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SUITMARY

A simple theory of the compression of a cylindrienl air bag shock absorber
has been studied in dotall by mcans of ovor 1000 step~by-step integrations.
llany features of praclical air brg verformance have been reproduced and data
charts are given which indicate the design porameters for useful bags. From
these charts the effect of variation of bog loading, height, orifice area and
the speed of the descont can be approciated. The use of a strong patch covering
the orifice, bursting at several pounds per squere inch pressure, has been investi-
gatced but gives 1ittle change i1n performancc. If an extensiblce fobric is
employed an inecreasc in both bag helght ond orifice area is neccssary. DBags of
very high or vory low leading are found to be inefficient and it is concluded
that air bags arc most suitable at a loading of 150 to 200 1lb per square foot.
The theory does not take account of the wind speed which, if more than about
6 ft/sec, could cause the load to drift partly off the bags, reducing the
retardation.

Replaces R.A.I, Tech Note No, Mech Eng 369 - A.R.C. 25,134,
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1 INTRODUCTION

The present air bag consists of o cylinder mado of imporous fabric, having
one or more orifices in its top or sides, n typicel installation is shown in
Figel. The base of the bag is usuclly furnishod with a volve through which the
bag is infleted by ram air during the descent in much the same woy os a parachute
is inflated. A weak patch covers coch orifice during this time. These bags are
nttached to the platform under the parachuicd load, and on touchdown, the para-
chutes are disconnocted from the loed, the bag is compressed and the air pressure
inside it rises causing the weak orifice pntch to burst. During the subsequent
compression the orifice flow controls the beg alr pressure and this retards the
lond. The beg shown has around it wire grommeis which improve the hoop strength.
Photographs of the operation of nrir bags in desoent with drift aro shown in
Fig.2.

The air bag has had extensive use in the past but still no sound methed of
design exists, and each new epplication, whon this involves a chenge from a
tried design, is tackled on its merits by ad hoc tests in a ground test rig or
by field parachutc tricls., Tho testing is both expensive ond time consuming, and
could possibly be considerably reduced by a better "{irst guess" of bag height
and orifice size.

A theoretical anelysis was given by Powellﬂ,but the numerical computation
was at that time tedious, However, clecironic computers are now available and
sdvantage has been teken of this lo mcko o more comprehensive study. In sddition
loads more dense than those considered by iowell are now boing parachuted, meking
it impossiblo to limit interest to brgs with subsonie orifice airflow.

2 RANGE OF INVESTIGATION

The principal objoct of this Note is %o present the results of a theoretical
study, using numerical methods, of the equations of motion of an air bag systen
and to show the effectsaf systomatic variation of the parameters occurring in
these equations. The results are prescnted mainly in the form of data charts
from which a bag designor can mcke a cholce of the bag most suited to his purpose
end at the same time bo aware of the limits of performance of the bag.

Initially a study is made of a bag formed of inextensible material z2nd with
a very weok orifice patch. The cffects of variation of orifice arca, bag height,
base aren, descent specd and loading arc considsred in detail., This study is
followed by two subsidiary studies in whicli the effect of a strong bursting patch
covering the orifice is considored and bag Tabric extensibility is taken into
aocount; these ensble the bng designor to ascertain for himself whether these
factors are of significance in his particular application.

Problems associated wlith buckling bags end bouncing loads arc investigeated
and guldance is given so that these can be avoided. Bag fabric flexibility is
also considered and limits given for o reasonsble combination of strength and
flexibility in ocurrent materials, Two measurcments of efficiency are defined and
bricfly discussoed.

The Note concludes with a detailed plan for a design method and a complete

oxamplc, together with a suggesiion for sroducing & "standard" air bag of great
vorsatility.

-5 -



Appendioes discuss the derivation of the theorctical air bag equations
and the construction of the data charts from their solutions. A generalisation
of the theory is given and a final Appendix dezls with the effects of the
residunl gas energy in o fully compresscd bag.

3 THE CYLINDRICAL AIR BAG MADE FROM AN INEXTENSIBLE FABRIC AND WITH A
VERY WEAK ORIFICE PATCH

Theoretically, two equations sufface to describe the collapse of the ailr
bag. They are:

(i) the equation relating the orifice flow to the loss of air from
the bag, and

(i1) the equation of motion of the load.

The first of these equations is non-linear, and to obtain a solution
recourse must be made to numerical methods. TFor this purpose a programme has
been written for the DEUCE electronic computer to obtain step-by-step solutions
rapidly.

31 The assumpiions and the differential equations

Following Powell the assumntions listed below are made:
(a) The load lands vertically.
(b) The parachute 1lift is neglected.

(c) A1l air bags are geometrically similar and symmetrically placed
beneath the load,

(d) There is no transfer of heat to or from the air in the bag during
compressien.

(e) The ocoefficient of discharge of the orifice obeys the law
Cy = 0°9 - 0+3/FP (P = pressure ratio).

(f) The pressure in the bag is 1nitially atmospheric.

(g) The bursting patch covering the orifice offers no resistance to
burating,

(h) The bag collapses such that al all times the cross sectional area
cut by horizontal planes is constant along the bag.

(1) The change of shape of the bag due to extension of the fabric can
be neglected,

Powell derived the two equaticns and applied them to study the barrel
shaped bag. TFor the sake of completeness, equations equivalent to those
found by Powell, but which apply to the cylindrical bag are derived in
Appendix 1.
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They are, in non-dimensional form, the orifice flow equation

<m O+ p %%

aT £y

and the equation of motion of the load

where

=L = RI{s(F~1)-1}

In these equations

P

ratio of the bag air pressure to the atmospheric pressure
non-dimensional time u t/ho

steady descent speed

initial bag height

ratic of the bag helght to its initial height

are functions of P (defined in Appendix 1).

three non-dimensional parameters, @, R and § are defined by

@ = ﬁé; & termed the orifice parameter
Yo v
o vy
h g
R = 02 termed the bag height parameter
u
0
Bp
S = Eﬂ? termed the bag loading parametsr

orifice area

bag base ares

speed of sound at atmospheric lemperature
ratio of the principal specific heats of alr
load mass

soceleration due to gravity

ambient atmospheric pressure

-7 -
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The orifice parameter {Q) is so called because it is direetly proportionsl
to the ratio of the orifice to base area when the descent speed is given.

For similar reasons R is termed the bag height parameter. It could be
named the energy parameter, for
Mg ho

2
0

R =

1
2

%.;

\M

1 Load potential energy at touchdown
2  Steady descent kinetic energy

but in this Note its use is to determine the bag height and the former name is
used,

The parameter 5 is inversely proportional to the bag loading and for this
reason is termed the bag loading parameter, Thus heavily loaded bags have a
small bag loading parameter S.

Using the standard values

€ = 1116+4 ft/sec
Y = 1ok
P, = 17 Des.is absolute
the parameters are,
- el
Q = 30 3
o
hO
R = 32:2 -5
u
0
B .
S = 21168 = (i in 1b),

—

{

In the remainder of this Note these standard conditions are assumed whenever a
oonversion is made to or from the non~dimensional parameters.

To account for the choking o the orifice at sonic outflow speed, the
funotion a must be changed (see Appendix 1) when the pressure ratio I exceeds
the value 1+894.

