing s t a t i o n  
(W.S.) 690.0 and the r e s u l t a n t  bending moment t ransferred there i s  606,262 
inch-pounds. The s t r u t  a lso induces an a x i a l  load i n  the spar o f  11,488 
pounds. I f  the inboard sect ion o f  the wing spar i s  assumed f i x e d  a t  both 
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f I 

126W 2 59# 

Figure 17. Reactions i n  Main Spar From Dead Weight Items 

STA 690 

7- 
I 1 

\ 
-i -33rnb 

+1269 
(dom) 

Figure 18. Mrln Spar Net Runnlng Load Reactions 

3 1  

+866# 

% 



STA 690 

r 814*811-1 
I 

0 251.5# I 
- --I 

@ I  
--- 

F i g u r e  1 9 .  Bending Moments i n  Main Spar 
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ends, then the  bending moment inboard o f  t he  wing s t r u t  may be ca l cu la ted  as 
shown i n  F igure  20. 
moment as fo l lows:  

Peery's method (see Ref. 7, pg.  355) then y i e l d s  a bending 

. 

. 

L = 690 = 1.28; C1 = 11.6 

J 539.4 
- - 

M = w L~ = 0 . 7 8 8 ~ ( 6 9 0 ) ~  = 32,342iM 

T 11.6 

W = .788#/in 

f I i t I t t 
-P = 11488# 

Figure 20. Bending Moment Inboard o f  S t ru t  

F i n a l l y ,  t he  moment d i s t r i b u t i o n  may be expressed below r e c a l l i n g  t h a t  A i s  
the  wingt ip ,  6 i s  the s t r u t  attachment po in t ,  and C t he  l e f t  w ing / r i gh t  wing 
i n te r face .  A1 1 u n i t s  a re  i nch-pounds. 

B C 
I n i  ti a1 Moments +606,202 -32,342 +32,342 
Bal ance, J o i  n t  B 
F i n a l  Moments +606,207 -606,202 
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The product E I ,  known as .bending s t i f f ness  may be ca lcu lated f o r  t he  spar 
using a value o f  'Young's modulus, E, a r r i v e d  a t  i n  previous work o f  30x10 
ps i .  Figure 21 presents the spar cross-section t o  be analyzed. 

6 

1.5" 0.0. x 0.065"TttbeS 

Pitch  epoxy 
Figure 21. Spar Cross-Section 

Continuing w i t h  ca l cu la t i on  o f  react ions a t  the po in ts  o f  support i n  the 
strut-braced wing, the react ion t o  the 1082 pound ne t  load i n  the wing spar 
outboard o f  WS 690 w i l l  be a downward shear a t  WS 690 o f  equal magnitude. 
Inboard o f  the wing s t r u t ,  the shear and bending moment react ions may be 
a r r i v e d  a t  as fol lows: 

p g  = 60626Y w = .788#/in yPC = 254618 
\ 

L = 690" 
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= -254618 - 606262 - -788 x 690 
-2 

= - 1248 - 272 
= - 1520 l b s  

= 606262 - (-254618) - ,788 x 690 
5902 

= 1248 - 272 

= 976 lbs .  

S i m i l a r l y ,  f r e e  bending moments for  t h i s  section o f  the  spar may be found as 

f 01 1 ows : 

M = . 5 W ( d - ( )  

M = .5 x 544 ( d  -L) = 272 d - - d2 
690 690 
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M 

0 0 0 0 0 
138 19 , 044 27.60 110.4 30,029 i n .  lbs .  

276 76,176 110.4 165.6 45 , 043 
414 171,396 248.4 165.6 45,043 
552 304 , 704 441.6 110.4 30 , 029 

- d - d2 -- d2/L -- d-d2/690 - 

690 476,100 690.0 0 0 

Figure 22 summarizes the wing normal shear load d i s t r i b u t i o n  and F igure  23 
summarizes t h e  wing normal shear bending moment d i s t r i b u t i o n  f o r  t h i s  

strut-braced wing. 

L i f t  Shear\ A 

Net 

Deadwe1 ght Shear 

1934.4 
5376 

15208 

Figure 22. Wing Normal Shear Load Diagram a t  Ultimate Load Factor 
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Wing chord loads may now be ca lcu la ted  w i t h  the  bas ic  assumptions t h a t :  

@ Maximum chord l oad  w i l l  occur a t  maximum l i f t  c o e f f i c i e n t  
(C ) and a c t  forward; 

L~~~ 

@ Maximum r e a l i s t i c  C i s  1.6. 
L~~~ 

Def i n i  ng chord forces are  bel  ow: 

The chord 1 oad, dl + dp, w i l l  be determined as 

dl + d2 = 2636 sincr + CDw q SREF C O S a  

C I f  angle o f  a t tack  a t  L MAX i s  est imated by 

- cL + J c  ?MAX - MAK + a o ~  
C 
La 

the z e r o - l i f t  angle o f  a t tack  i s  given i n  Ref. 6 as -4 degrees, and j i s  
i d e n t i c a l l y  zero f o r  an untwis ted wing. Wing l i f t - c u r v e  slope, then, i s  

Abbott ;1 VonDoenhoff (Ref 12) de'fine f as 0.99 f o r  a wing o f  t h i s  type. 

l i f t  curve slope, ao, i s  0.12 per degree, then ae w i l l  be 

I f  sec t ion  

= a, = 0.1185/degree , where E = 1.013. 
E- a, 
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(Here E is the ratio of wing semi-perimeter to span.)  Angle of attack, then, 
will be 10.52’ a t  C . The w i n g  drag c o e f f i c i e n t  wil l  be 

L~~~ 

‘ = ‘DP + ‘Di DW 

will be 0,0090 and CDi may be approximated a s  ~t 9 COP 

The wing efficiency parameter (1+6)  i s  defined i n  Ref. 8 a s  1.05, so CDi 
becomes 0.0255 and the chord load can be calculated as  462.9 pounds ac t ing  
forward. The chord load d i s t r ibu t ion  may then be approximated a s  shown i n  
Figure 24 bel ow. 

Figure 24. Wing Chord Load D i  stri bution 

The chord shear diagram i s  presented i n  Figure 25 a s  i s  the chord bending 
moment diagram. 
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In  addi t ion  t o  normal and chordwise loads on the wing spar, t o r s ion  will be 
present due t o  the bas ic  a i r f o i l  p i t ch ing  moment, C 

def ined a s  

. Torsion,  may be 
MC/4 

C 
MC/4 q c3 P =  

where S and C3 are a r r ived  a t  as numerical i t e r a t i o n s  across  the wing ,  the 
product being ind ica t ive  of the ac t ion  o f  a changing moment arm on a cons tan t  
p f t c h i n g  moment across the wing from r o o t  t o  t i p .  Schematically,this is shown 

b e l o w .  

Chord a, 

C1 = .667 [a+b - ab a+b 1 
c2 = 10.22 f t .  
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424946# 

ytly Statim 
Figure 25. Chordwise Shear and Bending Moment Diagram 
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Wing tors ion due t o  p i tch ing  moment may then be ca lculated tabu lar ly  and the 
resu l ts  presented graphical ly  as i n  F igure  26. Calculat ions were made a t  the  

cru ise  condit ion a t  a l t i t u d e  and a 50% safety f a c t o r  was added t o  account f o r  
off-design operation. 

1 .5  Valuer Shawn 
i n  Table Below 

12 11 10 9 8 7 6 5 4 3 2 1 

m 

Moqwnt 
( i n .  l b . )  

3000 

0 

ITEM STA. a ,  FT. b. FT. C1, FT. C2, FT. Cj. FT. A ~ .  F T ~  A2, FT2 s ,  FT2 M,  i n . l b .  

