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s'JimmY 

The optimum skin thickness, web thickness and web pitch to 

be used for a multi-cell box of given depth under a given 

bending load are obtained by two different methods, resulting 

in a graph where the optimum geometry is plotted against 

the structural index for a given materiaO., 
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LIST OF SÏÜIBOLS 

b .. .•= width of skin panels 

b = d-̂ pth of box 

E = Toung's Modulus 

E = Secant Modulus = — s e 

I = mom.ent of inertia of each cell 

K = a constant for determining the buckling stress cr 
defined in Eq.3. 

K = a constant used in Ref,2 for determining the buckling 
stress cr defined in Eq.3a. cr' 

m = bending moment per vaalt chordwise length applied on 
section 

M = bending moment on each cell - mb 

r = ratio of depth/width of each cell = r— 
s t / w r, = ratio of v/eb thickness/skin thickness = -r-

s 
t = equivalent skin thickness as given by Eq. 6, 

t = skin thickness 
s 

t = web thickness 
w 

¥ = weight of each cell (per vn±t length, spanv/ise) 
= P(2b t + b t ) 

^ S S W W 

w 
E 
b s 

e - strain 

lu = Poisson's ratio 

P = density of the material 

n = a plastic correction factor used in Hef.2, (See Eq.3a). 



LIST OF SYMBOLS (con t ) 

= stx 'ess 

cr ~ buck l ing s t r e s s of sk in p a n e l s 
o r 2 

5̂  = ^"b (Eq.8) 

(^-ivt)' 
* = l l i V t (Eq.9) 
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THE DESIGN OF A MLTI-CELL BOX IN PURE BENDING FOR MINIMUM imiGEH! 

1. Introduction 

The aerodynamic demand for a low thickness/chord ratio wing in 

high speed flight, leads naturally to the thick-skin multi-cell box 

construction. The relative merits of this type of v/ing structure 

against the other types have been discussed in various papers such 

as Ref,1, This note is concerned only with the problem of finding 

the lightest section geometry to carry a given bending load. To 

this end, Ref.2 gives a method by which a certain skin thickness 

has to be first chosen, and then proceeds to find the web thickness 

and web pitch to be used to give the lightest combination. Several 

éuch calculations are necessary before the weight associated with 

each can be compared and the minimum found. 

This note shows a process at the end of which the optimum 

geometry can be plotted against the loading. It is then only a 

matter of reading the curves to pick out the optimum geometry once 

the magnitude of the loadings is known. 

The materials chosen to illustrate the method are light alloys. 

They will be acceptable if the sjpeed of the aircraft or missile is 

not too high, so that the effect of kinetic heating is not appreciable. 

There is no reason why the same procedure should not be applied to 

other materials such as steel or titanium. 

2, Assumptions 

The assumptions made in the following analysis are:-

2k, The design criterion for the wing is one of pure bending. 

Other criteria such as torsional and shear stiffnesses are adequately 

covered. 

2B. The section is idealised as rectangular with its depth 

b pre-fixed by aerodynamic consideration. 

2C. Both the skins and the webs are fully effective in taking 

bending, and the stress is distributed according to engineers' theory. 

The effect of the angles that make the skin to web joint is neglected. 
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2D. The width of the box is sufficiently large in comparison 

with the depth for the panel buckling characteristics to be assumed 

to be the same as that of a box of infinite width - This assumption 

is made to facilitate the use of Pig.1 for finding the buckling stress. 

2E. The same material is used for the skin and the web, 

2P. The top and bottom skins are of the same thickness and 

therefore the nautral axis is central. 

3. Analysis 

3/i-. Stress in skin. 

1 s 

W.A. 

r p -

V - — 

t - * 
w 

-

f —; 

- f 
Let the bending moment applied on each cell be M, and the bending 

moment per unit length (chordwise) be m. 

M = mb 

Then fo i l owing'the assxjinptions 2C and 2F, the compression s t r e s s in 

the skin i s given by 

M / Tfr-

1^2; • ) 

The moment of i n e r t i a of each c e l l 

1 -u 3 j . rvi_ J. b 
XL = To ^,„ ••=„. + 2b „ t ^ w w w s s 

4bA 
w 

t (1 
s s ^ 

+ 6 ^b^t) (1) 

where w 

and 

Hence 

t 
r . = w 

s 

_ mb b 
= s w 

21 
m 

b t (1 + 4 r^r. ) w s^ 6 b t-̂  

(2 ) 
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3B Buckling Stress of Skin panels. 