When the bag begins to compress al T = O both the pressure ratic P and
the bag height ratio y are equal to unity. The load velocity is equal to the
steady descent speed, i.c.
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which lesads to

as h =y h0 and t = hOT/bo.

The solution must be computed from T = O to T = T1 when the load strikes

the ground. To prevent the packed bag from projecting beneath the load platform
it is usually mounted in a well (see Fig.,1). Hence, on ground impact of the
load the bag is not completely compressed and a siroke equivalent to the depth
of the well is lost; this loat stroke has been arbitrarily taken as 15% of the
initial bag height. The numerical integration is therefore stopped when y
becomes equal to 0-415. As this does not normally occur at a step of the inte-
gration an interpolation process is used 1o calculate the velocity and time at
¥y = 0'15-

In this text,Ty is referred to as the compression time but it must be
remembered that it relates to the time to compress to the selected residual
stroke and not to the first minimun  hoight nor to the time to come finally
to rest because, 1f the velocity is reduced to zero exactly when the residual
stroke is reached,there is pressure left in the bag to cause a further bounce.

2.2 The main results and comparison with experiment

From the solution of the equations three particular results are extracted:

] Whl
(1) The peak retardation d°h/dt”, denoted by Ng and which may ocour
at or before the ground impact ol the load.

(i1) The ratio of the ground impact speed to the steady descent speed,
denoted by o.

(iii) The non-dimensional time at ground impact, denoted by T,-

The peak retardation and the ground impact speed are both indircative of
the susceptibility to damage of the lcad and both must therefore be below
specified limits for a bag to be satisfactory. The compression time is a
secondary faotor but if it is unduly long then this (vertical impact) theory will
be far from representative of the cblique impact of a load landing in a wind and
drifting off the bags before the compression is complete (see Fig.2).

In order to confine the calculstion to the more useful bags, interest is
limited to the following:

(a) Bags with a peak retardation between 5g and 14g (5 < N < 14).

(b) Bags with & ground im>act speed not more than half the steady descent
speed (o < 0.5).

(¢) Bags with a non~dimensional compression time not more than 3 (T1s 3).

-0 =



The first two of these are self explanatory. The l1imit on the non-dimensional
compression time is roughly equivalent to iwice the compression time of a bag
which brings the load to rest at y = 0+1) under uniform retardation. At this
limit, T1 = 3, the load will drift during the bag compression a distance equal
to the bag height if the ratio of wind spesd to descent speed is greater than
1/3. For descent speeds of up to 30 ft/sec this represents a wind speed of

10 ft/sec, and many practical landings will be in winds stronger than this
(see Fig.2).

Only three papers®’~’ desling with drop tests of cylindrical air bags are
known to the author, Harwood and Stovens? tested a 383" high bag, 34" in dia-
meter with various orifices and in most cascs obtained values for the peak
retardation and the ground impact velocity. The comparison with the gorresponding
theoretical integrations is shown in Table 1. In the main the theoretical peak

retardation and ground impact speed are a little higher than were founl in nractice.

Turnbow and Ogletree3 tested both a British bag and an American bag using
in their instrumentation a device for measuring the bagair pressure. The results
for the British bag, 54" high and 37" diameter, are tabulated in Table 2 together
with the corresponding theoretical integrations., All but two tests give a fair
agreement with the theory., It is suspected that in these two the orifice
patches did not burst, for the peak retardatlion in such a case would theoretic-
ally be about 11g and 43g. The American bag had a higher peak retardation than
would be expeoted from the theory, and this was probably due to the effect of
the variable area orifice impeding the air outflow at the early stages in the
stroke, A comparison is, however, not easy because the theory in its present
form must select g fixed orifice ares.

Tomcsakh teated 35" diameter bags with heights varying from 35" to 45",
also with a stretching orifice. The high peak retardstion was again in evidence
but many of the tests were unsatisfactory. These tests do however give some
experimental confirmation of the effect of bursting patches, to be described in
Section 5.

3«3 Construction and use of the data charia

The results of over five hundred integration runs have been cendensed to
six data charts, Figs.3 to 8. Hach chart applies to a fixed bag loading para-
meter S{=B pa/Mg) and has on it contours of the three main results N, o and T1.

The method by which the charts were constructed is given in Appendix 2,
The particular bag loading parameters for the six charts cover a wide range

and were chosen so that two of them coincided, approximately, with the parameters
of bags already in use. The parameters arc:

S = Bpa/Mg Typical bag with this loading parameter
1.86 8,000 1b on a 36" diameter bag
5 . 75 t}.’ 000 1b L1 n LH n
6 . O 2’ 500 1'b n T 1l Ls]
10-0 1,500 1b " " " "
1 5_ O 1 s 000 l‘b " f 1] "
30+ 0 500 1b " n " "
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The bag corresponding to S = 10 is near to the present medium platform
bag, and some tests have been done at R,4i.5. on a bag where S = 375,

The use of the charts is illusitrated by the following two examples:

Example 1

A load of 1,500 1b is to land on a 36" diameter bag, at a desoent speed
of 25 ft/sec, a pesk retardation of 10g and a maximum ground impact speed of
5 ft/sec. What is the orifice area and the bag height?

The bag loading parameter is 10+0, and corresponds to Fig.6. From the
speeds given
o< 02,

Consider the point on Fig,.6 where the N = 10 and o = 0+2 contours inter-
seot. At this point T1 is well below 3 and so this point is considered suitable.
The values are:

Q = 093 = = x W36

a
Bu
0

giving an orifice area

a = 093 x 55573 x B = 25 sq inches

and
giving a bag height

Example 2

A load of 914 1b is to land on a bag 24" diameter at a descent speed of
24 £t/se¢, a peak retardation of 11g and a meximum ground impact speed of
5 ft/sec. What is the orifice area and the bag height?

The bag loading parameter is 7+26 which lies between the values of Figs.h
and 6, so that there is no chart from which a suitable point can be chosen.
However, a point oan be chosen to suit N~ 11 and ¢ = 5/2t on all six charts,
es shown below:

Q R
Fig.3, S = 186 | 0.31 | 0-283
Figel, S = 375 | 0-58 | 0-478
Fig.5, S = 6+0 0-74 | 0-137
Fig.6, S = 100 091 { 0+1C9
Fig.7, S5 = 150 1+04 | 0104
Fig.8, S = 30:0 1436 | 0117

-1 =



From thess figures an interpolation can be made to obtain the values for
8 = 7+26, The results are

a
Q = 081 = Bu_ x 9436
whenoe
a = 081 x 2B 9+3 sq inches
943546
and
ho
R = 012, = 52'2—'2-
u
o
whenoe _ 576 _ .
hy = 012k x 2505 = 2:22 £t .

The above Teble does of course show how the bag height and the orifice
size must be changed to compensate for various loads on a bag, the bag having
a given performance. An increase in the load (decrease in S§ ragquires a
smaller orifice and a longer bag.

L THE DATA CHARTS

Each data chart shows the efflect of variation of the orifice and bag
height parameters @ and R, on the bag porformance., In every chart low valuses
of Q lead to a long compression time T,. High values of Q give a high ground
impact speed if the R value is low and a low peak retardation if the R value
is high. The regions of the chart where the limits

5 ¢ N g 14

o .= 05

are exceeded are easily seen, for example they are labelled on Fig.6b.