12 1853.9 7.33 6.36 6.89 0 6.89 91.89 0 91.89 -153 

11 1692.8 8.29 7.32 7.82 0 7.82 196.68 0 198.68 -375 

10 1531.7 9.23 8.29 8.77 0 8.29 314.45 0 314.45 -629 
9 1370.6 10.22 9.26 9.75 0 9.75 405.18 0 445.18 -1047 

8 1209.4 10.22 10.22 9.86 137.33 582.50 -1385 

7 1048.1 9.93 274.66 719.83 -1725 

6 886.9 9.98 411.99 857.16 -2063 

5 775.6 10.00 549.32 994.49 -2399 
4 564.4 10.04 686.66 1131.83 -2741 

3 403.1 10.06 823.98 1269.16 -3080 

2 241.9 10.07 961.32 1406.49 -3416 

1 80.6 10.22 10.22 9.75 10.22 10.08 445.18 1098.65 1543.80 -3753 

Figure 26. Wing Torsion Due t o  Pi tching Moment 
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Normal bending loads i n  the  l i f t  t russ may be ca lcu la ted  and are shown i n  
Figure 27. Chord bending loads i n  the drag t russ  may a lso  be ca lcu la ted  and 
those are presented i n  Table 6. S imi la r ly ,  t o rs ion  loads may be ca lcu la ted  
and these are shown i n  F igure 28 for a t y p i c a l  bay. Note t h a t  t he  caps do no t  
car ry  any t o r s i o n  loads. The combined loads i n  the  spar t russ  due t o  l i f t ,  

TABLE 6. WING CHORDWISE LOADS I N  THE DRAG TRUSS 

c 

0-30 
30-60 
60-90 
90-120 
120-150 
150-180 
180-210 
210-240 
240-270 
27 0 - 300 
300-330 
330-360 
360-390 
390-420 
420-450 
450-480 
480-510 
510-540 
540-570 
570-600 
600-630 
630-660 
660-690 

212473 
206000 

198500 
192500 
185500 
179000 
173000 
166500 
160500 
155500 
148500 
142500 
137000 
131000 
126000 
121000 
116000 
111500 
107000 
102500 
96000 
92500 
87000 

232 357 -10896 
228 351 -10564 
224 345 -10179 
220 339 -9872 
216 333 -9513 
212 326 -9179 
209 322 -887 2 
205 316 -8538 
201 310 -8231 
197 303 -7974 
193 297 -7615 
189 291 -7308 
186 286 -7026 
182 280 -67 18 
178 274 -6462 
174 268 -6205 
170 26 1 -5949 
166 256 -5718 
163 251 -5487 
159 245 -5256 
155 238 -4923 
152 234 -4744 
1413 228 -4462 

10539 
10213 
9834 
9533 
9180 
8853 
8550 
8222 
7921 
7671 
7318 
7017 
6740 
6438 
6 188 
5937 
5688 
5462 
5236 
501 1 
4685 
4510 
4234 

426 
4 18 
411 
404 
396 
389 
383 
376 
369 
36 1 
354 
347 
341 
334 
327 
319 
312 
305 
302 
294 
287 
281 
274 



f FF 

FF = M/19.5 [Sign i s -  f o r  Compression] 
H = V/Tan 33" = V/.65 

= V/Sin 33" = V/.54 [Sign i'$+ f o r  Tension] FD 
19.5" 

FR = FF - H [Sign i s  + f o r  Tension] 

+M ' 
fwd 
t 

8 = 33" 

STA 0-240 (Sta 240 i s  zero moment Sta) 

240 21 0 180 150 120 90 60 30 0 

STA 240-480 

- -7820 - -6778 -5755 -4750 -3764 -2796 -1845 -914 

E = 7802 

8880 5,0 7820 480 570 9959 540 13302 12170 11056 
660 630 600 690 

Figure 27. Wing Nonalr1 Bendfng Loads in the L i f t  Truss 

44 



. 

. 

, where: 1 = Twgm, i n .  l b s .  
L = ~cngth o f  rnernbcr, in .  Load i n  BWbW 

Length o f  rr#Rbers 
i n  typ ica l  panels 6 

Mote t h a t  tors ion  loads do 
not get Into spar caps 

V I q  Tersion 

Loads i n  Spar Truss 

+ = Tension 
- = Cmpression 

Torsion Envrlopq 

Figure 28. Wing Tersion Loads in Spar Truss 
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drag, and p i t ch ing  moment on the wing may then be calculated. Between WSO and 

WS690 there are 23 30-inch bays, each one w i t h  an average o f  14 members, f o r  a 
t o t a l  o f  322 members. 
members i s  t ime consuming and cost ly ,  only 4 bays w i l l  be invest igated: 

Since c a l c u l a t i n g  the ne t  loads i n  each o f  these 322 

0 WS 690-660 which has the highest p o s i t i v e  bending 
moment from l i f t ;  

0 WS 300-270 which i s  c lose t o  the lowest p o s i t i v e  bending 
moment from 1 i ft; 

0 WS 210-180 which i s  c lose t o  the lowest negative bending 
moment from l i f t ( t h e  loads i n  t h i s  bay are opposite i n  
s ign t o  those i n  WS 300-270) 

0 WS 30-0 which has the highest negative bending moment 
f r o m  l i f t .  

Note t h a t  bending moment from l i f t  i s  reasonably l i n e a r  from WSO t o  WS690. 

Siz ing o f  t russ  members i n  t h i s  area w i l l ,  therefore, assume a l i n e a r  
v a r i a t i o n  i n  loads. Figure 29 presents t h i s  summary o f  n e t  loads i n  wing 
t r u s s  members. These data are presented t a b u l a r l y  i n  Table 7. Recall t h a t  

0 L i f t  loads are based on u l t ima te  l oad  (n=+3); 
0 Drag loads are based on c ; 

- 
L~~~ 

0 Torsion loads are based on VMAX 

i n  l ook ing  a t  Figure 27 and Table 7. 
simul taneously , t h i  s shoul d be a conservative estimate o f  1 oads. 

Since these condi t ions w i l l  n o t  occur 

The loads i n  the spar caps may be ca lcu lated next. L i f t  loads (column loads) 
outboard o f  WS690 may be ca lcu lated assuming t h a t  lower cap column loads are 
h a l f  upper cap loads. This assumption i s  based on the vehic le  having a 
negative load factor  of ha l f  the p o s i t i v e  value. 
below i n  Table 8. 

The r e s u l t  i s  presented 
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- 0  

7- 
. 

A f t  Truss-Lookdng Fnd. 

C6 - 2008.6 c5 

P- 

Ln h 

g, 

'6 * 5  
Fwd. Truss-Looking Fwd. 

A6 - 11388 

c2 -4986 

L 

Upper Truss-Lookinq Down 

P 

*For selected bays 

- MITE: Assum effect 

Ftgrrrs 29. 

L w  Truss-tQaQr$rtgl &wR 

of torsion i n  STA. 180-210 bay same as 270-3clIj bay ( loads  are sinail) 

S 1 r y  of  #et Lo&d i n  Y # R ~  Truss -$* 
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TABLE 7. SUMMARY OF NET LOAD I N  WING TRUSS AT SELECTED BAYS 

NOTE: L i f t  loads are based on n=3.0. Drag loads are based on CL . Tors ion 
MAX 

loads are based on VMAX. This i s  l i k e l y  a worst-on-worst condi t ion,  
which may be somewhat conservat ive from the  s tandpoint  o f  s t r u c t u r a l  
weight. 

STA. MEMBER TORSION* TORSION LOAD** LIFT LOAD DRAG LOAD NET LOAD 

0-30 AIBl 

A2B2 
A1A2 
B1B2 
A2B1 
CIDl 
C2D2 
c1c2 
D1D2 
C2D 1 
lA1 

C2A2 
C2A1 
DIBl 

D2B2 

A4B4 
A3A4 
B3B4 
A4B3 
C3D3 
C4D4 
c3c4 

0-30 D2B1 
270-300 A3B3 

5630 -144 
-144 

0 

0 

0 
-144 
- 144 

0 

0 
0 
0 
0 

+433 
+433 
+144 

5630 0 

4780 -123 
-123 

0 
0 

0 

-123 
-123 

0 

-500 
-512 

+5910 
-6679 

-917 
-500 
-512 

+5910 
-6679 
-917 

0 

0 
0 
0 

0 

0 
-606 
-6 18 

-1845 
+914 

+1112 
-606 
-618 

+1845 

0 
0 

+lo539 
+lo539 

0 
0 

0 
-10896 
-10896 

0 

-232 
-228 
+426 
-232 
-228 
+426 

0 
0 

767 1 
7671 

0 
0 
0 

-7974 

-644 
-656 

+16449 
+3860 

-917 
-644 
-656 

-4986 
-17575 

-917 
-232 
-228 
+859 
+201 

-84 
+426 
-729 
-741 

+5826 
+8585 
+1112 

-729 
-741 

-9829 



TABLE 7. SUMMARY OF NET LOAD I N  WING TRUSS AT SELECTED BAYS (CONT) 

. 
- -  

STA. MEMBER TORSION* TORSION LOAD** L IFT LOAD DRAG LOAD NET LOAD 

D3D4 
c4D3 
C3A3 
C4A4 
C4A3 
OqB3 
D4B4 

270-300 D4B3 
660-690 A5B5 

A6B6 
A5A6 
‘gB6 

A6B5 

‘sD6 
‘5‘6 
D5D6 
‘sD5 

‘sA6 
‘sA5 

D6B6 

C5D5 

CgA5 

D5B5 

660-690 D6B5 

- -.-. . 