The buckling stress cr for the skin panels is usually given 

as /t \ 

V-'^s(r). (3) 

where B is the secant modulus (, g-) usually used in connection 

with this type of buckling (Ref.3), and K is a constant dependent 

on the panel geometry. The best source of information for the 

value of K is to be fovmd in Ref,2, where the critical stress is 

given as 
K ^̂  / t. ^ o- _ %ïr 

cr = ŝ  J3ii ( _a 
,2, t- y • (3a) 12(1-/̂ ') ^'^s 

The value rjE in this formiola corresponds approximately 

to the secant modulus E . Hence by comparing eq.3 with eq.3a, 
s 

.(4) 
12(1-)̂ )̂ 

Fig.l reproduces the curves that give the values of K 
s 

from Ref,2, These values are meant for boxes of infinite width, 

but evidence given by Ref.2f shows that they are in very good 

agreement vd.th test results for finite boxes with not less than 

three cells. Kence assumption 2D is justified. 

3C. Vfóight of the box. 

The weight (per unit length spanwise) of each cell is 
¥ = P(2b t + b t ) . 

^ s s w w' 

Dividing this by the width of the cell b , 

gives w = I = 2Ptg(l +|r^r^). (5) 
s 

Letting t^ = tg(i+-^^^t) , (6) 

( t = equivalent skin thickness ) 

Then w = 2Pt^ . (5a) 
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4. Optimj.sation and Preparation of the Curves 

The object of this investigation is to obtain the skin 

thickness t , vreb thickness t , and web spacing b for a box 
s' w' -̂  ^ s 

of given depth b_, to resist an applied loading m so that the 

T/eight w is a minimum, 

It is recognised that failixre v/ill soon occur after the 

compression stress cr in the skin reaches the buckling stress 

given in eq.3. Therefore cr is used as the maximum permissible 

value for cr. 

kdi, Pirs_t Ap^proach, 

(a) Squaring both sides of eq.2 and substituting into it the 
2 

expression for t from eq.3 / \^ KF 
^ m _̂ ( m \ s 

b-2 \—Jo-^^ 
^c w ^ w ̂  cr s 

(6) 

*s'(̂ 4vt̂ ' ' 0 4 v t 
When cr reaches the design s t r e s s cr 

^ c r ' 

£_ CT-2+ / £ L f b _ /m_ 
-^. = ^ K 2 . . . 1 . . >2 = ( , 2 ] 4>, . . . ( 7 ) s 

where 0 = i*b 
2 

w 

(^-^'SVt^ . . . . . . ( 8 ) 

Multiplying eqs. 2 and 5 together, 

from which 

2Pm(l4r r ) 
wo- = 7^-^-^ 

V^4vt^ 
» 

4̂ Vt \ 
' ''4 Vt "^ 

cr . . . ( 9 ) 
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1 •^r~ r r 
where il' = — ? ^ ^ . (10) 

-•̂=6 Vt 

It can be seen that both 'P and f are functions of r, and r. alone. 
b t 

w For a minimum weight w, the parameter -r-r- is a minimum and by 
^ w 

eq. 9 — should also be a minimum. 
(b) Given a value of —a , which can be called the structural index 

w 2 

of this problem, we can obtain a value of cr e from eq.7 corresponding 

to any given pair of r and r . The ccmpression stress-strain curve 

of the material used (e.g. Pig.2) can be modified to give a curve of 

cr e again.st cr (Pig,3) from v̂ iich cr is obtained. The ratio -^ is 

calculated and then a graph using — as ordinate and -̂i-̂ wr r,) as 

abscissa vd.th curves drawn for constant r̂^ (or r ), can be plotted, 

A typical graph is shown in Fig, 4. The minimum point of the envelope 

of all these ciirves gives the optimum ratio r and r. for this 

particular value of structural index —g. . 
w 

Knowing now the optimum r and r , and the corresponding 
D u 

from eq, (7) and Fig,3, we can either obtain from eq,2 
t -
^s b» 
w ^(.,1 ^ ,, ) (2a) 

or the ratio r— from eq, 3. In any case the dimensions t , t , b ^ -̂  '' s' w' 

and b giving the minimum weight for the given m and b eire now 

completely determined. 

(c) Repeating the above procediore for a range of values of rrz 
t w 

curves giving the optimum ratj.os of r , r. and _s against 
m b 
b* can be prepared for any given material. (Pig,5). It is then w only necessary to use these curves to find the optimum geometry 

when designing a box section of a given b under a given loading m. 