To appreciate the effect of variation of the bag loading parameter S the
charts must be compared, With an increase in S the pattern of the curves
broaden, both the T, and the o curves open out on the Q abscissa (see Fig-9).

The centroid of the pattern also moves as 3 is increased towards higher values
of Q and lower values of R. The '1‘1 and o contours tend to run parallel but at

the high values of S the contours for low values of ¢ curve more to the left and

out the T, contours. It seems at first sight that for the S = 1:86 chart the

value of Q is very critical, due to the steepness of the contours, However, the
range of @ is from 0+2 to 0+7, i,e. a ratio of 3% to 1 compared with 1+1 to 2+3
on the 8 = 30 chart, a ratio of 2 to 1, Thus consgidering percentage changes in
@ 1t is the charts with the large S value which are the more sensative.

In praotice it is desirable to be able to estimate the effect of varistion
not of the non-dimensional paramsters §, R and S but of the orifice area,
descent speed etc,, and this aspect is studied in the following sections.,

-42 -
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et Variation of orifice area

A simple modification which can be made to a bag is a change in its
orifice area. This implies a proportionzl change in the orifice parameter Q
which is represented on the data cheris by a horizontal displacement.

A glance at the charts will show that such a displacement will usually
lead to marked changes in N, o and possibly T1. In every case a deorease in the
orif'ice area will increase both N and T1 and the load becomes more likely to

bounce on the bag. The bouncing rhencomenon is accompanied by the ground impact
speed ratioc ¢ not decreasing progressively at all values of the orifice para-
meter. As an example, in Fig.10 the way in which N, o and T change with a

change in Q is shown for a typical bag. In this case a 10% decrease in orifice
areg leads to an increase of asbout 1g in the peak retardation.

L2 Variation of bag height and base area

A change of bag height h_ changes R in proportion, and is represented by a
vertioal displacement on the data charts. Such a displacement will affect N and
o to a larger extent than it will affect Tq. A tgller bag will have a lower peak

retardation and will usually give a lower -round impact speecd. The actual time
of compression will increase both from the slight increase of T, and the presence
of h in the fomula
o
hO
t ='{_1_T‘
0

The data ohart method of presenting the numerical solutions 1s not suited
to the assessment of a change of bag base area, as this involves a change in S
and several charts must be consulted., Quite oftcn however, the bag base area
is decided by other considerations, e.. . load base size or the size to give a
particular bag loading (see Section 9. L change &B in the base area gives a
change in the orifice parameter Q inversely proportional to 6B and a change in
the bag loading parameter S proportional %o 5B. These are represented on the
data charts by a horizontal displacement together with a change of chart, A
horizontal displacement has been discussed in the previous section and a change
of ochart is equivalent to a change ol load only and is discussed fully in the
following section,

L. Variation of descent speed and load

Once a bag is in service use it can be used with various loads and para-
chute systems. The good air bag must be versatile enough to cope with & certain
amount of variation of this nature, i.e. small changes in descent speed and/or
Joad should not cause large variations in peak rcetardation or ground impact

speed.

4 rough idea of the effect of variation of dcscent speed ¢an be obtained
by constructing parabolac

B = constant x Q2

- 13 -



on the data charts, for R is proportional to 1/h§ and Q to 1/u°. On Fig.7 &

typical parabola has been drawn and it is scen that it is roughly parallel to

the o and T1 contours but cuts many Ii contours., Thus, the general offect of an :

increase of descent speed is to increase ihe peek retardation markodly with but
little effect on the ground impact speed ratie or the non-dimensional compression
time., The ground impact speed is proporticnal to the descent speed end the
actual compression time is inversely proportional to it.

To obtain an idea of the effect of changes in bag loading corresponding
points on the six data charts must be compared., If the diszmond shaped arcas of
the data oharts are drawn on one chart (see Fig,3) then veriation of bag loading
is manifested by displacement of these areas roughly in the direction of the N
contours, together with a change in width of the diamond., Thus a change of load
has a small effect on the peak retardation but can give a long compression time
for light loads and a high ground inpact speed for heavy loads.

These points are illustrated in the following studies of two typical bags.

Example 1

A good bag has been chosen to the requiroments:
Load 1,500 1b on a 3" diameter bag .
Maximum retardation 10g
Descent speed 24 £t/sec

which has parameters

Q = 0887
R = 0-1288
S - 10.

Changes of up to *20% in loed and descent spesd have been considered applied
simulteneously to this bag and the results are presented in Fig.14. The peak
retardation is almost independent of the load, very dependent on the desoont speed
and these effects sot independently (see the approximately parallel contours of
Figei1a). It is interesting to note that the loss of three parachutes out of a
cluster of eight would give a 20. inecrease in descent speed, which would cause a
rise in peak retardation from 10g to above the arbitrary limit of ikg.

The effeots of variation of load and descent speed do not act independently .
on the ground impact speed, for the combination of an excess load of 104 to 20%
with an excess descent speed of 10% to 2055 gives a higher ground impact speed
than would be expected (see Fig.11b, lowest curve},

Example 2
A similar investigation has becn made for & bag retarding a much heavier
load 9 = 0604
= 01380
S = 375

-l -



(an example of this loading is a 4,000 1b load on a 36" diameter bag). This
bag also has a pesk retardation of 10g to_ether with low ground impact spsed
and short time of compreasion,

Variation of load and descent snced are again independent in their effect
on the peak retardation (Fig.12a). This is far from true of the effect on the
ground impact speed, which can be seen Trom the non-parallel contours of Fig.12b,
The ground impact speed increases marledly for low descent speeds unless the
load is light. For high descent speeds and light loads the compression time is
greater than the arbitrary limit of T, =3 (i.e. the load tends to bounce).

Quite small changes of load and descent speed can lead to a bag performance
approaching the arbitrary limits of 4Lkg, ¢ = 0+5 and 'I‘1 = 3, showing that
heavily loaded bags are not very versatile.

5 THE EFFECT OF A STRONG BURSTING PATCII COVERING THE ORIFICE

1t is but a small modification to the computor programme to set Q to be
zero until a certain bag pressure has been reached and by this means the effect
of a strong orifice bursting patch can be studied. It is impractical to con-
struot six more data charts for each of several bursting pressure ratios, but in
order to show the main points one new chart has been prepared (Fig.13).

It was thought that the addition of a strong bursting pateh to a bag would
lead to an increase of the peak retardation., However, for bursting pressures of
up to about half an atmosphere this was not the case, the peak retardation
decreased a little and there was an increase in the compression time. This is
attributed to the fact thet the air pressure builds up earlier in the stroke,
and when the patch bursts the air escapes at a higher pressure, and therefore
faster than it would at a comparable stage of the compression of the unpatched
bag. The early occurrence of the peak retardation slows the load at an early
part of the stroke, causing the long compression time. In his experiments
Tomgsaidt found a decrease in peak retardation as the bursting pressure was
raised.

With very strong patches (burstin; pressure above 8 p.s.i,) the peak
retardation is somewhat greater than lhat for zero burating pressure, but the
rise is not large compared with ilhat oblained by =mall changes in orifice ares
or descent speed.