0 
0 
0 
0 

+225 
+123 
+123 

4780 0 
3553 -9 1 

-91 
0 

0 

0 

-91 
-9 1 

0 

0 
0 

0 
0 

+167 
+9 1 
+9 1 

3553 0 

t914 

+1112 
0 

0 

0 
0 

0 

0 

-760 
-772 

-15622 

+14453 
+1395 

-760 
-772 

-1 5622 
+14453 

+1395 
0 

0 

0 

0 

0 

0 

-7974 
0 

-20 1 
-197 

+369 
-201 
-197 
+369 

0 
0 

+4234 
+4234 

0 

0 
0 

-4462 
-4462 

0 

-228 
-224 
+274 
-228 
-224 
+274 

-7060 

+1112 
-201 
-197 

+594 

-78 
-74 

+369 
I -851 

-863 
-11388 
+18687 

+1395 
-851 
-863 

-20084 
+9991 
+1395 

-228 
-224 

+44 1 
-137 
-133 
+274 

STA x dp ] = 5630 - [WING STA x 3.1471 
STA 0 T S T A  

*TORSION = M 

**TORSION LOAD - TL/2A = TL/760.5 
[MOMENT TAKEN AS HIGHEST I N  BAY; INBD. STA.] 
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Truss members inboard of WS690 will be s ized  t o  a c t  as  sho r t  columns except 
f o r  the  l a s t  two in the  t a b l e  which wil l  be t r ea t ed  a s  long columns. 
Candidate tubes are then: 

STRENGTH= 
I 

TUBE SIZE A P 'P FC Fc x A 

1.62x.065 .3186 i n . 2  .5520 i n .  44.38 66908 psi 21317 lbs. 
1.50x.065 .2930 .5079 48.24 64765 18976 
1.38~065 .2675 .4637 52.83 62098 1661.1 
1.25~. 049 .1844 .4250 57.65 59197 10916 
1. OOx .049 .1464 .3307 72.77 49278 7206 
.875x.O49 .1272 .2925 83.76 41279 5251 
.75Ox.O49 .lo79 .2484 98.63 30438 3339 
.625x. 049 .0887 .2044 119.86 20610 1828 

~ ~~ ~ 

Note: L' = tube length adjusted for end f i x i t y  = L / m  

Spar cap s i z e s  for  both forward and a f t  spar t r u s s e s  will be made the  same 
s i z e  for  ease o f  manufacturing. 
column load i n  the bay (looking down) f o r  the  maximum pos i t i ve  load f a c t o r  
case.  
A l l  o ther  members will  be 0.75 O.D.xO.028 wall as s ized  by the maximum column 
load i n  diagonal members. 
30 f o r  both upper and lower caps. 

Upper caps a re  designed f o r  the highest  

Lower caps will be designed f o r  the maximum negative load f ac to r  case.  

The spar cap s i z e  d i s t r i b u t i o n  i s  shown i n  Figure 

Diagonals and ve r t i ca l s  i n  the  l i f t  truss may now be s ized  assuming a l l  
members will  have the same 0.0. f o r  cos t  and case of manufacture. I t  should  
be noted t h a t  diagonals a r e  i n  tension a t  a l l  pos i t i ve  f l i g h t  condi t ions and 
i n  compression i n  a l l  negative f l i g h t  condi t ions.  A l l  members wil l  be 0.62 
inch i n  diameter and  wall thickness w i l l  vary from 0.028 inch the f i r s t  
t h ree  bays t o  0.022 inch i n  the r e s t .  Ver t i ca l s ,  on the o the r  hand, will  
vary i n  diameter from 0.50 inch a t  the t i p  t o  0 . 6 2  inch as column s t rength  
d i c t a t e s .  
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Upper Cap 

. 
Applied Load = M x 20084* 

b+Tube Span 

Load, Lbs. h 15622 1.62x.065-Tube Size - 
20,000 

- 15,000 
h = spar depth 

Tube Column Strength . - 5,000 

1934.4 1800 1000 

Wing S t a .  (Scale = 1/300) 

* 20084# = Net load i n  member C5C6, 15622# 
= L i f t  load o n l y  i n  member C5C6 r a t i o ,  20084/15622 
used as co r rec t i on  t o  M/h t o  g ive  r a p i d  estimate 
o f  ne t  laods outbd. o f  sta. 690 due t o  combined' 
l i f t ,  drag &.torsion'. Loads inbd. o f  sta. 690 

Lower Cap [Compression loads due t o  negative f l t .  cond.; n = -1.51 

Net column loads a r e  1/2 those shown Load, Lbs. 
i n  curve above, except those inbd. o f  
Sta. 690 

7' 67" m a  W 1 
1934.4 1800 1600 1400 1200 1000 800 600 400 200 0 

\Appl ied Net Column Load 

Tube Column Strength 
.". " _ . V  . -  * 5,000 

I , 0 

Wing Sta. 

Figure 30a. Spar Cap Size D i s t r i b u t i o n  
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Sta. p, 
7 

696" 

1 .25x .OM 

195" 255" 254" 276" 

.62x.O49 .75x.O49 .875x.049 - 8 - - I 

8 
7 

- - -  

. 

1.50x.065 

c 

Sta. 1934.4 

159" 21 0" 
m 

4 S t r u t  
S t a .  690 

Figure 30b. Summary of  Spar Cap Sizes 8 Lengths 
[Scale; Dia = F u l l ,  Length = 1/300] 
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The wing s t r u t  may be s ized a t  t h i s  po in t .  
Figure 18, the  2233 pound shear load a t  WS690 t rans la tes  t o  an 11488 pound 
a x i a l  load  and an 11703 pound t e n s i l e  l oad  i n  the s t r u t  which i n te rcep ts  the  
wingspan a t  an 11 degree angle. 
then 5852 pounds must be designed fo r .  The t o t a l  leng th  o f  the  s t r u t  i s  703 
inches (58.6 fee t ) .  
s t r u t ,  then ove ra l l  s t r u t  s i ze  can be as small as 4.00 inch O.D. x 0.120 inch  
w a l l .  This tube w i l l  weigh roughly 70 pounds inc lud ing  f a i r i n g s  and f i t t i n g s .  

Referr ing t o  the  loads shown i n  

If the  column load  i s  ha l f  the t e n s i l e  load, 

I f  a j u r y  s t r u t  i s  added a t  the halfway p o i n t  i n  the 

Diagonals and chordwise drag t russ  members can be s ized next. The diagonals 
are roughly 36 inches i n  length and must absorb a maximum o f  about 600 pounds. 
This can be handled by a 0.62 O.D. x 0.022 w a l l  graphi te  epoxy tube. Chord- 
wise members are roughly 20 inches i n  1ength;and the worst  load i n  any member 
i s  232 pounds. The same s i ze  tube can handle t h i s  l oad  w i t h  an excessive 
margin o f  safety,  b u t  0.022 inch  w a l l  thickness i s  about the minimum p r a c t i c a l  
s i ze  f o r  manufacturing. Outboard o f  WS690 the same design approach appl ies.  
Both diagonal and chordwise members w i l l  be 0.50 inch  O.D. x 0.022 i n c h  wa l l  
thickness. The v e r t i c a l  members w i l l  have t o  mate w i t h  caps and so w i l l  be 
0.62 inch  O.D. x 0.022 inch  w a l l  thickness. Table 9 summarizes tube th i ck -  
nesses and gives a weight breakdown f o r  the  truss. 