(d) Appendix 1 shows a tjrpical tabulat ion procedure employing the 
m r) 

above method. The calculation is for a value b = 1000 lb/in and 
w ' 

the material used being DTD 687. The result of the entire calculation 



-6-

m 
covering the whole range of b^ is plotted in Pig.5. 

UJJ, S'-cond Approach, 

This approach i s a modification and extension of tha t used by 

Schuette and McCulloch in Ref.2. 

a) Since tr i s d i r ec t ly proportional to t (see eq.5a) , we can for 

optimum design make the parameter b t a maximum instead of vr a •̂  ^ ^ w e m 
miniimam. The significance of the parameter b t i s tha t i t 

represents the s t r e s s on the skins of equivalent thickness t at 

a depth b apart . 

Subst i tut ing t from eq,6, we have 
m 

,b t m ^ w s 

Ve " l4Vt ^̂ ^̂  
Compare t h i s with the ac tual s t ress given in eq. 2, 

m 

cr = ^ w s 

1+-Z r^^. ^ V t (2) 
We need also the ratio __s, which can be written as 

t t b . t 
S _ __£ . __S _ 1_ _S 

b ~ b b ~ r, • b w s w b s 

From eq,3 a f t e r equating cr to cr, 
C i 

Hence 

t R 

b . 
s 

t s 
b 

w 

A 

— 

1 cr 
Ke 

^ s 

1 
r, 
b 

' e 
" \ K 

le 
. K 
^i 

.(12) 
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m 
(b) Fix a value of b t . Calculate first of all the stress cr from 
^ ' w s 

eq. 2 for any given pair of r and r, . Then obtain the corresponding 

strain e from the stress-strain curve of the material used (e.g. 
t m 

) ^ I.I I I II I 

, and hence r— from eq.12. Calculate also b t from eq. 11. ' b ^ w e w m 
Varying r and r , b t can be plotted against the corresponding 

I u t w e 

values of --— , and curves for constant r (and/or r. ) are drawn, 
w 

(tj'pical curves shown in Fig.6). The envelope of aJl the cur\'-es 
m 

represents the maxim.um b t^, and the point of contact of each r 

(or r ) curve with the envelope, gives the corresponding value of 
t ^ 

-• to that r, (or r ) . 
t ^ b b t ' "-b-̂  

w m Applying the same procedure for a range of values of b t , 
m 

we can obtain two sets of curves: one giving maximum b t against 
t t ^ ^ 
— (Figo7)i) "the other plotting r, (or r ) against ~ (Fig.8), 
w w 

both obtained from the envelope as shown in Fig.6. 
m 

Prom Fig,7, there is a value of b t corresponding to any 
t m 
s ——~~— 

given ipair of values of r— and b t which when multiplied together 
b -yV S 

m w 
give a value of b"̂ ". Therefore Pig.7 can be modified into a set 

m 
of curves giving b ̂ t ̂  (which corresponds to minimum weight) obtainable 

m 
for any stmct^Jral index b , and the particular curve that is tangent 

w ^ 
to the enve2,ope at this point gives the optimum ratio of r— . 

w 
Pig,8 can similarly be modified into curves giving r. (or r ) 

m i' 
as functions of b*̂ ' a n d — (Pia.lO). Furthermore since the 

. w b 
t^ m w 

optimum— for each b^~ is given from the envelope of Fig.9, the 
v;-

ratio r, (or r ) associated with the optimum can be obtained from 
t b ^ 

Pig,8. The other ratio r (or r, ) , if it has 
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not been obtained from the plotting cf graphs as described, can be 

calculated from eq.é. which gives 

*e 1 
q^ = 1 + 2 r^r^ , ........(6a) 
s 

m 
— 2 where t b e w 

t / m \ /t s V t t , ,, \ w e/ \b w 

The two ratios in the denominator are given of course by the 

envelope of Pig. 9. This provides a means of checking should 

both r and r. be obtained graphically. 