In the manner of Appendix 2 a data chart has been prepared for a bag load-
ing of 8 = 410, and a patch bursting pressure of 5 p.s.i. (Fig.13). The bag load~
ing corresponds to the medium platform bag currently in service and comparison
wvith the data chart for the unpatched bag of the same loading (Fig.6) shows that:

(a) The N contours are consistently slightly lower (except for N =5
where they are almost coincident), imnlying a small decrease of peak
retardation,

{b) The T, = 2 and T, = 3 contours are both further to the right,

implying a longer compression time, and



(¢) A1l the o contours except o = 0*2 are more to the right, implying a
lower ground impact speed in most cases, Even with bags near the o=0:2
contour the increase in ground impact speed is amall only cccurring for
longsr bags. The decrease in o with short bags near the 03, O+4 and
0*5 contours is of the order of 0'1.

In general, although the use of a 5 p.s.i. patch appears to be advantageous,
the same performance can be achieved wiih an unpatched bag by a small decrease
in orifice ares and a small increase in bag height, For example, the unpatched
bag

Q@ = 0402 R = 0-1024 5 = 10

has N = 10, 0 = Ok {see Fige6), With a 5 p.s.i. patch the performance is
N = 95, 0 = 03 (Figs13) but the unpatched bag

Q = 0098 R = 041098 8 = 10

(about a 10% increase in length) has the performance N = 10, ¢ = 0+3 and the
compression time is only slightly longer.

Thus although bursting patches do have a predictable effect, in many cases
this can be achieved without recourse to a strong patch.

This short study indicates the featuvres of patch sirength as applied fo a
limited seleotion of bags. Discretion must be used in applying the results to
bags which have not been studied.

6 THE EFFECT OF BAG FABRIC TXTTMSIBILITY

In Appendix 3 the modifications to the two differential equations for a
simple theory of a bag made from extensible fabric are given, A fabric of
realistic extensibility has been chosen for study, and a further six data charts
prepared. These are presented in TPigs.i4 to 19 to the same scales as the
inextensible bag charts, so that a comparison of inextensible and extensible bags
for the same loading is easily made by reference to the corresponding charts,
The fabric extensibility chosen is such that for a pressure difference of one
atmosphere acrogs the fabric the bag vase area is increased by 25%, the increase
in base area being assumed to be proportional to the pressure difference. This
represents a fabric strain of sbout 12 ., roughly half of the breaking strain of
many fabrica,

The new charts for the more lightly loaded bags, i.e. those with a low
peak pressure and therefore small fabric exiension, are very little different
from the inextensible bag charts. This is not true with the heavy loadings,
and for S = 375 an extensible 10g bag of good ground impact speed and com-
pression time must be about 35% longer than the corresponding inextensible bag
(an R value of about 0+242 compared with 0+177). For the heaviest bag loading
congidered, S = 186, it is possible to £ind an extensible bag with no orifice
at all which will compress to 155 of its original height before bouncing.

Such bags would of course bounce the load very violently in practice, the
ground impact adding to the upward force.
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Except with the sxtremely heavily loaded bags the effect of extensibility
is to increase the peak retardation by up to 30%, the highest increase occurring
with the combination of & heavy load and a long bag (small S, large R) or a
1light load and a short bag {large S, small R). The lowest increase is at the
other extremes, heavy load and short bag o light load and long bag. At the
heaviest load considered (S = 1+85) the peak retardation does actually decrease
for smaller values of R (short bags).

The effect of extenaibility on ,round impaoct speed and compression time
is not so clear for in some cases an extensible bag bounces whereas the corres-
ponding inextensible bag does not, but there is little effect on ground impact
speed, except for short bags (R small) when heavy loads cause & heavy landing
and light loads a light landing. The effect on compression time is not very
marked end will normally be of lesgs importance than the peak retardation or the
ground impact speed, In the cases where extensibility causes bouncing the com-
pression time is important, but such cases can be seen by inspection of the data
charts.

7 OTHER SIGNIFICANT FACTORS

71 Bouncing loads

As remarked in Section 4.1, and illustrated in Fig.10, air bags with small
orifiices are liable to bounce the load. 'his is found to be true in practice.
llowever, when bags become more hi_hly loaded than the case illustrated in Fig.10
a rather different eff'ect upon the ground impact velocity and compression time
arigses from a variation of the orifice narereter, Q. For esach value of R, bag
height parameter, there exists & value of § which gives a zero ground impact
speed and at yet smaller values of § both bouncing and e heavy landing will occur
(see Tig,20). The data charts can, therefore, be divided sharply into two
regions corresponding to bouncing and non-bouncing loads. The locus of transi-
tion, termed the 'bounce line' is labelled 'L' on Pigs.3,4,14 and 15.

It must be remembered that the 'bounce line' has been determined for a bag
which has not been fully compressed (y = 0-15) and, at touchdown, the bag pressure
is 8till high., Although the load has been brought to rest in contact with the
ground the load would in practice be lified agein unless the bags burst at this
point, If the load does bounce the second impact is likely to be heavy and it
is important to estimate the eneryy associated with this impact.

At the first impact a ground sloclk is applied to the load which brings it
to rest, approximately with no change in bag height or air pressure. The two
differential equations of motion still apply ef'ter the impact and in particuler
the acceleration due to the bag air pressure is unchanged. If this acceleration
is upward then the load will rise again, and the condition for this is, from
equation (2),

1
P,21+3 (3)
where P, is the bag air pressure ratio at the first ground impact.

4

An air bag which allows its load to be accelerating downward as it strikes
the ground would possibly be wasting some of its stroke, and thus the best ailr
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bags are likely to give a small 'ground bounce', the second impact being accept-
able as well as the first, Liore than two impacts are not likely to be acceptable
owing to the increase of the total time of retardation,

A rough idea of the magnitude of the second ground impact can be obtained
by calculating the potential energy of ihe compressed air in the bag at the end
of the first impact. If this is only a small fraction of the initial kinetic
energy of steady descent then the second imract cannot be severe. This calcula-
tion is presented in Appendix 4 and corves representing a bag air potentisal
energy of 30 of -the descent ener;y are drawn in Fig,21. Clearly the most
heavily loaded bags (S = 1+86) within the data chart limits are well sbove this
3065 1imit. The S = 3+75 bags are near to the limit, those having a low peak
retardation being just below it.

It may be argued that at the second fall the load 1s still protected by
the bag, and that this may absorb the second shock. However, for begs above the
307, 1imit there is sufficient energy in the bag air at the first impact to throw
the load up a considerable distance to give a long tame of retardation, by which
time the load may have drifted off the bag {(Fig.2).

Uith the very heavy bag loadings then, it is seen that bags near the
'bounce line ' are not attraclive, and should be avoided.

7.2 Buckling bags

To avoid the possibility of bags buckling rather than collapsing from the
ends, there should be a limit to the bag heizht/diameter ratio. In past prac-
tice this ratioc has seldom exceeded 1+3,

The bag diameter is usually decaded by the size, shape and density of the
load and to indicate the height/diameter ratio a rapid estimate of the bag
height can be obtained by reference to the definition of R

This formula is graphed in Fig.22 for the range of wvalues of Il occurring in the
data charts, Once a point on a data chart has been chosen a glance at this
figure will give the bag height., It should be noted that bags of peak retarda-
tion less than 5g and descent speed greater than 25 fi/sec must be at least 4 ft
high (see data charts 1 to 6), and so an upper limit to the bag height
represents a lower limit to the peak retardation.