F u l l y  Cant i levered Wing. Much theore t ica l  and empir ica l  work has been done on 
the s t r u c t u r a l  desi gn o f  f u l  l y  cant i  1 evered wings f o r  sa i  1 p l  anes. 
t o  the shear and bending moment ca lcu la t ions  fo r  the strut-braced wing, the  
s t r u t  may be removed and the shears and bending moments recalcu lated as shown 
i n  F igure 31. Wing t russ  s t ruc tu ra l  d e t a i l s  may then be addressed. 

Referr ing 

Several s ta t i ons  may be chosen and the  c r i t i c a l  loads calculated. Results are 
presented i n  Table 10. Once t h i s  i s  done, tube sizes may be calculated. 
Results are presented i n  Table 11. Figures 32 and 33 present an idea o f  the 
margin of safety i n  the caps a t  each p o i n t  along the span and how tubes w i l l  
telescope together. 
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TABLE 9.  SUMMARY OF TUBE THICKNESSES AND WEIGHTS FOR SPAR 

Upper Cap Tubes 

- -  
SILE ARiA YOLUIE  YElGHT 

l.624.WSI63' .I186 tn' 20.1 In' 1.22 lbs.  
.2430 18.2 
.m15 45.4 
, in49 42.2 
.I464 23.5 
.I212 26.1 
.IO19 31.4 

1.11 
2.17 
2.51 
1.42 
1.63 
1.92 - 

12.64 ~ b r .  tor 1 
twss 

L w r  Cap lubes 

1.25i.049a264' 
I .Wr0.49a195" 
.81Sa.O491255' 
.15r.M9a216' 
.62r.MPa254' 

Otrgonbl s 

.I849 i n Z  U . 8  in3  

.I464 28.5 

.I212 12.4 

.lo19 29.8 

.Wl 22.5 

2.98 lbs.  
1.74 
1.98 
1.82 
1.37 
9.89 lbs.  for I 

truss 

_- 

NU. 
SlA. IYIU)LRS SILE AREA VOLUIE YElGHT 

-- 
.62X.U28135.18' .OS25 5.64 tn' .34 lbs.  69(1-/8U 

180-1290 

12W-1934.4 

Ywtlcals  -- 
690- I290 
1290-1934.4 

M A G  TRUSS 

011SOMIS 

0-810 
~lO-I290 
1290-1934.4 

3 
I1 
11 

20 
21 

29 
I4 
21 

Chordwlse Umbers 

0-690 23 
190-1290 20 
1290-1934.4 21 

.KZr.022x35.78' .MI1 25.4 

.Ua.022134.20' .MI1 29.9 

.6?a.0?2~35.78' .MI1 In2 4 3 . 3  In3 

.50r.U22r35.18- .0330 16.5 

.60~ .02r34.20'  .OlM 73.6 

.6Za.022~19.5' .MI1 In2 18.7 In' 

.50~.022iI9.5' .0310 12.9 

. Wa ,022rl S .Et' .0330 11.0 

1.55 
1.82 

3.71 lbr. 
for 
Truss 

- 

.19 lbs.  

.67 
I 

1.46 lbs.  
for 
Truss 

2.64 lbs 
1 .00  
1.44 
6.08 lbs .  

l o r  
Truss 

I 

1.14 lbs.  
.I9 
.61 - 
2.60 lbs .  

for 
Truss 
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1934 

. 

S k P r S  # mmm t o ,  19oa#1 W i n e ,  R - 3.0 

Shear D i  agr am 

in. 

Wing Sta. Scale = 1/350 

,497,400 i d b .  

Scale = 

500,000"#/ In. 

Monent Diagram 

1934 

Figure 31. Shear and $ending Moment Diagram 
For Fully Cantilevered Wing 
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TABLE 10. SPAR CAP COLUMN LOADS AT SELECTED WING STATIONS 

STA . LWR. CAP LOAD, LBS LWR. CAP LOADS x 19.5/lb 

0 
400 
800 

1290 
1600 

24,646 
15,262 
8,090 
2,372 

666 

26,700 1 bs 
16,533 
8,764 
2,570 

722 

TABLE 11. CANDIDATE TUBES FOR SPAR 

STRENGTH= 
Fc x A L ' / p  FC 

TUBE S I Z E  A P 

3. OOx .083 
2.50x.065 
2.75~. 049 
2.75x.058 
1.62~.  065 
1.50~. 065 
1 . 3 8 ~  .065 
1 .25~ .  049 
1. OOx .049 
.875x. 049 
.750x. 049 
.625x. 049 
2.7 5x. 065 
2.7 5x. 083 
2.50~. 049 

.7606 in' 1.0317 in .  
,4972 .8612 
.4158 .9551 
.4905 .9520 
.3186 .5520 
.2930 .5079 
.2675 .4637 
.la44 .4250 
.1464 .3307 
.1272 .2925 
.lo79 .2484 
.OB87 .2044 
.5483 .9496 
.6954 .9434 
.3773 .8667 

24.49 in. 
28.44 
25.64 
25.72 
44.38 
48.24 
52.83 
57.65 
72.77 
83.76 
98.63 

119.86 
25.79 
25.96 
28.26 

76706 psi 
74747 
75933 
7 5899 
66908 
64765 
62098 
59197 
49218 
41279 
30438 
20610 
75872 
75802 
74825 

56342 l b s .  
37164 
31573 
37228 
21317 
18976 
16611 
10916 
7206 
5251 
3339 
1828 

41600 
52712 
28232 
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U 

m r  C q e  [Lord Scale = 20,0@3#/+n.] 

Applied Load = M/2h 

h = Spar Depth, CL t o  CL 

Tube C o l m  Strength 

ppl ied Net Column Load 

1934. 

W W  t [Scale! = 113qlQl 

Figure  32. D i s t r i b u t i o n  o f  Spar Cap Sizes Along Semispan 
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7 0 

21 9ll , 

201 

=--I- 
Sta. ,1934.4 

I 243" 

I 288.4" 1- 
141 'I 

875x.04 1 !- 
In m h 

I .25x.049 2.50x.083 1 G --'T --- - 
In 
ru 
N 

Lower Cap. 

171" - 
STA. 1934.4 
T 

a 
u) 
0 
X 
0 
0 

288" ' 251.4"  I 
1 .62x.049 .75x.049 k (u 

- I  
I 

Figure 33 Summary o f  Spar Cap Sizes [Scale: D i a  = F u l l ,  Length = 1/3001 
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Diagonals and v e r t i c a l s  may be sized next. 
be the same as f o r  the strut-bracedwing since loads are the same f o r  both 
wings. From WSO t o  WS690, the load i n  any member w i l l  be 

A l l  members outboard o f  WS690 w i l l  

Load i n  any member = Torsion Load - + L i f t  Load - + Drag Load 

Figure 34 presents a s l i g h t l y  d i s t o r t e d  view o f  the bay from WSO t o  WS30 with 
to rs iona l  load signs shown. 
drag loads i n  Table 12. Members CD and EB w i l l  be column c r i t i c a l  f o r  the 
maximum p o s i t i v e  load condi t ion and member C ' D  i s  column c r i t i c a l  f o r  the 
maximum negative load condi t ion.  
calculated. Results are presented i n  Table 13 f o r  t russ  weights. 

These loads are summarized along wi th  l i f t  and 

Members may then be sized and t h e i r  weights 

Wire Braced Wing. Calcu lat ion o f  loads i n  w i re  braced s t ructures i s  more 
complicated than i n  the other bracing schemes examined so fa r .  For t h a t  
reason, the wing w i l l  be broken i n t o  elements s t a r t i n g  a t  the wingt ip.  
bracing scheme chosen f o r  analysis i s  shown i n  Figure 35. Running loads are 
shown i n  Figure 36. Loads i n  each element w i l l  be ca lcu lated assuming 
elements are no t  connected, then the  r e s u l t s  w i l l  be superimposed t o  ob ta in  a 
representat ive loading for the e n t i r e  wing. 

The 

B STA. 0 C 

L Y 

1- 19.5" -4 
STA. 30 d i s t o r t e d  i n  sketch 
t o  show diagonal, rl#lldb ers 
%I load signs 

Torsion @ Sts. M = %XI i n .  lbs. 