The curves identical to Pig.5 giving the optimum ratios of 
t 
r-" , r. and r can now be prepared. 
w 
(c) Appendix 2 gives and illustration of the procedure described 

m 
above. The material used there is DTD 5^6. The value of b t 

used in Tables 8 A-D is 30,000 lbs/in and the resulting plot of 
m t 
b t' against r— is shown in Pig.6. Similar plots can be made 
w e ^ b * ^ 

w m 
for other values of b t which are not shown in detail. The 

w s 

optimum goemetry resulting from the oalculation is shovvn in Pig. 11 

which can be seen to be similar to Pig.5 obtained in Appendix 1 for • 

the material DTD 687. 
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5. Discussion 

Each of the two approaches has its own advantages. If the 

object is to prepare a curve like Fig,5 which gives the optimum 

geometry for any structiaral index, then the first appi-oach is more 

direct and the amount of work involved is comparatively less. Very 

often, when only one value of structural index is of interest to a 

particu].ar design, -;hen only one graph such as that shown in Pig,4 

needs to be prepared for that particular value of bT" . This graph 

has the further advantage of showing rapidly, should the optimum 

r be inipractical this is often the case with a box of finite 

width because the number of cells (= width/b ) must be an integer 

and another value chosen, the correct value of r, associated and 

the precentage weight increase as a result. 

On the other hand, if the second approach is used and Pig, 9 

prepared, then the pena?.ty in choosing a skin thickness t other 

than that of the optimum (this may be due to the sheet gauge limita

tion) is readily comparable from the values of b t and Fig,8 or 10 

v/ill give readily the best ratio of r. (and hence r, ) to be assoc

iated with such non-optimum skin thickness, 
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/lEPENDIX I. 

The following calculation is on illustration of the method 

described in section hli. The material used for the calculation 

is DTD 687, the stress-stra.in curve of T\4iich is shown in Fig. 2. 
o 

and the (T'-e against curve in Pig, 3. 

Table 1 below gives the values of K, calculated from 
o 

12(1 - /j'') 

with the Poisson's Ratio t^ = 0.3 and the values of K from Pig.1. . 

Tables 2 and 3 tabulate the values of 0 and f respectively 

from the equations: 

^ = - T — ^ . o , (8) 

(̂ 4 Vt) 
, 1 , 1+7: r, r. and ifr = 2 b t 

2 

^4vt ^^°) 
V 2 

For any given structural index b , the value of o" e 
is given by 

2 
cr e =/ m 

K'J ' (7) 
and Table 4 shov/s the values for a particular b^ = 1000 lb/in . 

It is in fact simply Table 2 multiplied by a constant ( r-̂ - )= 10 
\ w y 

2 

The values of c corresponding to those cr e in Table 4 are 

obtained from Fig. 3 and tabiilated in Table 5. After "v-rfiich, the 

values of 1̂  in Table 3 can be divided by those of o" in Table 5 

to obtain Table 6, which is plotted in Pig.4 with r, as absissa 

and cross-plotted in Fig.4?. ŵ ith r. as absissa (to facilitate easy 

reading of the ratios r and r. corresponding to the minimum — ) . 



m 
The same procedure is then applied to all values of b . and 

a graph for — is plotted for every one. The optimum r, and r̂  are 
b t 

found from the minimum point cf the envelope of the curves in each 

graph, and the corresponding — calculated in Table 7- These optimum 

ratios are plotted against -— in Fig.5. 
w 

TABLE 1, 

Values of K. 

IVt 
rb\ 
1 0.5 

1.0 

1.5 

2 .0 

2 .5 

3 .0 

.25 

3.62 

2.35 

0.80 

-

-

-

.40 

3.71 

3.62 

2.67 

1.45 
^ 

-

.30 

3.80 

3.70 

3.32 

2.25 

1.23 

-

,60 

3.89 

3.78 

3.62 

2,96 

2,00 

-

,80 

4 .18 

4 .07 

3.93 

3.71 

2,95 

2.09 

1.00 

4.45 1 
4.37 

4.29 

4 .18 

3.75 

3.04 

TiYBLE 2. 

Values of 0 

v;t 

0.5 

1.0 

1.5 

2 .0 

2 .5 

3 .0 

.25 

0 .87 

2.17 

1.59 

-

-

-

.40 

0.87 

3.18 

4 .96 

4 .52 

-

-

.50 

0 .88 

3.15 

5 .90 

:6 .6 i 

5 .27 

-

.60 

0.88 

3.12 

6.16 

8.22 

[8.00 

-

.80 1 

0.92 

3.17 

6 .14 

9.25 

10 .37 

9.^0 

1.00 

0.95 1 
3.21 

6.18 

9.41 

11.68 

12.16 
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TABLE 3 

Values of 1̂  

\ ^ t 

^ b \ 

0.5 

1,0 

1,5 

2.0 

2.5 
3.0 

.25 

1.041 

1.080 

1.118 

.40 

1.065 

1.125 

1.182 

1.235 

.50 

1.080 

1.152 

1.222 

1.286 

1.345 

.60 

1.095 

1.182 

1.261 

1.333 
1.400 

.80 

1.125 

1.235 

1.333 

1.421 

1.500 

1.571 

1,00 

1.153 

1.286 

1.400 

1.500 

1.588 

1.667 

TABLE 4 

_2 6 
Values of ô e (x 10 ) 

for ̂  = 1000 Ib/in̂ ' 
w" 

