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Summary.--The basis for designing parachutes of R. & M. 862 * did not appear to be correct for parachutes with 
cords over the canopy. Moreover, the presence of these cords was essential in a practical design for heavy duty purposes 
and it was obvious from appearance that their presence produced a stress distribution considerably different from that 
of the earlier theory. 

This report investigates the distribution of stress in a parachute with cords over the canopy, particularly when the 
cords are kept shorter than the length of the fabric gore which is permitted to bulge out between the cords under the 
excess pressure of the air inside the parachute. 

An approximate theory of shape and of the distribution of stress is developed by making certain assumptions, 
particularly that the tension in the fabric in any axial section can be reduced to a negligible amount, and that the 
pressure difference all over the parachute can be regarded as uniform. On the basis of this theory a method of 
calculating the shape of a gore is developed and an example given. A brief statement is made on the degree to which 
a parachute so designed departs from the shape and maximum stress calculated. 

1. Introduction.--A basis for designing parachutes  is given in R. & M. 8623 but  it is assumed 
t h a t  the  canopy  is a surface of revolution. The direct  consequence of this assumption is t h a t  
the  cords over  the  canopy  mus t  be slack and cannot  serve any  useful purpose ; in fact, the  rigging 
lines might  just  as well t e rmina te  at the  canopy  hem. 

If, on the other  hand,  the  cords over the  canopy  are t ighter  t han  the  canopy  itself, then  the 
canopy  will no longer be a surface of revolut ion;  instead, the  fabric between adjacent  cords will 
bow out  and  the  fabric tension will produce a force component  necessary and  sufficient to support  
tension in the  cords. I t  is then  possible to arrange tha t  the  hoop stress in the fabric is near ly  
cons tan t  over the  whole parachute .  This is clearly preferable to the  stress distr ibution in a 
pa rachu te  designed on the  basis of R. & M. 8628, where the stress increases cont inuously  as the 
apex is approached,  and, in the  absence of elastici ty of the  fabric, becomes infinite at the  apex. 

The present  report  discusses the manne r  in which an even stress dis tr ibut ion of the  t ype  men-  
t ioned above m a y  be achieved, bu t  it has been found impossible at present  to produce an exact  
t heo ry  for the  design of a pa rachu te  with t au t  cords over the  canopy.  Certain simplifying 
assumptions can however  be made  which in pract ice lead to a great ly  improved design for heavy  
d u t y  purposes. 

2. Theory of a Parachute with Cords over the Canopy.--2.1. Influence of General Considerations 
of Design.--It is convenient  to make  a pa rachu te  canopy  from a numbei  of equal sections, or 
gores. The cords which pass over the  canopy  are th readed  into the  seams between the gores, 
and are cont inuous  over the  canopy ;  t h a t  is, a cord is t h readed  up one seam and down the 
opposite seam. In order  t h a t  a large n u m b e r  of seams shall not  meet  in a point  at the crown, 

* R.A.E. Report No. Exe 115 received 31st August, 1942. 
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it is usual for the points of the gores to be cut  away,  leaving a vent.  In  the part icular  application 
for which these parachutes  were designed, it is not  necessary to have a hole at the crown, so the 
vent  is covered by a patch of material .  

The rigging cords are s t i tched to the canopy at the per iphery  and m a y  or m a y  not  be s t i tched 
to it at the vent  hem;  between the per iphery  and the vent ,  however,  the cords are free in the 
seams. 

In any s t ructure  which is wholly of fabric, the  stressed surface must  be bounded  by a curved  
member  in tension, such as a cord or reinforced hem. For this reason it is usual  to t e rmina te  
the gores both at the vent  and per iphery  in hems which are reinforced, usually by strips of tape. 

2.2. The Distribution of Fabric Stresses iJ~ the Canopy. The theory of the stress dis tr ibut ion in a 
parachute  and the design for op t imum distr ibut ion may  be considerably simplified if the tension 
in the fabric in the generator* direction is made  negligible. Moreover, it will be made  a condit ion 
of the design tha t  the fabric is cut so tha t  the tension across the  panel, at r ight  angles to the  
genera tor  direction, is near ly  constant  over the  length of a gore. 