Torsion Load = TL/2A = 563ot/702 = 8,WL 

#ember Length, In. Tors ion  Load, Lbs. 

B'C 35.78 +287 
C'C 30.00 -241 

E'D 35.78 -287 
E'E 30.00 +241 
B'E 35.00 -281 

= o  

C'D 35.00 +281 

Figure 34. Loads f n  Wing Truss Duc t o  Torrim 
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Bracing Scheme 

e 

A i s  f r e e  
B & C are simply supported 
D i s  f i x e d  

Figure 35.  Wing Spar Design 

1 

k - - - - W . S " &  5 1 5 . M t 1 - b  773.76" -1 
Figure 36. Running Loads i n  Spar 

~ 
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TABLE 12. NET LOADS I N  VERTICAL, CHORDWISE & DIAGONAL MEMBERS 

MEMBER TORSION LOAD LIFT LOAD DRAG LOAD NET LOAD 

BC 
CD 
DE 
EB 
B'C 
B 'E 
C 'D 
E ' D  

0 lbs.  
0 
0 
0 
+287 
-281 
+28 1 
-287 

0 lbs.  
-805 
0 
-805 
0 
+1565 
+1565 
0 

-232 1bS 
0 
-232 
0 
+425 
0 
0 
+425 

-232 lbs.  
-805 
-232 
-805 
+712 

+1284 
+1846 
+138 

Element AB i s  a fu l ly  cant i levered sect ion o f  outboard wing, and the loads which 
w i l l  be t ransferred t o  the  r e s t  o f  t he  wing a t  i t s  inboard ext remi ty  can be 
ca lcu la ted  accordingly. Element BC can be considered f i x e d  a t  both ends as 
can element CD f o r  purposes o f  bending moment calculations, and both can be 
considered simply supported f o r  shear load ca lcu lat ions.  F igure 37 (top) shows 
the loadings of each o f  these sections,and the resu l tan t  load  centro ids are 
presented a t  the  bottom. F igure 38 presents the shear and f ree  moment 
diagrams fo r  each wing section. 
on the  wing. 

Table 14 sumnarites the moment d i s t r i b u t i o n  
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TABLE 1 3 ,  SPAR WEIGHT SUMMARY FOR CANTILEVER WING 
. 

UPPER CAPS 

S I Z E  AREA VOLUME WEIGHT 

3.00x.083~60" -7606 in2 45.64 in3 2.78 Ibs 
2.75~ .083x105" .6954 73.02 4.45 
2.50x.083~279" .6302 175.83 10.73 
2.25~ .065x219" .4462 97.72 5.96 
1.75x.065~201" .3441 69.16 4.22 
1.38x.065~186" .2675 49.76 3.04 
1.25x.049~243" .1849 44.93 2.74 
1. OOx .049x14 1 " .1464 20.64 1.26 
.875x.O49x213" .1272 27.09 1.65 

1.90 .75x.049x288.4" .lo79 31.11 - 
= 38.731 f o r  1 T r u s s  

77.461 f o r  1 S p a r  
( 2  T r u s s e s )  

LOWER CAPS 

S I Z E  AREA VOLUME WEIGHT 

2.50X.049X108" .3773 in2 40.75 in3 2.49 
2. OOx .058x171 'I .3539 60.52 3.69 
1.62x.065~186" .3186 59.26 3.61 
1.38x.065~306" .267 5 81.86 4.99 
1.25 x .049 x 189 " .1849 34.95 2.13 
l.OOx.049~189" .1464 27.67 1.69 
.875x.O49x246" .1272 31.29 1.91 
.750x.O49x288" .lo79 31.08 1.90 

1.36 .62x.O49x251.4" .0887 22.30 - 
= 23.77 f o r  1 T r u s s  
47.54 f o r  1 S p a r  

( 2  T r u s s e s )  

VERTICALS IN L I F T  TRUSS 

NO. 
STA. MEMBERS S I Z E  AREA VOLUME WEIGHT . 

0-1290 43 .62X.O22X18" .0417 in2 32.28 in3 1.97 lbs. 
1 2 9 0 - T I P  21 .62~.022~14.6" .0417 12.79 .78 - 

2.75#(1 T r u s s )  



TAB LE 13. SPAR WEIGHT SUMMARY 

DIAGONALS I N  LIFT TRUSS 

0-690 23 .62x.O28x35" 

690-1290 20 .62~.022~35" 

1290-TIP 21 .62~.022~31.5" 

CHORDWISE MEMBERS I N  DRAG TRUSS 

0-1290 43 .62x.022x19.5" 

1290-TIP 21  . 6 2 ~ .  022~15.82" 

DIAGONALS I N  DRAG TRUSS 

0-690 23 .62x.028x35.78" 

FOR CANTILEVER WING (,COMT. 1 

.0525 in2 42.26 i n3  2.58 lbs .  

.0417 29.19 1.78 

1.68 .0417 27.58 

6.04#(1 Truss) 
- 

.0417 i n 2  34.97 i n 3  2.13 lbs .  

.0417 13.85 .85 - 
2.98#(1 Truss) 

.0525 in2 43.20 i n 3  2.64 l b s  

690-1290 20 .62~.022~.35.78" .0417 29.84 1.82 

1290-TIP 21 .62~.022~34.10" -0417 29.86 - 1.82 

6.28#(1 Truss) 

SPAR WEIGHT SUMMARY 

ITEM UT. OF 1 COMPLETE SPAR (2 TRUSSES) 

Upper Caps 77.46 l b s  

Lower Caps 47.54 

Ver t i ca l s  5.50 

Diagonals i n  L i f t  Truss 12.08 

Diagonals i n  Drag Truss 12.56 

5.96 Chordwi se Members -- 
161.10 l b s  

Total  

Total  

NOTE : 

W t .  of 1 Spar, i n c l .  15% f o r  J o i n t s  i% Misc. - 1.15 x 161.10 - 185.271 

Ut. o f  Both Spars - 370.53 l bs .  

Spars on wing w i t h  s t r u t  weigh 280.221 

I f  108# i s  added f o r  s t r u t  W,,,T = 388.221. 

So, can t i l eve r  spars weigh 17.69% & than 

s t ru t ted  spars w i t h  s t r u t .  

I -  

k 
"$ 

1 
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Shear Diagram 

8 

343.1# 

Q 9  , I 
f 

Scale: 200#/in. 
2' 

-Scale:  l / l 5 0 -  

,-Area Under Curve = 

" I ' e  I -- 

w I B /  
1 128.95 128.95 140.1 I 125.33 125.33 

391.4# 

C 

36,454,380 

t 
Scale:  25,000 i n .  lb / i r  

I-- 

v) 

(u 
m 

C 

\ 
125.33 , 

398" ,+ 376" 

mela I xA = 381).1 

Element BC 

Figure 38. Shears and iiending Moments 



Element  CD 

W = 635.8# 
d -1 

4D 

t 

.Wire 
774" 

Rc = 317.91 RD = 317.91 

Elament BC 

Element CO 

317.9% 

f' 45,236"/# 48 ; 961 / # 

8 Fixed  End Bendinq Moment 

Fixed End Emding Mewent 

Figure 38. Shears and Bending Moments (Cont.) 
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TABLE 14. MOMENT D I S T R I B U T I O N  (NO A X I A L  LOADS) 

-4 Constant E 1  Asswed t- 
I 
A 4 A 

B C --+- !2 -; 
1 

l 2  
\ 

S t i  f f ness Ra t i  of .429 .571 
Fixed End Mom. +50354 -45236 +4896 1 -41009 +41009 
Release B -5118 -2559 

+46402 -41009 
Release C -2316 -3079 .1540 

F i n a l  Moments +50354 -50354 +44086 -44088 +39469 

*Mote t h a t  s ince e l  = f 2  s t i f f n e s s * r a t i o  f o r  BC = .429 and f o r  
CD r a t i o  = .571 (Reference 13, Section V,Subsection 3.53, Case 5)  

The presence o f  f l y i n g  wi res i n  the a i r c r a f t  s t r u c t u r e  induces a x i a l  loads i n  the 
wing spar and these a f f e c t  both shears and bending moments. Given the  brac ing 
geometry shown i n  F igure 35, these e f f e c t s  may be ca lcu lated.  These r e s u l t s  
may be used t o  estimate E 1  f o r  the spar. 
l a t i o n s .  Figures 39 and 40 present wing normal bending moments and r e s u l t a n t  

Table 15 summarizes these calcu- 



TABLE 15. WING E1 SUMMARY AND MOMENT DISTRIBUTION WITH AXIAL LOADS 

SUMMARY 

ELEMENT C 4 EI/L K = z C  KICK 
L 

BC 0 93 10,900,775 10,138,700 .45 
CD .93 13,170,542 12,248,604 .55 

C = 22,387,304 

MOMENT DISTRIBUTION (INCL. AXIAL LOADS) 

t 

Fixed End Moment +50354 -49009 +49009 -40779 +40779 

Release B -1345 -740 

+48269 -40779 
Release C -3371 -4120 -2266 

Final  Moments t50354 -50354 +44898 -44899 +38513 
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nonnal bending moments, respect ively.  With these ca lculat ions i n  hand, normal 
wing shears may be estimated and these are presented i n  Figure 41. 