7.3 Bag fabriec Fflexibility

If heavy loads are used on air bags then the fabric must be very strong.
This imposes a limit on the bag loading, for above a certain strength fabrics
are likely to be inflexible due to their thickness and proofing. This would
make the bags impossible to pack into a small space for carriege in the air-
craft. The limit depends on the fabrics currently available, but to give an
indication of it the peak fabric tension is calculated.
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If the bag collapses as a cylinder without bulging the hoop tension is

(P-1)p D
a .
H = o 1b/inch

where D 1s the bag dismmeter in feet.

The peak pressure from the dimensional form of equation (2) in Appendix 1,
is given by

T
and thus the peak hoop tension is
(M+41)p D
H o e———
24 8
or
o= gD qu/inen

The mosi heavily loaded bags, S € 3+75, if only 2 ft in diameter and
giving a 6g peak must hsve a fabrie strensth in excess of 300 1lb/inch. A larger
bag diameter or peak retardation would increase this value, Considering this
together with the results of Section 7.1 on "bouncing loads", practical bags
cannot be expected to be successful for loadings higher than that equivalent to
S =6, i.e, about 350 1b/sq ft. I'ig.23 shows this bag loading in terms of the
bag diameter.

8 ATR BAG EFFICIENCY

Tven though an air bag may be acceptable for the job that it performs it
is not necessarily perfect and an indication of the possible scope for improve-
ment can be found by calculating efficiency values.

There are two important efficiency values which can be discussed theoreti-
cally, arising from the requirements that

(1) a large amount of kinetic energy must be destroyed,

(i1) an upper limit to the retardation is usually specified and if
excessively high bags are to be avoided the mean retardation should be
close to this limit,

8.1 Energy efficienocy

The energy efficiency of a shock absorbing device can be defined as the
ratio of the energy it destroys to the original kinetic and potentisl energy,
i,e, for an air bag this efficiency is



% Mu2 -5 IIC‘2 u2 + 085 Mg h
B = 0 .o )
1 4 .- 2 .
z I+ 0-85 lg hO
1-02 + 1+ 7R 2

>1 -0 .

1+ 17R
Thus a good air bag with ¢ = 0+3, has an energy efficiency of over 91%.

8.2 Retardation efficiency

The ideal shock absorber may be regarded as one which produces a uniform
retardation throughout the whole of its compression time. FPractically this
ideal can be approached in an air bag by pre-pressurising the bag and then
adjusting the orifice area to maintain the pressure. A measure of the efficiency
of the system with respect to retardation can be defined by considering the
ratio of the peak retardation produced by the actual system to the retardation
provided by an ideal shock absorber, Denoting this ratio, called the retardation
efficiency, by E2

(1-02) u?
B, = Ne /[5m 53 ﬁ)
2 \h,=0°15 by
or By, = 147 NR/(1-0°)

assuming 157 of the stroke is lost.

The closer E, approaches unity the nore efficient the system, It is found
with heavily 1oade§ bags that their retardation efficiency is poor; +this is not
surprising for to produce even a modera.e retardation on a heavy load (with an
unpressurised bag system) the bag air rnust reach a pressure of several atmospheres
and much of the available stroke 1s lost in producing this compression. The
situation is improved if the bag 1s pre-pressurised. The bags with the best
retardation efficiency are found to be those lightly loaded and operating at a
high peak retardation.

8.3 Mixed bags

To increase the efficiency of a set of air bags under a load it may be
possible to use, symmetrically, bags of differing heights. For lightly loaded
bags the main retardation occurs early in the stroke, the latter part being
practically wasted. If the shorter bags were designed to strike the ground just
as the longer ones become ineffective thon it could be possible to improve the
retardation efficiency, and probably also the energy efficisncy of the combined
system. A simple device which suddenly blocks up part of the orifice afier
part of the stroke has been completed would have this effect without the use of
two separate sets of bags. Such a device is sketched in Fig.2h,

9 DESIGN METHOD AND A COMPLETE EXAITFLE

Before designing an air bag the following information is likely to
be known:
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(1) loed mass,

(i) maximum base area,

(421) descent speed,

(iv) maximum retardation allowable during stroke,
(v) maximum ground impact speed allowable.
Looking at this information critically:

(1)  The lowest possible bag loading (even with square bags) is easily
calculated from the load mass and the meximum base area and this must be below
350 1b/asq ft for it to be possible to design satisfactory air bags. If not an
alternative method of shock absorption should be considered.

(2) The energy efficiency (represented by 1-62) should nol exceed about
90%, For example if the descent speed 1s 24 ft/sec it is unreasonable to expect
an air bag to give a ground impact speed less than about 8 £t/sec.

(3) At a ground impact speed of 3 ft/sec the load will receive a shock
and must be robust enough to withstand tais., The air bag system need not be
designed to impart substantially less shock than associated with this final
impact.

(4) If the descent speed is less than 20 ft/sec the parachute is
probably large, and if possible its weight should be estimated. On the other
hend it is unreasonable to expect to be able to design an air bag for use at
speeds higher than 30 ft/sec, unless correspondingly high ground xmpact speeds
can be tolerated (see (2) above).

Passing on to the air bag design:

(5) Hany possible air bag systems (n bags, D £t in diameter) should be
considered, and for each system the loaé per bag calculated., In this design
method it is assumed that all the bags under the load are identical and take
an equal share of the load.

(6) Inspection of Figs.22 and 23 can eliminate those bags which are very
long or have too heavy a loading. Thisensures that the bags will not buckle or
give a severe ground bounce,

(7)  If there is still the choice of few or many bags, many should be

ohosen because the fabric stress is lower. Systems using a very great number
of bags will have been eliminated by (6) because the bags would be too narrow.

(8) The peak fabric tension can be calculated for each system from the
formula

N+1) Dif  1b/inch
2LB (M in 1b)
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and a fabric should exist which can withstand this., The bags, if made of
this fabric, must be flexible enough to pack.

(9) The bag parameters § and R are chosen from suitsble points on the
data oharts and these give the bag orifice area and height. The height pars-
meter R gives the bag height as

o Mo

Ru
h =

—2
o &

No extra height should be added for packing space, for 15% of hO is already

taken to be "loat stroke". If it is exjected that the fabric will stretch
somewhat, then the “"extensible bag" data charts 1E to 6E will give better values
of @ and R,

At this point the bag height should be checked to see that it is less
than about 45D,

(10) The point chosen from the data charts gives the orifice parameter
Q, the orifiice area being calculated from

BQuo
a = 52373 sq f't .

Again, if the bag fabric is expected to stretch, the data charts 1E to 6E should
be used instead of charts 1 to 6,

(11) It is important to check that the descent speed is not likely to be,
in practice, very different from the speccified value, for the bag height is
proportional to the square of the descent speed.

(12) The bag should be furnished with between five and ten wire grommets
and a weak orifice bursting patch (e.g. a single sheet of thin rubber).