It is clearly impossible to remove all t h e g e n e r a t o r  tension from the fabric because there  will 
be skin friction. However ,  the drag from this source must  be only a small fraction of the total  
drag so tha t  the above condit ions should be pract icable to achieve. 

If the hoop stress has a value T, and the  genera tor  stress has a different value T2 at an element  
of the  parachute  canopy then the  pressure difference p between the two sides of the canopy can 
be re la ted to these stresses th rough the radii of curvature ,  01 and e2, respectively in the hoop and 
genera tor  directions by 

T1 T= 
p - -  ~ + ~ -  . . . . . . . . . . . . . .  (1) 

This supposes, of course, t ha t  the hoop and genera tor  directions are principal  directions of 
curva ture  which, a l though a close approximat ion,  will be seen dur ing the  development  of the  
theory  not  to be str ict ly true. 

Now it is possible to va ry  01 appreciably,  par t icular ly  when there  is a fairly large number  of 
cords, wi thout  much  change in the width  of the gores; ~ol m a y  be made  small compared  with ~o2. 
Moreover, by gather ing  the fabric along the cords much  of the  genera tor  tension is removed  
from the  fabric. The net  result  is t ha t  the  second te rm of equat ion( l )  can be made  negligible 
in comparison with  the  first. 

Thus one m a y  write 
T1 

P -  . . . . . . . . . . . . . . . .  (2) 

The m a x i m u m  pressure difference which the  canopy can wi ths tand  will be the  value of p when 
1"1 approaches the tensile s t rength  of the fabric. 

Since a spherical parachute ,  ~ t h o u g h  not the op t imum design for other  reasons 3, stresses the  
fabric most  efficiently because T~, T2, ttl, and '2., are all equal, it should be apparen t  a l ready tha t  
the design under  investigation cannot  be far from the op t imum because '~,1 is going to be very  
much smaller than the radius of the parachute ,  cer ta inly much less than  half. This more than  
compensates  for the fact tha t  only in one direction are the fibres of the cloth really being stressed. 

I t  will he convenient  to assume tha t  p is constant  over the  whole canopy surface which, for an 
impervious parachute ,  is a reasonable assumption 3. Yet  one usually must  design with porous 
materials  and little is known on the effect of porosi ty on the pressure distr ibution.  However ,  
if pressure distr ibutions were discovered for which the above assumption was definitely unreason- 
able then it should still be possible to correct the calculations by at least imperical  methods.  

Since a cord can be considered as one of the generator  lines, the tension in the fabric where it 
meets  a cord will everywhere  be at r ight-angles to the cord, and so the tension in a cord will be 

* The term " generator" has been used throughout as meaning a line in the fabric which lies in an axial plane. In 
actual fact such a line is not a generator, since the canopy is not a surface of revolution. 



constant  over the whole of its length. The tension in the fabric will act  from cord to cord along 
those geodetics which are perpendicular  to the  centra l  mer idian of a gore. These lines will not,  
in general,  be plane curves and the exact  de terminat ion  of the shape is therefore a ra ther  complex 
problem. 

2.3. Equation of the Cord S h a p e . - - S u p p o s e  tha t  a plane is drawn perpendicular  to the axis of 
the parachute ,  so tha t  the points of intersect ion of the cords with the  plane lie on a circle of 
radius r. Suppose tha t  the intrinsic co-ordinates,  measured  on the cord, of one of these points 
of intersect ion is (s, ¢) bo th  s and ¢ being zero at the apex of the pa rachu te  (see Fig. l). 

Let  L be the load on the  parachute ,  

n the number  of rigging lines, 

F the  tension in each cord, 

a the m a x i m u m  distance of a cord from the axis, 

p the  pressure difference on the  two sides of the fabric. 

Then,  for the equi l ibr ium of a strip of fabric between two planes corresponding to r :~ r and 
r = r + dr, the  normal  force outwards  due to the pressure difference must  be balanced by the 
tension in the cords. Thus approximate ly  

2ar 
r . F . d ¢ =  p . --n " d s "  . . . . . . . . . . . . . .  