4W.M 

.1589#/ i n 

267.4U 

B A 
386.9 

.2553#/ i n . 

/ 

4 

-700.4 # 
-511 .6'v 

Scale: 300#/ 

1, 
STA. 1548 

1 
STA. 714 

-Scale = 300"/in.- 

I 

K5.7X 

0 

Figure 41. Wing Shear Diagram [normal] 

= 

I 
Fwd. 

Figure 42. D is t r ibut ion  o f  Chordwise Shew Loads Along Span 



Wing chord moments due t o  drag may be ca lcu lated,  
spar i s  shown i n  Figure 42. 
ca l cu la ted  and these t rans la ted  t o  normal and a x i a l  loads i n  the  spar. The 
resul  t a n t  wing chordwi se bending moments are presented i n Figure 43 ,and F igure 
44 presents the  resul  t a n t  chordwi se bending moments. Chordwi se wing shears 
may be ca l cu la ted  as before and a chord shear diagram (F igure 45) can be 
constructed. 

The chord l o a d  on the  wing 
Chordwise shears and bending moments may then be 

I 
Noment-in. l b s .  x 10-?40,000 i n .  lbs. / in . ]  - Fwd. 

60 

40 

20 

0 

- 
- 

- 

Figure 43. Wing Chordwise Bending Moments 

[See Figure 44 for resultant moments] 

Next, l i f t  and chord loads i n  the  wing spar t r u s s  members may be ca l cu la ted  
f o r  selected s t a t i o n  members as with the  o the r  two brac ing schemes. 
may then be p u t  together and spar cap s izes may be determined. F igure 46 
sumnarizes the  cap s izes chosen. From t h i s ,  diagonals and v e r t i c a l s  may be 
chosen and spar weight ca lcu lated.  Table 16 summarizes wing spar weight. 

Net loads 

F i n a l l y ,  l i f t  and landing wires may be s ized and t h e i r  weight estimated. 
Using the same values f o r  non-spar i tems i n  the  wing then produces the  wing 
weight sumnary given i n  Table 17. 
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Upper Caps 

. Zero Mcwncnt S t a s .  
. 6 2 ~ . 0 3 5  *7 

t 
240" 78" 

240" 

. 

1 
1934.4 

I I 
1548 

1 
1130 

I 
774 

1 
375 

Wing Sta. 

Shaded Areas = Calculated Cap Sizes 

S o l i d  Lines = Practical Cap Sizes 1-s can't  gs dia.  
;I) zero monoent s t a s y  

Lower Caps 

I 
STA. 0 

I ns * STA. 0 
I 
154% 

1 
1934.4 

Figure 46. Summary o f  Spar Cap Sizes [Scale: Diameter, full; length 1/300] 
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TABLE 16. SPAR WEIGHT SUMMARY 

ITEM WEIGHT 

UPPER CAPS 

LOWER CAPS 

VERTICALS 

L I F T  TRUSS DIAGONALS 
CHORDWISE MEMBERS 
DRAG TRUSS DIAGONALS 

WIRE ATTACH STR. [EST] 

TOTAL 

8.12 LBS. 

5.39 
2.38 
5.38 
2.38 
5.38 
1.50 - 

= 30.53# For 1 T r u s s  

W t .  o f  both trusses, i n c l .  15% f o r  j o i n t s  8I misc.: 
= 1.15 [2 x 30.531 
= 70.22# 

T o t a l  w e i g h t  o f  spars f o r  both w i n g s  = 2 x 70.22 = 140.44 lbs .  

TABLE 17. WING WEIGHT SUMMARY [BOTH WING PANELS] 

ITEM WT.-LBS WT. FRACTION [OF WING] 

SPAR TRUSSES 

RIBS 
L . E. &T. E. 

A I L ERONS 
SPOILERS & STRUCT. 
L I F T ,  LDG. 8I DRAG 

WIRES 

FABRIC 81 DOPE 
FIXED SOLAR PANEL 

TOTAL 

140.44 
159.90 
124.10 
27.00 
24.66 

10.00 
129.20 
69.62 
684.92 

~ 

.2050 

.2335 

.1812 

.0394 

.0360 

.0147 

.1886 

.1016 
1.0000 
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A sample c a l c u l a t i o n  f o r  the po in ts  shown i n  t h i s  f i g u r e  w i l l  be presented i n  
a moment. F i r s t ,  the fo l l ow ing  assumptions which went i n t o  these ca l cu la t i ons  
should be noted: 

S i  z ing A1 g o r i  thins 

Var ia t ions o f  Aspect Ratio. The i n t e n t  o f  the preceding analysis o f  three 
d i  f f e r e n t  b rac i  ng schemes f o r  one a i  r c r a f  t conf i gura t i  on was t o  provide 
comparable basel ines f o r  examination o f  the e f f e c t s  o f  changes i n  design 
parameters on s t r u c t u r a l  weight. This was done by choosing several d i f f e r e n t  
values o f  each parameter and reca lcu la t i ng  wing weight based on i t s  change. 
Trends coul d then be exami ned and general i zed expressions coul d be devel oped. 

The f i r s t  parameter t o  be invest igated w i l l  be aspect r a t i o  (AR). 
dominant e f f e c t  o f  aspect r a t i o  changes w i l l  be on wing spar weight,but o ther  
items o f  wing s t ruc tu re  may be affected, too. 
apply a given load  a t  the geometrical a.c? o f  constant-chord wings o f  varying 
aspect r a t i o  and determine the upper spar cap tube s i ze  required t o  handle the 
r e s u l t i n g  column load i n  each. 
spar cap area. 

The 

The basic approach w i l l  be t o  

Spar weight w i l l  be c lose ly  proport ional  t o  

Bending moment f o r  an aspect r a t i o  = 10 wing could be s e t  t o  correspond t o  a 
column load  c a p a b i l i t y  of 1.00 inch O.D. x 0.049 inch  wa l l  composite tube 30 
inches long. From t h i s  moment, a wing loading could be chosen assuming t o t a l  
reference wing area i s  1000 square f e e t  and the load der ived therefrom appl ied 
t o  each wing. Next, a spar cap tube could be designed t h a t  w i l l  handle the 
moment thus developed, w i t h  minimum margin o f  safety. 
then be p l o t t e d  against  aspect ra t i o .  
r a t i o  w i l l  be some m u l t i p l e  o f  the aspect r a t i o  = 10 weight, the m u l t i p l y i n g  
f a c t o r  being represented by the p l o t t e d  curve i n  Figure 47. 

Required tube area can 
The weight o f  the spar f o r  each aspect 

* aerodynamic center 
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@ Wings a l l  have 18 percent thickness-to-chord r a t i o s  and the  spar 

@ Spar cap tubes are a l l  1/4" below f l u s h  w i t h  the  wing surface 
( t o  a l l ow  f o r  1/4" r i b  caps); 

@ Column leng th  o f  tubes i s  30 inches; 
@ Only l i f t  loads on the  wing are considered; 
@ Wing area ij IOOO'sq. ft. i n  a l l  wings; and 
@ Tube end f i x i t y  ( c )  - 1.5. 

i s  se t  (b t / c  MAX; 

Given a sample wing geometry as below, the column l o a d  may be ca lcu lated,  a 
tube s i z e  

AR 20 - 

3- 
84.85 " 

1 

determl ned and i t s  r e s u l t a n t  margin o f  safety estimated. 

t- 70.71 ' __----I 

W/S .931 psf %/2 = 500 FT2 

/+----424 .PSI' 

M - .931 x 500 x 424.26 - 197,493 i n .  l bs .  