A complete design example

A loaded container weighing 2500 1b has a base 4 £t by 3 £t 6 in, and is
to be dropped using a parachute to give it a descent speed of about 28 ft/sec.
The container will withstand a free fall of one foot (8 ft/sec) on to the type
of terrain on which it will be used operationally, and during the air bag
stroke a peak retardation of 13g is not to be exceeded,

Following the design method:

(1) The lowest possible bag loading 13 2500/4k4, i.e. 179 1b/sq £t which
is well below the 350 1b/sq ft limit,

{(2) 'The value of ¢ is 8/28, 1.c. 0:285, giving an energy efficiency of

91+9%. This is a little high and in practice the ground impact velocity of
8 ft/sec may not be achieved,
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(3) The peak retardation of 13g is coversd by the data charts, and if
on a ground impact at 8 ft/sec a umiform retardation of 13g was sustained then
there would be an impression depth of about 1 inch. The estimate of 13g is
therefore not unreascnably low.

(4) The descent speed of 28 ft/sec is high but within the range
expected,

(5) Possible bag systems using from 1 to 12 bags are now considered, and
many of these are rejected by consultation of Figs.22 and 23, The details are
given in the following table:

Number | Bag diameter Base size Load
of bags | inches ; feet covered per bag Remarks
1 42 35 42" x 42" | 2500 1b |} Acceptable
2 24 2-0 24" o~ 48" | 1250 1b | Loading too high
3 21 1-75 | L2" x L2" 833 1b | Loading too high
L 21 1+75 | 42" x j2" 625 1b | Acceptable
6 16 1433 | 32" x LO" 416 1b | Loading too high
8 12 140 24" x LB 312 1b | Loading too high
9 N 1416 | 42" x j2" 277 1b | Bags tooc long
12 12 1.0 36" x 43" 206 1b | Bags too long

(6) Only the systems comprising one 42" diameter bag or four 21" dia-
meter bags remain,

(7) The four bag system is preferred to the one bag system to give less
fabric stress.

(8) The peak fabric tension is

14 x 1475 x 525
2}-;_ x 2'}4.0

H = = 268 1b/inch .

This is quite a high tension and a strong fabric with many grommets will probably
be necessary,

(9) The bag loading is 260 1b/sq ft, i.e. S = 813, and the data charts
show that the height parameter for a peak retardation of 13g should be about

R = 0100
giving a bag height of
hO = '-Q:"jg'gg ¥ 78}4. = 2').,_3 ft = 292 inches .

This is the height of a bag made of stron fabric. If a weaker fabric were used,
the fabric stretching somewhat dqurin; ihe stroke, then R should be 0-123. This
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would give a bag height of 35+9 inches, over 1+7 times the bag diameter, Thus
t0 save height a strong fabric should he used to lessen the fabrio extension.

(10) From the point chosen from ihe data charts the orifice parameter
for the inextensible 13g bag of loading parameter S = 8:13 is

Q = 082

giving an orifice ares

e = 24 x 28 x §%%§%~ = 0+0584 sq £t ,

i,e. an orifice of 3-38 inches diameter, 1if a weaker fabric is used, Q should
be 083 enlarging the orifice to 3+40 inches in diameter.

(11) Descent speeds higher than 20 Pt/sec will produce retardation peaks
considerably greater than 13z, If this is not acceptable then a lower peak
retardation must be designed for.

(12) In this case a large number o grommets, say 8 or 10, should be
used to reduce the fabric extension, which in turn keeps the bag height down
to about 1+5 times the diameter.

The nine bag system, elimirated by consideration of the bag length/
diameter ratio (Fig.22) is the most promising ot the rejected systems. IHowever,
the bag loading is 260 1b/sq ft and the bas height is the same as calculated
above, i,e. 29 to 36 inches, certainly too long for a 14 inch diameter bag.

The other acceptable bag, a single bag 42 inches in diameter, has a fabric
hoop tension of 536 1b/inch at the peak. A fabric of this strength is unlikely
w0 be very flexible. It was for this reason that the four bag system was
preferred,

A sketch of the four bag system is given in Fig.25. A glance at Fig.,21
shows that the energy in the bag air at ground impact is well below 3C% of the
desoent energy.

In the event of the bag being used on very hard terrain, so that an
impression depth of one inch is not lilkely to be obtained, then the effect of
soft ground could be simulated by affixing crushable material to the base of
the load, between the bags, to crush at about 13g.

10 AN ATTEMPT TO FIND A "STANDARD" AIR BAG

A standard air bag, of fixed dimensiona and orifice which can be affixed
under any load landing at any speed to give an scceptable peak retardation and
ground impact speed does not exist. However, a bag with an adjustable orifice
area {set by a sliding shutter) could well be "standard" in that before the
drop it need only be necessary io adjust th1e orifice area. There may be many
such "standard bags", and one example is given below.



A descent speed of 25 ft/sec is taken as standard because this is representa-
tive of many present day parachute applications. It represents an upper limit in
hat even good bags have an energy efficiency little more than 90, and the
resultant 8 £t/sec ground impaci is likel; io give a hard shock to most loads,

Thus -

OU
R = o5
It happens that the inextensible bags of o = 03 and R = 0138 have
roughly constant peak retardation in the loading range 6 € S € 30. The details
are:
Q R 3 N o2

0802 } 0438} 6 | 10:0 | O3

1095 " 10 7+6 "

1+302 " 1 77 "

1727 " 30 77 "

The R value of 0:138 gives 1mred,aLel3 from the formula above a bag height
of 32" which is reasonable for a “slandard" bag. If a bag diameter of 24" is
chosen then the S range corresponds to 2 load mass range

222 1b £ ¥F £ 1120 1b ,

This bag then, of 32" height and 24" diameter, given a suitable orifice,
will retard any load mass between 250 1b and 900 1b from 25 ft/sec to about
7 or 8 ft/sec at a peak retardation of about 8g. The orifice area required
depends on the load, as can be seen from the table, and 1s given, approximately,
by the formuls 0+ 38

a = 1641 sq in.

(where M is measured in 1b).

Large loads will of course require more than one bag and the potentialities
of the scheme can be assessed from the following teble

Number of | Load (1?) Base shapes
bags Hin. Jiax.
1 250 SO0 Circular 2 't diameter
2 500 1,800 |Tectangular 2 ft by 4 ft
3 750 2,700 {“riangular, about 5 £t side
A 1,000 | 3,600 |Square, 4 ft side
6 1,500 5,400 |Rectangular, 4 £t by 6 £t
7 1,750 6,300 {Circular, 6 £t diameter
8 2,000 7,200 |[Rectangular, 4 ft by 8 £t
9 2,250 8,100 (3quare, 6 ft side
10 2,500 9,000 |Reclangular, 4 £t by 10 £t
12 I3,000 |10,800 lectangular, 5 £t by 8 ft

This data is presented in Fi .24 tosether with contours showing the orifice
areas required per bag. Bags would o course have to be made wirth sufficient
strength to sustain the heaviest load, 1.e. a fabric strength of about 220 1lb/in.

- 25 -



The provision of an ad justable orifice area to an existing bag could well
widen the range of loads it could carry and this could be essessed in much the
same way by inspection of the data charts.