^b \ 

0.5 
1.0 

1.5 
2.0 

2.5 

3.0 

.25 

0.87 

2.17 

1.59 

.40 

0.87 

3.18 

4.96 

4.52 

.50 

0.88 

3.15 

5.90 

6.6i 

5.27 

.60 

0.88 

3.12 

6.16 

8.22 

8.00 

.80 

0.92 

3.17 

6.14 

9.25 

10.37 

9.60 

1.00 

0.95 

3.21 

6.18 

9.41 

11.68 

12.16 
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TJiJBIS 5 

Values of cr 

( f o r ~ - = 1000 I b / i n ^ ) 
w 

l\'"t 
kbX 
|o„5 

1 0 

1.5 

2 ,0 

2 ,5 

3 .0 

i - ^ 5 

20,500 

27,900 

25,100 

-

-

-

.40 

20,500 

31,700 

36,700 

35,600 

-

-

.50 

20,600 

31,600 

38,900 

40,400 

37,500 

-

,60 

20,600 

31,500 

39,500 

43,500 

43,100 

-

.80 

20,900 

31,600 

39,450 

45,200 

47,000 

45,800 

1.00 

21,200 

31,800 

39,500 

45,500 

48,900 

49,500 1 

TABLE 6 

Values of 5: (x lO""^) 

f f or b2 = 1000 I b / i n 

\ ^ t 

0.5 

1.0 

1.5 

2 .0 

2 .5 

3 .0 

.25 

.0507 

.0387 

.0445 

-

-

-

.40 

.0520 

.0355 

.0322 

.0347 

-

-

.50 

.0524 

.0364 

.0314 

.0318 

.0359 

-

.60 

.0531 

.0375 

.0320 

,0306 

.0325 

-

.80 

.0538 

.0391 

.0338 

.0314 

.0319 

.0343 

1.00 

.0545 

.0404 

.0354 

.0330 

.0325 

.0337 
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TABLE 7 
t 
s 

Calculation of r— corresponding 
w 

t o the optimum ra t ios of r^ and r^. 

m 
b 2 

w 

200 

400 

660 

800 

1000 

1200 

1400 

1600 

1800 

2000 

Optimi:im 
r a t i o s 

^b 

1.92 

1.89 

1.81S 

1.83 

1.81 

1.78 

1.76 

1.73 

1.70 

1.67 

^t 

.63 

.61 

.60 

.58 

.57 

.56 

.55 

,51> 

.51 

.50 

K 

3.25 

3.22 

3.18 

3.15 

3.12 

3.10 

3.08 

3.05 

3.00 

2.96 

0 

5.30 

8.10 

7.83 

7.62 

7.45 

7.22 

7.09 

6,85 

6.60 

6.34 

^ 

A.-bl>5 

1.322 

1.314 

1.301 

1.293 

1.285 

1.278 

1.263 

1.253 

1.249 

(xlO-^) 

0.33 

1.30 

2.82 

4.88 

7.45 

10.40 

13.90 

17.56 

21.40 

25.40 

cr 

14,900 

23,500 

30,400 

36,500 

42,100 

47,000 

50,900 

55,900 

58,900 

61,000 

*s 
b 

w 
.0112 

.0143 

.0167 

.0186 

.0204 

.0219 

.0237 

.024fi 

.0267 

.0288 
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AEPENDIK 2, 

To illustrate the second approach to the problem of optimisation 

as discussed in Section 4B, v/e here choose the material ETD 546 as an 

example, 

Table 8 shows the detail calculations for a chosen value of m _ 
"b t = 30,0C0 lb/in , First cf all, the stress 9̂  is calculated 

from 
m 

= ̂ V s ^ , (2) 

4̂ Vt 
for all combinations of r and r. and is tabulated in Table 8A. 

b t 

Then the corresponding strain is read from the stress-strain 

curve in Pig,2 and tabulated (Table 8B). Next ^ can be computed 

(with the value of K from Table 1, Appendix 1) and hence Table 8C 

which gives 
t 
3 • c n m » » t e * 9 \ \ ^ J 

b " r, K 
w b 

Calculate for all combinations of r, and r. 

r \ b t 
(B ) 

t ^ r = — ^ ^ - ' . . . . . . (11) 
w e ^1 

^+2 ̂ b^t 
which is tabulated in Table SD. 