$ T - 15.27'' -T J3.27" 

1.5 x .049 Tubes 

$AX * -18 x 84.85 15.27'' 
h = 15.27 - 1.5 - . 5  = 13.27" 

Column Load = 197493 = 14,883# 
13.77 

P = .5133 2 150 x .049 Tube: A = ,2234 i n  

L ' l P  = 24.49 = 47.71 [ sho r t  column1 Tim 
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Fc = 80,000 - .3027 47.71 l o 5  (m) 1 

M.S. = 14010 - 1 = -.059 
14883 

Aspect r a t i o s  from 10 t o  45 were considered. .Two po in ts  are p l o t t e d  f o r  each 
of the aspect r a t i o s  chosen. 
s i ze  t o  a margin o f  safety  o f  zero. 
s l i g h t l y  negative margins o f  safety ( f o r  AR = 20, the margin o f  safety i s  - 
5.9%). 
adjusted t o  b r i n g  the margin o f  safety t o  approximately zero, then the po in ts  
f a l l  on the s o l i d  l i n e .  Two po in ts  are o f  i n te res t ,  one on each curve. The 
f i r s t  occurs around aspect r a t i o  20 on the zero margin o f  safety l i n e  and 
corresponds t o  the p o i n t  o f  d iminishing returns where tube s i ze  goes up f a s t e r  
than aspect r a t i o .  The second i s  the corresponding p o i n t  on "nearest rea l  
tube size" l i n e  a t  aspect r a t i o  27. 

The f i r s t  assumes the standard tube nearest i n  
I n  every case, the tubes chosen have 

These points  f a l l  on o r  c lose t o  the dotted l i n e .  I f  tube area i s  

.Assumptions were also made t o  estimate the e f f e c t  o f  aspect r a t i o  on the 
weight o f  wing components: 

A l l  r i b s  are assumed t o  be made o f  spruce with 1/4 i nch  
square members. The weight o f  a r i b  a t  any aspect r a t i o ,  
then, w i l l  be proport ional  only t o  wing chord; 

Leading edge mater ia l  f o r  a l l  aspect r a t i o s  w i l l  be made 
o f  the th innest plywood avai 1 ab1 e; 

Metal t r a i l i n g  edges come i n  standard s izes w i t h  weight 
a funct ion o f  t r a i l i n g  edge length; 

Fabr ic covering i s  a funct ion only o f  wetted area which 
remai ns constant f o r  a1 1 wings considered. 
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I n  e f f e c t ,  the second and t h i r d  assumptions l i n k  wing component weight t o  
wingspan by the r e l a t i o n  below: 

AR = - b2 

___- 
b = fiR*SREF 

I f  SREF i s  constant ( l a s t  assumption), then 

b - JAR 

and weight of any component w i l l  be 

Weight a t  Desired AR = (Weight Calculated a t  AR = 33 .6)x rR 33.6 ) 
ARiGi~~ 

I f  weights are ca lcu lated f o r  e n t i r e  wings a t  various aspect ra t i os ,  an 
i n t e r e s t i n g  phenomenon appears Tab1 e 18 presents data t o  i 11 us t ra te  t h i  s 
p o i n t  . 

. 
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TABLE 18. COMPARATIVE WEIGHTS OF TWO WINGS OF DIFFERENT ASPECT RATIO 

ITEM AR133.6 AR-20 
(MK21 WING 1 WING CHANGE 

SPAR, INCL. WIRES 

R I B S  

LEADING EDGE 

TRAILING EDGE 

AILERON R I B S  

AILERON SPAR 
AILERON T.E. 
SPOILERS & STRUCT. 

FABRIC & DOPE 

SOLAR CELLS 

150.44# 
159.90 
102.40 
21.70 
12.18 
8.26 
6.56 

24.66 
129.20 
97.20 

712.5# 

89.52# 
159.90 
132.73 
16.74 
15.79 
8.26 
4.89 

24.66 
129.20 
97.20 

678.89# 

1.681 
1 .ooo 
0.771 
1.296 
0.771 
1.000 
1.342 
1.000 
1.000 
1 .ooo 
1.050 

The conclusion t o  be drawn from t h i s  tab le  I s  that ,  even though spar weight 
w i l l  vary markedly from aspect r a t i o  20 t o  aspect r a t i o  33.6, t o t a l  wing 
weight w i l l  increase only 5%. This small change i n  t o t a l  wing weight f o r  a 
68% change i n  aspect r a t i o  i s  due t o  the lack o f  dependence o f  most wing 
s t r u c t u r a l  components on aspect r a t i o  and the small f r a c t i o n  o f  spar weight t o  
wing weight t o  begin with. 



STRUCTURAL WEIGHT ESTIMATION 

. 

It i s  one o f  the object ives o f  t h i s  fol low-on r e p o r t  t o  der ive a s e t  of 
equations f o r  pre l iminary weight analysis o f  t h i s  c lass of a i r c r a f t .  
From previous studies i t  has been determined t h a t  t h i s  c lass o f  a i r c r a f t  

f a l l s  somewhere between human powered a i r c r a f t  (HPA) 
sai lp lanes, i n  terms o f  s t r u c t u r a l  weight. 
equations desired, those two areas were used as sources o f  weight data and 
weight est imat ion equations. 

and l i g h t  wing loading 
So, t o  der ive the empir ical  

The d e t a i l  l e v e l  t h a t  i s  expected t o  be known about a p a r t i c u l a r  a i r c r a f t  
has determined the form and accuracy o f  the equations presented here. It 

has been determined t h a t  the known fac to rs  would be gross weight, wing 
area and span, t a i l  volume coe f f i c i en t ,  a i r f o i l  thickness r a t i o ,  and 

f l i g h t  dynamic pressure. 
construct ion,  types o f  mater ia l  s used, and u l t ima te  1 oad fac to rs  are a1 so 
assumed t o  be known. 
cons t ra in t s  were placed on the a i r c r a f t  conf igurat ions.  

I n  addi t ion t o  these factors, methods o f  

To  help i n  de r i v ing  the equations the fo l l ow ing  

1. Aspect r a t i o  
2. W i  ng 1 oadi ng 
3.  Gross weight 

MAX - M I N  

10 35 
0.5 1.5 l b s / f t 2  
1000 3000 l b s  

- 

The weight est imat ion equations a r r i ved  a t  are presented here i n  fou r  
groups: the wing, fuselage, t a i l  surfaces and propel ler .  The equations are 

expected t o  produce e r r o r  no greater than - + 15 percent f o r  the given 
r e s t r i c t i o n s  . 

The Wing 

To a r r i v e  a t  a reasonably accurate wing weight, 
s i x  subgroups. Those groups are the spar, lead 
r i b s  , cover i  ng , and contro l  s. 

the wing was 
ng edge, t r a  

d iv ided i n t o  
i i n g  edge, 
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The spar weight can be der ived from Figure 47 as: 

0.2n wS = 0.12114 K1 (K2AR)Oe9 K j  WG ("3) 

where 

K1 = 

K2 = 0.011 

1.0 f o r  a w i re  braced wing and 1.25 f o r  a 
c a n t i l e v e r  o r  s t r u t  braced wing 

= 1 + 0.008AR K3 

For the leading edge the weight was found t o  vary as: 

w ~ . ~ .  = 0.0332 (3i:7*5* S 
and the t r a i l i n g  edge weight can be described simply as 