Also dr --=- ds . cos ¢ . . . . . . . . . . . . . . .  (4) 

Equa t ing  the load on the parachute  to the force acting across the m a x i m u m  cross-sectional 
area, we have,  approximate ly  

p . ~ a  2 

From equat ions (3) and (4) 
d¢  

dr  

de p 
Then cos ¢ • a---; = T 

from (5) - -a .~  

n F  - - L  . . . . . . . . . . . . . . .  (5) 

de ds 
d s  " d r  --: P "  

2z~r 

n ' 

2act 

2 ~ r  SEC q~ 

I~ F 

3 

2.4. Relation between Fabric Stresses and Shape of the Gore . - -The  stresses in the fabric are 
de te rmined  by  the  curva tu re  of the fabric between adjacent  cords, and this will in tu rn  depend 
upon the  wid th  of tile gore. Since the geodetics along which the tension acts are not  plane 
curves, it is a difficult problem to find the exact  relat ion be tween the fabric stresses and the 
gore shape, and so an approximate  me thod  has to be used. A part iculaI  shape of canopy is 
assumed, and approximate  values of the  fabric stresses are calculated.  

The integrat ion of equat ion  (6) gives 

r 2 
sin ¢ --  a S , . . . . . . . . . . . . . . . .  (7) 

-since ¢ = 0 when r = 0. F rom this it is seen tha t  if there  is no generator  tension in the fabric 
of a parachute ,  the cord assumes the form of the mer id ian  curve of the well-known Taylor  
pa rachu te  s. This curve  is an elastica having  the axis of the parachute  as line of th rus t  and 
cu t t ing  the axis at r ight  angles 2. 

d¢ 2r 
i.e. cos ¢ dr  --  a 2 . . . . . . . . . . . . . . . . .  (6) 



3. Theory of a Particular Type of Parachute.--3.1. The Geometry of the Type of Parachute 
Considered.--The shroud lines are evenly spaced mer id ian  lines or generators  on a surface of 
revolution.  The surface of a gore of the  canopy  according to the design adopted  can be supposed 
genera ted  as follows : - -Le t  a circle of constant  radius always lie in the plane containing the  
normals  to a pair  of adjacent  generators  at corresponding points s i tuated at equal  distances 
from the  ver tex  and pass th rough  these points. Then except  for the  presence of crinkles the  
surface of the gore is swept out  by  the  circle as it passes down the shroud lines from the ver tex  
to the hem. 

3.2. Calculation of the Shape of the Gores.--Suppose tha t ,  in Fig. 1, OA, OB are ad jacen t  cords 
of a parachute ,  their  shape agreeing with the Taylor  curve, and 0 is the apex of the  parachute .  
Let P, Q be corresponding points on these cords, at distance r from the axis OZ of the parachute .  
Suppose M is a point  on OZ such tha t  MP, MQ are normal  to the cords OA, OB at P and Q 
respectively.  Then 

lVlP = MQ = r cosec ~ . . . . . . . . . . . . .  (10) 

Suppose a gore is cut  to some shape SOT, Fig. 2, and tha t  it is placed between the  two cords 
so tha t  the  fabric along OS is ranged along the  cord OA, and the fabric along OT is ranged along 
OB. Let  the points P, Q, of the  fabric be made  to correspond to P, Q on the cords and also 
suppose tha t  the line P, HO, in its bowed-out  position lies in the plane MPQ, as shown in Figs. 1 
and 3. In  this case 

OH > OP, 

so tha t  O P I >  O H >  O P ,  . . . . . . . . . . . .  (11) 

and the fabric near  a cord will be slack compared  with the cord itself. 

Wi thou t  considering any pressure difference on the  two sides of the fabric, suppose tha t  P H Q  
is an arc of a circle of radius h, centre  R', as in Fig. 3, h being independent  of r. Let  arc HQ z w, 
O R H  = a. Let tile circle centre  M, radius MP, cut  MH at G. 

Then 
ar f  

arc GQ -- n ' approximate ly ,  . . . . . . . . . . . .  (12) 

and GMQ ---- ~ sin $ . . . . . . . . . . . . . . .  (13) 

F rom &QRM, 
h 

f c o s e c  

sin ( ~  sin 4 )  - -  sinc~ ' 

yc~" 

or Sin c~ = ~ approximate ly  . . . . . . . . . . .  ( 1 4 )  

if ~ - s i n  4 is small, which is usually true. 
n 

Then 

i.e. w h ~r 
- -  sin -1 __ 

a a nh . . . . . . . . . . . . .  