Now the values of — . from Table 8D can be plotted against 
TiT e t 

the corresponding values of r— from Table 8C, and curves of 
constant r. are drawn (Pig,6), An envelope can be drawn over the 

curves, _ 
m The same process is repeated for a range of values of b t^ 

The resiilting envelopes are shown in Fig, 7, from v/hich readings 

of b t at regular intervals of T — are tabulated.in Table 9, 
w e ^ b 

w 
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m 
The envelope in Fig,6,repiresents the highest b t (i,e. lightest 

weight) attainable for a n y — , and the r, curve that is in contact 

with the envelope at this point gives the value of the corresponding 

"'t-
*s From Pig, 6 read — at the point of contact of each r . cijrve 
w m 

with the envelope. The results for a range of b t are tabulated 
K w s ^ 

in the manner of Table 10 and plotted with r, as ordinate and r— 
w 

as absissa in Pig.8. 
t 
s 

Prom Pig. 8, r can be read at regular intervals of — and 
re-tabulated into Table 11. ^ 

t m m t m 
a •;—r— T-JTT ^, , „ s Since r— x b t = b . , the values of r— and b t in 

b w s w ' b w s w w 
Tables 9 and 11 can be multiplied together to obtain Table 12. 

m 
Now the values of b t from Table 9, can be plotted against 

w e ' -̂  ^ 
m 

the corresponding values of b^ from Table 12 for constant values 
of r^. (Pig.9, A and B ) . 

w m Similarly, coiTresponding values of r. and b""" from Tables 11 

and 12 can bé plotted for constant values of r—• (Pig.lO). 
w 

An envelope can be drawn to the curves of Pig.9, which 

represents the maximum efficiency attainable for a given structural 

index b*' . The paorticular — curve that is in amtijit iTith. th© 
w t 

envelope at this point gives the value of r— associated with the 
t w 

optimum condition. The optimum ~ thus obtained i s p lot ted 
, m • TT ^ J w 

agamst r-z— m F ig ,11 . 
w" t m 

Having obtained the optimum T — for a given b** , the associated 
w 

r . can be fo\and from Fig, 10 and . • from the envelope of F ig .9 . 
w e 
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m 
b2 y t 

mi- • w / e 
Then since , r">—ir~r~ = T" 

^ \(\\ *s 
w' 

w^eyV^b 

and from eq,(6a) _e _ . ̂  1 ^ ̂  
t - 1 + 2 ̂ b t ' 
s 

then n = — ( e - 1 
^ ^t V — 

s 

and is calculated in Table 13. 
The optimum ratios r and r. are also plotted in Pig.ll, 
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T/^BLE 8 

ra t m 
Calculat ion of b t and r-^ for b t = 30,0C0 I b / i n . w e b w e ' ' w 

(Material HID 546) 

(8A) Values of cr 

Vt 
^b \ 

0.5 

1.0 

1.5 

2.0 

2,5 

3.0 

.25 

29,400 

28,800 

28,200 

-

-

-

.40 

29,050 

28,150 

27,300 

26,460 

-

-

1 

.50 

28,800 

27,700 

26,700 

25,700 

24,830 

-

,60 

28,600 

27,300 

26,100 

25,000 

24,000 

-

,80 

28,150 

26,46c 

25,000 

23,700 

22,500 

21,440 

1,00 

27,700 

25,700 

24,000 

22,500 

21,200 

20,000 

(SB) Values of e 

\^t 
""bX 
0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

.25 

.00307 

.00300 

.00294 

-

-

-

.40 

.00303 

.00294 

.00285 

,0)276 

-

-

.50 

,00300 

.00289 

.00279 

.00268 

.00259 

,60 

.00298 

.00285 

.00272 

.00261 

.00250 

-

.80 

.00294 

.00276 

.00261 

.00248 

.00235 

.00224 

1.00 

,00289 

.00268 

.00250 

.00235 

.00221 

.00209 
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t 
(8C) Values of :g^ 