11 CONCLUSIONS

The theory given in this paper is idealised and because of this there
may be discrepancies between it and the results of experimental trials. How-
ever, it is likely to be useful in showing the most important points and
indicating the effect of changes in design. The only empirical part of the
theory is the discharge coefficient Cp (CD = 0.9-0.3/P), otherwise well known
principles are used. There is reasonably good agreement with some earlier
drop tests, but no experiments have yet been devised to check points arising
from the theory. In parachute dropping there is rerely zero wind speed, and
the sidewsys moving descent could modify the motion considerably (see Fig.2).
For this reason a more elaborate theory may be of little extra wvalue,

In choosing a good air bag, the peak retardation, ground impact speed and
compression time should all be satisfactory. The bag height must not be too
great compared with its width or the bag may collapse by buckling, and the
fabric from which the bag is made must not be so thick that it cannot be folded.
Variation of the descent speed for a given bag affects the peak retardation
very markedly. Change of load 1s not very important but a heavy load receives
a slightly heavier landing and a light load has a longer compression time. The
use of a strong patch coverang the orifice which bursts at up to 10 p.s.i. is
found to cause little change in performance, even in peak retardation, At
most about 1(¥ of the height is saved. If a bag is made from an extensible
fabric (i.e. the fabric 1s used near to its breaking strength) then both the
orifice area and the bag height must be increased somewhat.

The range of usefulness of air bags

(1) Descent speed: The descent speed of the load is not likely to be
less than about 15 ft/sec due to the weight of parachutes, It should also not
be greater than 30 ft/sec because the ratio of ground impact speed to descent
speed cannot always be made less than 0.3.

(2) Bag loading: Above about 350 1b/sq £t even the best bags are not
very efficient as much of the energy is not dissipated but is transformed into
potential energy of the bag air to cause violent bouncing. Also, unless a
large number of grommets are used, the fabric strength must be so nigh that
the bag will be too stiff to pack easily, although the use of unproofed fabraic
oould ease this situation. At the light loadings, below 100 1b/sq ft, bags
behave as if the gir in them was incompressible and bags with a low peak
retardation have a very low efficiency.

(3) Peak retardation: A range from 5g to 1hg has been considered in
this paper. Bags larger than 1.5 times their diameter are liable to buckle in
use, and this sets a lower limit of about 5g on all but the widest bags (see
Section ?.2)% The upper 1limit of 14g is arbitrary, and values of this order
are recommended for practical ugse, for a ground impact shock at about
8 ft/seo is likely to produce quite a high retardation peak on most soils,
end the air bag peak retardation should be of the same order as this,

Bags giving a high retardation must be very strong, and there is an
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upper 1limit to the peak retardation, above which the fabric must be so strong
that it is too stiff fo pack. This limit depends on many factors but is
likely to be less than 50g.

(4) Ground impact speed: This is unlikely to be much less then 30%
of the descent speed and therefore unless special protection is provided, in
the form of crushable material for example, an upper limit of about 10 ft/sec
is expected.

(5) "nd drift: For the theory to be velid in wind drift oonditions
the wind speed should not be more than 6 ft/sec.

Within these limitations, and assuming no fabric extension date charts
1 to 6 give the parameters Q@ and R from which the orifice area and bag height
may be found.

It may be possible to increase the efficiency of air bags by causing a
sudden decrease 1n the orificearea part way through the stroke. Bags with a
strong orifice patch and a variable orifice which prevents the pressure drop
in the latter part of the stroke may slsc be practicable, and would further
increase the efficiency.
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LIST OF SYMBOLS

Symbol Description Units
a orifice area £t2

B bag base area ft2

c ambient speed of sound £t/ sec
CD orifice discharge coefficient -

d orifice diameter in,

D bag diameter 't

E energy efficlency defaned in 8.1 -
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LIST OF SYMBOLS (Cont'd)

Description

energy efficiency defined in 8.2
stress strain relation, B/B0 =14+ 2 F(H)

acceleration

bag height at any time

hoop tension

extensibility constant

if Hookean fabric F(H) = KH

load mass

peak retardation, number of g units
bag air pressure

bag air pressure ratio p/p,

velooity of flow through the orifice

orifice parameter aq/Buo Yy
unstrained bag radius

. 2
bag height parameter ho g/uo
bag loading parameter B pg/Mg

time from start of bag compression

non-dimensional time T = u_ t/ho
value of T at ground impact
steady descent speed

volume of air in bag
work done by air in expansion (Appendix 4)

bag height ratio h/ho
- 28 -

Units

ft sec_
't

1b in.

in, 17

slug

1 £t72

£t sec !

in.

sec

£t seo !

£t

ft 1v

Il



)

LIST OF SYMBOLS {(Cont'd)

Symbol Description
1
2y 1';
a v (P - 1> CD
y*r1
2y
- P
1
8 pY
Y ratio of the principal specific heats of uir
1 vt
[ = pf
Y
H 2 y,(1+2.5 P, - 3.5 P15/7)
P bag air density
o ground impact velocity ratio u1/uo
Suffices
0 value at the commencement of bag compression
or value at the bag orifice
1 value at ground impact
I relates to "ideal" air bag
a relates to ambient atmospheric conditions
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APPENDIX 1

DERIVATION OF THE ATR BAG EQUATIONS

The air bag is assumed at gll times to be cylindrical, have a hedight h,
crosa-sectional area B, an orifice area a, and the alr inside it to be of
pressure p, and density p. The areas a and B are constant.

THE ORIFICE FLOW EQUATION
Taking the discharge coefficient for the orifice to be CD and equating

the loss of air from the bag with the orifice flow
a
Pop 846y = -3¢ (phB) (4)
where Por is the air density at the orifice and q is the speed of flow there.

The bag compression usuelly takes about 1/5 se¢ to occur and this is
sufficiently rapid for negligible heat transfer from the air. The adiabatic
relation then holds:

1 1
Y —
P = p, @:) = p, P (5)

where o is the initial (atmospheric) preasure end P = o/p,-
The orifice flow equation can now be written
Por & 1
or Yy db
(pa B 4 CD *F dt)
at -~ i, . (6)
pY

- I

At the orifice the airspeed q may be subsonic or sonmic, but because there
is no diverging nozzle it cannot be supersonic., The orifice flow is thus
divided into one of two possible regimes, and as choking occurs with sonic flow
the regimes must be congidered separately.

Bernoulli's equation for steady streamline airflow is

?%T p + %p q2 = constant

and if the air in the bag is considered to be at rest exoept for the air actually
passing through the orifice, and the flow quasi steady, then
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x 2 _ x_ Por 1 2
P

Y- 1 Syt Por

With an unchoked orifice the pressure at the orafice can be taken to be
equal to the atmospheric pressure Py therefore

2 _ 2y (p_Za
SRR

Also the adiabatio relation (5), with Por = Py glves

and therefore

Y=1p¢,
o o2 /1%
= *L—P T"‘l . (?)
-1 ¥
The orifice flow equation now becomes,
1 1
{ o= Ll
&% __Zx_.c.iP Y _ 4 v &h
B o/y-1x«x - YR gt
@& - - -
dt 1_1
h oy
¥
or following Powell and introducing three non-dimensional functions of P
1 - hY
20 (oY
a@ - Y-1<P -1>CD i
1
p = Y ? (8)
1
= -1
€ = a pY .
T

4
(It is assumed that Cp is a known function of P, in this paper taken to be

equal to 0.9 - 0.3/P (Ref.5).)
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Appendix 1

The equation of orifice flow is then

a.c dh

<§*f’r a+p dt)
€ .. (9)
it = he :

With a choked orifice q is always equal to ¢ and the pressure at the
orifice is greater than atmospheric, the ratio of bag pressure to orifice

pressure being fixed at 1.894 (see equation (7), ¥ = 1.4). The flow expands
to supersonic speed outside the bag but soon bresks down to subsonic speed by

shock waves.