If H '  corresponds to P ' ,  Q' on the  cords, and H H '  ---- dS, P P '  ---- QQ' ~- ds, then  

dS d4 
ds --  1 + GH "ds  . . . . . . . . . . .  

approximate ly .  



But GH = MR + RM -- GM 

= h + r c ° s e d $ ' s i n  e n S i n $  _ r c o s e c $ ;  

sin 

o r  GH =- h + r cosec $ Icos (~s in  $)  -- 1 -- cot ~z . sin-~ (sin 6)1 .. 

From equation (14) 

cos~-=  1 - - ½ . \ n h /  ' 

~ Y  
if nh is small, so that  

n h  ~ r 
cot ~ - -  ~ r  ½ " n h  " 

Equation (17) may therefore be written 

G H = h + r c o s e c $  - - ½ . ~ . s i n 2 $ - -  ~-)'--- ~- ~-h/• ~ sin 

' [  ] = h + r c o s e c $  h a2 a2 r - -  rSin $ -- ½ . ~ s i n ~ ¢  + ½ . ~ - ~ ' ~ s i n $  , 

o r  GH = ½ ' ~ " ~---  ~ " n~Sin q~ . 

From equations 16 and (17a), 

d s - -  l + f f #  - - r s i n $  ~ .  

d¢ 
Substituting from equations (6) and (7) f o r ~  and sin '$, this becomes 

d S  ~ 2 I ~  r 8] 2r  
d s  -= 1 + ~ - -  ~ " a-~, 

d S - - d s  n 2 I h  r e r* 1 
i.e. ds = ~ " a 3 -~ " 

Taking h as constant (see para. 3.1), this may be integrated to give 

S-s=  o as ds, Q 

if both S and s are measured from the apex O. 
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But  from equat ions (4) and (7), 

ds = dr/cos 

_-=_ dr/~V'(1 --  # /a  4) 

so tha t  (20) becomes 

S - - s  ;~ ~ ['"~[a r ~ 
a I¢2 • o h ~:~ 

S 
i.e. - --  

a ~ ] d (r/a) 
" ( l  - -  " 

I" d 
V ( 1  - r°/a) 

h [1 (1 - r4~1'/2~ 7~2 "rl'a r4 
- -  aa/ J - -  n2 Jo a -4 " - -  2 u  ~ • ~ / ( 1 _ 2  r4/a ~) , 

which m a y  be wri t ten  

a = - o  1 - -  r~/a 4 + 2 u  ~" h 1 -  1 - - a U  _] - . n  ~.fo a 4 V ( 1  _ r./a4) (21) 

Equat ion  (21) may  be solved using tables of elliptic functions to give the value of S/a for any  
value of r/a. The corresponding value of w/a m a y  be found from equat ion  (15). Therefore by  
taking a series of values of r/a, corresponding values of w/a and S/a may  be found. Thus, for 
any value of a, corresponding values of w and S m a y  be obtained.  Since w corresponds to the 
semi-width of the gore SOT at distance S from the apex, it is therefore possible to plot the gore 
shape SOT. 

3.3. Stresses in the Parachute. --It is possible to es t imate  the stresses in the fabric when a 
parachute  made  with gores of this type  is towed th rough  the  air, but  an accurate  solution has not  
been a t t empted .  Since there  is negligible genera tor  tension in the  fabric (the cords are t ighter  
than  the corresponding fabric) the cords will still approximate  to the Taylor  shape. In order to 
calculate the stress in the  canopy  equat ion  (2) can be used. 

ds  
Now o will be some function of h and d~ ' and the  value of this function will not  be very different 

from h, if the s t re tch of the fabric under  load is neglected. Therefore as an approximat ion  it m a y  
be wri t ten  

T 
P = ~ ,  • . . . . . . . . . . . . . . . . . . .  (22)  

which, with (5), gives 

L . h  
T _  . . . . . . . . . . . . . . . . . .  (23) 

From (23) it is seen tha t  the m a x i m u m  load which such a parachute  will wi ths tand  is given by 
a a 