"b \ 

0 ,5 

1.0 

1.5 

2 .0 

2 .5 

3 .0 

.25 

.0581 

.0357 

.0347 

-

-

-

.40 

.0571 

.0285 

.0218 

,0218 

-

-

.50 

.0561 

.0279 

.0191 

.0175 

.0178 

-

.60 

.0552 

.0275 

.0183 

.0148 

.0142 

-

.80 

.0529 

.0260 

.0171 

.0129 

.0114 

.0107 

1.00 

.0507 

.0247 

.0161 

.0118 

.0097 

.0087 
. „ . 1 

m 
Values of b t w e 

\ ^ t 
^ b \ 

0 .5 

1.0 

1.5 

2 .0 

2 .5 

3 .0 

.25 

28,200 

26,700 

25,200 

-

-

-

.40 

27,300 

25,000 

23,100 

21,400 

-

-

.50 

26,700 

24,000 

21,800 

20,000 

18,400 

-

,60 

26,100 

23,100 

20,700 

18,700 

17,100 

-

,80 

25,000 

21,400 

13,700 

16,600 

15,000 

13,600 

1.00 

24,000 

20,0CO 

17,100 

15,000 

13,300 

12,000 
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TABIE 9 

m 
Values of Maximijm b t 

w e 

\ b t 
X. w s 

•t X 
s X. 

b \ 
w ^\ .006 

.008 

.010 

.012 

.014 

.015 

' .016 

.018 

.020 

• .022 

M .024 

.025 

.030 

.035 

.040 

.045 

.050 

.055 

.060 

15,000 

6,000 

7,600 

8,900 

10,000 

11,000 

11,400 

11,700 

12,200 

12,600 

13,000 

13,300 

13,400 

14,000 

14,200 

14,500 

14,600 

14,700 

20,000 

6,800 

3,800 

10,600 

12,200 

13,600 

14,200 

14,700 

15,600 

16,200 

16,700 

17,100 

17,300 

18,100 

18,600 

18,900 

19,200 

19,300 

19,400 

25,000 

7,800 

10,100 

12,200 

14,100 

15,800 

16,600 

17,300 

18,300 

19,400 

20,200 

20,80ü 

21,000 

22,000 

22,600 

23,100 

23,400 

23,700 

23,900 

24,000 

30,000 

11,300 

13,900 

16,000 

18,000 

18,900 

19,700 

21,200 

22,300 

23,200 

24,000 

24,300 

25,700 

26,600 

27,200 

27,700 

28,100 

28,400 

28,700 

35,000 

9,300 

12,400 

15,200 

17,600 

19,800 

20,900 

21,800 

23,500 

25,000 

26,200 

27,300 

27,800 

29,500 

30,600 

31,400 

32,000 

23,4C0 

32,800 

33,000 

40,000 

13,200 

16,300 

19,000 

21,500 

22,600 

23,700 

25,700 

27,400 

28,900 

30,100 

30,700 

32,800 

34,400 

35,400 

36,100 

36,700 

37,200 

37,600 

45,0 'X 

10,800 

14,000 

17,400 

20,400 

23,000 

24,400 

25,600 

28,000 

30,000 

31,700 

33,200 

33,800 

36,400 

38,000 

39,300 

40,200 

40,900 

41,400 

41,900 

50,000 

14,700 

18,200 

21,300 

24,400 

26,000 

27,200 

29,700 

32,000 

34,000 

35,600 

36,400 

39,400 

41,400 

42,900 

44,100 

45,000 

45,800 

46,400 

55,000 

11,600 

15,400 

19,200 

22,700 

25,900 

27,500 

28,900 

31,700 

34,200 

56,400 

38,300 

39,200 

42,600 

45,000 

46,700 

48,000 

49,111 

50,000 

50,800 

-

1 

I 
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TABEB 10 

t 
Values of — corresponding with r 

w 

X m 
X. b t x«̂  s 

t̂ \ 
.25 
.40 

.50 

.60 

.80 

1.00 

15,000 

.0270 

.0160 

.0135 

.0110 

.0085 

.0065 

20,000 

.0320 

.0175 

.0155 

.0122 

.0100 

.0080 

25,000 

.0350 

.0210 

.0175 

.0140 

.0110 

.0085 

50,000 

.0380 

.0225 

.0190 

.0150 

.0120 

.0095 

35,000 

.0410 

.0240 

.0200 

.0165 

.0130 

.0100 

40,000 

.0450 

.0260 

.0220 

.0170 

.0140 

.0110 

45,000 

.0475 

.0280 

.0240 

.0190 

.0150 

.0110 

50,000 

.0490 

.0305 

.0250 

.0195 

.0160 

.0120 

55,000 

.0520 

.0310 

.0260 

.0205 

.0165 

.0130 

TABLE 11 

Re tabu la t ion of Tab]elO from F i g . 8 
Values nf r , corresponding wi th t / b 