W ~ . ~ .  P 

where 
KTE = weight o f  T.E. mater ia l  per  u n i t  length 

The va r ia t ,on  o f  leading edge weight w i t h  aspect r a t i o  and wing area i s  
shown i n  Figure 48. I n  a fashion s i m i l a r  t o  the t r a i l i n g  edge, the 
covering weight can be found by m u l t i p l y i n g  the per u n i t  weight o f  the 
covering mater ia l  by the wing surface area w i t h  a co r rec t i on  f a c t o r  
included f o r  wing thickness. This fac to r  must be included because, f o r  
t h i s  type o f  wing the a i r f o i l  i s  q u i t e  t h i c k  causing a higher requirement 
f o r  covering than j u s t  twice the wing area. So, the r e s u l t a n t  equation i s :  

t 

C 
Wc = KC ( 2 5  + 1/2 - b )  

where 
= weight per u n i t  area of cover ing 

KC 
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The r i b  weight can be given as 

t 0.6 

C 
WR = KR (1/2S + 1/2 (S -1) 

where 

KR = 1.0 f o r  wood r i b s  and 0.75 f o r  composite r i b s  

This equation assumes a constant chord wing section. For tapered sections, 
the  r e s u l t  should be m u l t i p l i e d  by a fac to r  o f  0.9. 
e ra t ion  o f  the  wing sect ion i s  the  contro ls .  
found t o  vary as: 

The f i n a l  consid- 
The con t ro l  weight has been 

"CONT = 0.0106 (sog5 (SI 

This equation i s  a lso p l o t t e d  i n  F igure 48 and d i f f e r s  from the  leading 
edge weight by a f a c t o r  o f  0.32. A l l  o f  the  above weight equations, except 
f o r  the r i b s  and covering, have been der ived from a deta i led,  parametric, 
study o f  wing component weights f o r  varying aspect ra t i os .  This de ta i led  
analysis was done as a p a r t  o f  t h i s  contractual  study. The equations f o r  

the cover ing and r i b s  are modif ied equations used f o r  HPA work. 

The Fuselage 

Under t h i s  study, a de ta i l ed  weight work-up was done f o r  on ly  one fuselage 

design, a pod and boom type. Given t h i s ,  t h e  e q u a t i o n  d e r i v e d  is for t h a t  
t y p e  o n l y  and i s  based on wing l o a d i n g  and f l i g h t  dynamic p r e s s u r e .  

r e s u l t i n g  e q u a t i o n  is: 

The 

L s  J 

The va r ia t i on  o f  fuselage weight w i t h  wing area and dynamic pressure i s  
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shown i n  Figure 49. For t h i s  p l o t ,  WG =-1758 l b s  and n = 3. 
gear weight is based on sai lplane landing gear and varies with  t h e  gross 

weight as: 

HAPP landing 

- 1.1 
'SK - W L -  

150 

This equation i s  p l o t t e d  i n  Figure 50. 

The Tai 1 planes 

Assuming t h a t  both the v e r t i c a l  and hor izonta l  t a i l  s employ the same 
const ruct fon methods, one weight equation can be given f o r  both surfaces. 

That equation i s :  

where 
N = number o f  t a i l  surfaces 

( 2  vert., 3 vert., 1 horiz.,  etc.) 

c l  amped beam ends 
KTP = 2/3 f o r  w i re  bracing o r  clamped - 

1 = t a i l  moment arm 

STp = t a i l p l a n e  surface area 

FTP = t a i l  covering f a c t o r  (1.0 f o r  fabr ic  
and dope, 1.2 for mylar) . 

This equation i s  a modif ied version o f  the ones given i n  Reference 9 
They were modif ied so the t a i l  volume c o e f f i c i e n t  would appear i n  the 
equation. 
i s  graphed i n  Figure 5 1  wi th  n = 3 ,  FTp = 1.0, N = 1 and KTP = 1. 

It should be noted t h a t  the above equation includes con t ro l s  and 
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The Propeller 

Based on the work in Reference 5 ,  the following propeller weight equation 
was derived. The propeller weight i s  based on wing loading'as follows: 

and i s  plotted in Figure 52. 
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APPENDIX B 

WOOD AS AN ENGINEERING MATERIAL I N  THE MK21 VEHICLE 

The design o f  the MK-21 vehic le  c a l l s  f o r  using the most s t r u c t u r a l l y  
e f f i c i e n t  mater ia ls  avai lable,  now o r  i n  the near term. Due t o  the unusually 
r i g i d  requirements f o r  low vehic le  weight, s t r u c t u r a l  e f f i c i ency  o f  the MK-21 
i s  based upon strength per  u n i t  weight. 

Few, i f  any, mater ia ls  can match the graphi te/epoxy composite on those terms, 
and fo r  t h a t  reason graphite/epow, which i s  very s t i f f ,  comprises the primary 
s t r u c t u r a l  member o f  the wing, the spar. 

For other structures,  however, the loads are so low and/or the requirement 
t h a t  they be f l e x i b l e  enough t o  bend t o  given shapes so great  as t o  r u l e  out  
graphite/epox,y. Such s t ructures are the wing and t a i l  r i b s ,  the wing leading 
edge and f a i r i n g  s t r i p s  and formers on the pylon and pod, a l l  substant ia l  
cont r ibutors  t o  the ove ra l l  weight. 

These s t ructures are made o f  wood, because t o  make them o f  anything e lse would 
be t o  impose unnecessary weight penal t i e s  and, very 1 i k e l y ,  unnecessary 
penal t ies i n  manufacturing cost. 

The wing leading edge i s  a case i n  po int .  As conf igured i n  t h i s  study the 
leading edge comprises a D-tube o f  .016 i nch  t h i c k  b i r c h  plywood and 1/4 inch 
square spruce corner s t r i p s .  This s t ructure,  which i s  322.2 f e e t  i n  length, 
weighs 102.4 pounds, o r  about 5 ounces per foot .  I f  the s t ruc tu re  were made 
o f  2024T3 aluminum a l l o y  o f  the same thickness (which i s  the th innes t  
s t r u c t u r a l  aluminum a l l o y  sheet made) i t  would weigh 365.7 pounds, o r  3.57 
times as much. It would, i n  fact, weigh more than twice the weight o f  the 
spar,and the  loads on the leading edge are e s s e n t i a l l y  nonex is ten t .  



The loads on the  wing and t a i l  r i b s  are a lso  very low. A weight comparison o f  
r i b s  made o f  several candidate mater ia ls  was made i n  the  MK-10 study. This 
study showed the  super io r i t y  o f  a t russ  made o f  spruce s t r i p s  and plywood 
gussets, much i n  the manner o f  r i b s  used i n  l i g h t  t r a i n i n g  and pleasure 
a i r c r a f t  o f  an e a r l i e r  vintage. 

I 

I Material 

I 

spruce 
Birch Plyumd 

2024T3 A l .  
Alloy (CLAD) ' "Granhi te/ 

The accompanying tab le  shows the  comparative s t r u c t u r a l  e f f i c iences  o f  spruce, 
b i r c h  plywood, 2024T3 (c lad)  sheet and graphite/epoxy. Observe t h a t  spruce 
beats 2024T3 i n  a l l  bu t  s t i f f n e s s  (and weighs only  1/7 as much) and t h a t  b i r c h  
plywood beats 2024T3 i n  both column and shear buck l ing  e f f i c i e n c y  - and weighs 
about 1/4 as much. 

Tendon EFF. 

WT. F T q  
 in.^ x 10- 

.015 626 

.028 307 

. loo 600 

The super io r i t y  o f  graphite/epoxy shows c l e a r l y  i n  t h e  table.  
mater ia l  i s  simply too  s t i f f  f o r  appl icat ions r e q u i r i n g  f l e x i b i l i t y  i n  
manufacture - as wing leading edges and r i bs ,  f o r  example. 

However, the  

79 
39 

32 

104 

The above paragraphs are o f fe red  because, although the  acceptance o f  new 
mater ia ls  by design engineers i s  sometimes d i f f i c u l t ,  i t  i s  f requent ly  more 
d i f f i c u l t  t o  draw t h e i r  a t t e n t i o n  t o  the  f a c t  t h a t  on a case by case basis, 
some "old" mater ia ls  have b e t t e r  app l i ca t ion  than the  new ones - and the MK-21 
so la r  HAPP i s  seen as one o f  those appl icat ions.  

1.4 
38 1 .2  
- 

22 10.7 

56 40.0 

TARLE €3-1 
(1) CCFIPAItATIVE WIGWE 6 STRWIURAL EFFICIENCIES OF MATERIALS 

Shear 
S t i f f n e s s  

x P51 x lod 

( 1 )  
Aircraft". 

Re€. NASA CR-1215 "Fotential Structural Materials And Design Concepts For Light 

( 2 )  Lockheed California Divis ion Data. 
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