L ..... =: ,~ To , 

where To should be considered to be the tensile s t rength  of tile fabric across a seam. Thus 

I~ . . . . .  - - -  C • D • To . . . . . . . . . . . . . . . . .  (24) 
a 

where C : 2 • h . . . . . .  . . . . . . . . . . . . .  (25) 

and D -- 2a is the d iameter  of the parachute .  
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From the last two equations it is seen that  L ..... is directly proportional to a/h, so that  the greater 
the value of a/h, the greater the break-up load of the parachute: 

4. Practical Considerations in the Design of a Parachute of this Type.--4.1. Choice of the Ratio 
a/h.--It is evident that  before the gore shape can be worked out, some specific value of the 
ratio a/h has to be chosen. The value of a/h determines t h e "  fullness " of the gores, and the larger 
the value of this ratio, the smaller the tension in the fabric for a given load on the parachute, and 
so the smaller the tensile strength of fabric which is needed. 

The bulk of the parachute will be directly proportional to the area of one gore, and also to the 
thickness of the fabric. The area of a gore increases as the value of a/h incIeases, but 
simultaneously the stresses in the fabric are reduced, so that  a weaker (and therefore thinner) 
fabric may be used; consequently there is a possibility of a minimum value for the product 
of these two quantities. It  is found in practice that  a minimum does occur when a/h is approxi- 
mately equal to two although the value depends upon the quali ty of the fabric from which the 
parachute is made. 

For this reason practically all the parachutes which have been used for experimental purposes 
have been designed on the basis of a/h --= 2. However, there are other considerations, such as 
opening characteristics of the parachute, which enter into the fina,l choice of this ratio. 

When the values of a/h and of n have been chosen, the gore shape may be worked out from 
equations (15) and (21)*, namely 

w h sin - 1 -  (15) 
a a ~h  . . . . . . . . . . . . . . . .  

aS-- ~/1 d (r/a)r4/a4 + 2n 2~ 'a [ ]~  1 . . . . .  (1 r4"~1'~7 x~[~'ar4 d (r/a) 
_, - -  a~/ J ~ 3 0  a 4 ~ / 1 - - r 4 / a  4 

(21) 

Table 1 gives the values of w/a and S/a in the case where a/h = 2. These correspond to the 
gore coordinates  of a parachute of unit radius. 

4.2. De2barture of Parachutes from the Theoretical Shape.--A large number of questionable 
approximations have been made in working out the above theory, and, as might be expected, in 
practice parachutes designed on this approximate theory do not take up quite the shape which the 
theory predicts. The shape assumed by the cords is found to be not so flat as the Taylc, r shape, 
and the actual diameter of the parachute in flight is less than the nominal diameter D. Photographs 
of parachutes of this type are shown in Figs. 4 and 5. 

Because of this departure from the theoretical shape it might be expected that  equations (24) 
and (25) would not be accurately obeyed in practice. In actual fact, from the experimental work 
which has been done, there is no reason to doubt the practical correctness of equation (24); 
the value of C obtained is, however, 12 per cent. smaller than the value calculated from equation 
(25). This may be part ly due to the fact that  the method of manufacture of the parachute causes 
local overstressing or local weakening of the fabric beyond that  allowed for in the seaming. 

* Alternatively a graphical treatment may be adopted for working out the gore shape. 
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Gore Co-ordinates for a Parachute of Unit Radius 

(see page 7) 

a 
h - - 2 . 0  

tZ 

S W 

0 
0.10 
0-20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.85 
0.90 
0.94 
0.97 
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0.301 
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Is. 3 d. (Is. 4d.) 

Prices in brackets include postage. 

Obtainable from 

His Majesty s Stationery 
London W.C.2 : York House, Kingsway 

[Post Orders--P.O. Box No. 569, London, 8.g.x.] 
Edinburgh 2 : x3a Castle Street Manchester 2 .  39 King Street 

I Birmingham 3 : 2 Edmund Street Cardiff: I St. Andrew's Crescent 
Bristol x : Tower Lane Belfast : 8o Chichester Street 

or through any bookseller. 

Of ce 

S.O. Code No. 23-2320 