\ m 
\ b t . \ w s 

tv 
s \ 

K \ .008 

.010 

.012 

.014 

.016 

.018 

.020 

.025 

.030 

.035 

.040 

.045 

15,000 

.830 

.675 

.555 

.465 

.400 

.360 

.320 

.260 

.230 

-

-

-

20,000 

.970 

.780 

.640 

.540 

.470 

.410 

.375 

.305 

.260 

-

-

-

25,000 

-

.880 

.725 

.610 

.530 

.465 

.420 

.340 

.290 

.250 

-

30,000 

-

.950 

.800 

.680 

.585 

.515 

.460 

.370 

.310 

.270 

.235 
-

35,000 

-

-

.860 

.730 

.635 

.555 

.495 

.390 

.330 

.290 

.255 
-

40,000 

-

-

.920 

.790 

.690 

.605 

.540 

.420 

.350 

.305 

.270 

.240 

45,000 

-

-

.970 

.840 

.740 

.660 

.580 

.455 

.375 

.325 

.285 

.255 

50,000 

-

-

-

.885 

.785 

.700 

.625 

.490 

.405 

.350 

.310 

.275 

55,000 

-

-

-

.930 

,820 

.755 

,660 

.520 

.430 

.370 

.330 

.290 
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TABLB 12 
m 

Values of b^ 

\ b t 
\ W 3 

*s \ 
^ \ 

w \ 

j .006 

.008 

.010 

.012 

.014 

.015 

.016 

.018 

.020 

.022 

.024 

.025 

.030 

.035 

.040 

.045 

.050 

.055 

.060 

15,000 

90 

120 

150 

180 

210 

225 

240 

270 

300 

330 

360 

375 

450 

525 

600 

675 

750 

825 

900 

20,000 

120 

160 

200 

240 

280 

300 

320 

360 

400 

440 

480 

500 

éOO 

700 

800 

900 

1000 

1100 

1200 

25,000 

150 

200 

250 

300 

350 

375 

400 

450 

500 

550 

600 

625 

750 

875 

1000 

1125 

1250 

1375 

1500 

30,000 

180 

240 

300 

360 

420 

450 

480 

540 

600 

660 

720 

750 

900 

1050 

1200 

1350 

1500 

1650 

1800 

35,000 

210 

280 

350 

420 

490 

525 

560 

630 

700 

770 

840 

875 

1050 

1225 

1400 

1575 

1750 

1925 

2100 

40,000 

240 

320 

400 

460 

560 

600 

640 

720 

800 

880 

960 

1000 

1200 

1400 

1600 

I8OO 

2000 

2200 

2400 

45,000 

270 

360 

450 

540 

630 

675 

720 

810 

900 

990 

1080 

1125 

1350 

1575 

1800 

2025 

2250 

2475 

2700 

50,000 

300 

400 

500 

600 

700 

750 

800 

9üO 

1000 

1100 

1200 

1250 

1500 

1750 

2000 

2250 

2500 

2750 

3000 

55,000 

300 

440 

550 

660 

770 

825 

880 

990 

1100 

1210 

1320 

1375 

1650 

1925 

2200 

2475 

2750 

3025 

3300 
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TA3LE 13 

Calculation of the optimum ra t i o r̂  

1 ™ 
b . w 

200 

400 

600 

800 

1000 

Ï20Ü 

1400 

l6oo 

1800 

2000 

t s 

.0110 

.0140 

.0163 

.0183 

.0201 

.0218 

.0233 

.0250 

. 0265 

.0280 

^t 

.68 

.66 

.65 

.63 

.62 

.60 

.59 

.57 

.56 

.55 

m 
b t w e 

10,900 

17,500 

22,900 

27,800 

32,100 

36,200 

40,300 

43,800 

47,200 

50,100 

t e 
t s 

1.665 

1.631 

1.609 

1.572 

1.550 

1.520 

1.490 

1.460 

1.439 

1.421 

^b j 

1.96 

1.91 

1.87 

1.82 

1.77 

1.73 
1.66 

1.62 

1.57 

1.53 
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