The adiabatic flow equation (5) now gives

1 1
. Por\" _p \'
Por = Pa P, = Pa {7,894

and the expression for the orifice speed q is

1.1 1.3
2 _ 2¢ Fafy Ty _[_P Y
q -1 p, 1.89%
or
P 1.1 1'-::
2 _ 2 a Ty _P

The orifice flow equation in this case is

aa - _d__E
LR dt)

at * he

which 1s the same as the unchoked equation except that a is replaced by . where

yx+1

2y
i) = a(1.894) x<1 =) - (10)

The equation is rendered non-dimensional by the substitutions

J ﬁL = ¥y non-dimensional bag height
o
Yu t
; = T non-dimensional time
0
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yielding

dy
(oee8)
aT - £y )
where Q is a non-dimensional number termed the orifice parameter, defined by

ac
Q@ = 3T 7
Bu_ vy

which, for standard atmosphere conditions becomes, when u, is measured in

ft per sec and a and B in the same units
&
Q = 91"3 *6 Buo .

THE EQUATION OF MOTION OF THE LOAD

The air bag orifice is usually in the top of the bag and if the escaping
air is deflected horizontally 1t gains no vertical momentum. The total upward
force on the bag top and deflector, is therefore equal to the force on the base,
(p- 1)pa B. The equation of motion of the load is thus, neglecting parachute

1ift, (which would give at most an error of 1g in the retardation)

2
d°h
M=% = —Mg-l-(P-‘l)p&B .

dt

This equation, when rendered non-dimensional by the substitutions given
above, is

2

5‘1-% = R(-1 + s(P-1)) (2)
aT

where R and S are two non-dimensional numbers,

h g
R = —25— termed the bag height parameter
Yo
B P,
5 = -ﬁg- termed the bag loading parameter,

Standard values for g and 1 of 32.2 and 2116.8 have been used in all the

numerical examples.

- 3l -



Appendix 1

The two differential eguaticns (1) and (2) above define the motion and
from them the pressure ratio P and the bag height ratio y can be found in terms
of the non-dimensional time T. When the pressure ratio P reaches the value
1,894 the function a must be replaced by @ to give the effect of orifice choking,

It should be noted that at any time the load velocity is

. dh ,d_(_hgll 2 -y W
£t T h o dT
-2 ar
u
0
and the retardation is
2
a’n i} Exdzx
di ho art



.



APPENDIX 2

CONSTRUCTION OF THE DATA CHARTS

Bach data chart incorporates the results of about one hundred integration
runs, with the same bag loading parameter S.

About 15 integrations were made for one value of R and various values of
the orifice parameter {, the three main results N, T1 and o being noted. An

example of such a set of results 1s given in Fig.10 (for 8 =10 and R = 0.1288),
The arbitrary "limits of interest" of N = 1k, T1 = 3 on one side ard N = 5,

o = 0.5 on the other are included in the graph and the range of useful bags is
olearly shom. TFor small orifice parameters ihe load bounces one or more times
on the bag and for large orifice parameters the bag has almost no retarding
effect. From this graph the values of Q) where N = 5, 6, 8, 10, 12, 1k;

T1 =2 and 3, o = 0.2, 0.3, O.k and 0.5 were read off, This was done for

several (about 6) values of the bag height parsmeter R and all these points
were marked on the data chart to give contours of N, T1 end o. The points read

off Fig.10 appear on the data chart of Fiz.6 and are marked wath crosses.

Useful bags lie in a region of the chart, roughly diamond shaped,
bounded by the limits N = 14 and 5, T1 = 3 and ¢ = 0,5.
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APPENDIX 3
MORE GENERAL THEQRY

Two modifications have been made to the simple mathematical model of
Part I of this paper. They are

(1) the inclusion of a strong bursting patch covering the orifice to
conserve alir at the start of the compression

(2) the use of extensible fabric in the construction of the bag.

STRONG ORIFICE DPATCHES

A silrong bursting patch covering the orifice 1s simulated by setting the
orifice areaat zero (Q = O) until a certain pressure is reached, nnd then
giving it the desired value. The differential equations are unchanged and it
is only in the step-by-step solution that any change arises. The DEUCE
programme is easily medified to do this, but there is a smell error because the
orifice must be opened at one of the stepsof integration and the bag pressure
at that step may be slightly above the desired bursting pressure. This error
could have been avoided by an interpolation but 1t was nol large enough to
warrant this,

EXTENSTIBLE FABRIC

iith the heavy loads now being parachuted tne bag fabric stresses must be
near to the breaking point because bag failures are frequent. The effect of
fabric extension should not therefore be neglected.

If the bag fabric stretches 1t will do so in the direction of the tension
in it. For a bag supported by several wire grommets (see Flg.1) the fabric
tension, and hence the extension, is in the hoopwise direction, and will be
zero at the grommets and a maxamum between them., To study the effect of fabric
extension the assumption is made that the bag extends 1ts daiameter by an
average amount, still retaining its ocylindrical shape. Thus if the hoop tension
is H 1b/1in and the bag radius ry in. the hoop tension is given by

4.7 (p-1) =

*

H
r
0

If the bag radius is increased by a small amount br and the stress/strain rela-
tion is

on

el F(H)

then the change 1in base area is given by
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B (ro+8r)2 287
'ﬁ* = ----—2—-— = {1 + == to the first order
o r o
0
i.e.
= = 1+28(H) .
o
If the fabric obeys Hooke's law,
F(H) = KH
where K is a small constant. Thus
B _
T = 1+29. K(r°+5r)(P-1) .
0

Expanding this, thé term involving the product of K and &ér is second order,
leading to the approximate formula

EB; = 1+x(P-1) (11)

where k is a constant (equal to 29.4 r K).

In order to choose a realistic value for k we note that if P = 2 (two
atmospheres inside the bag and one outside) the base area is increased to
B°(1+-k). The value of k taken in the numerical calculations is 0.25,

representing about 12% fabric strain at this pressure difference.

Inserting the variable base areaz into the orifice flow equation,
(equation (4)),

oo, 8aCy = =B (1+k(P-1)) L (pn) - pn G5 (B (141(p-1)))

which leads to
(aQ+(1+k(P~1))B%%>
4P
el § (S ¢-JED ) Ty e (te)

The equation of load motion must also use the variable base area, and thias
leads to

2
é-g = pf-1+(1+k(P-1))(P-1)s] . (2e)
4aT
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More generally, if the stress/strain relation is not Hookean, then the
base area can be written

B = g(P) B,

and the peir of equations 1s

(a Q+8(P) B %‘%)

ar

I FOFTT IO (1e)
d2

&L = pi-1+8(P) (P-1)8] . (2g)
daT
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APPEIDIX L

THE RESIDUAL GAS ENERGY IN THE FULLY COMPRESSED BAG

at worst, all the excess internal energy in the air left in the bag when
fully compressed (i.,e, as fully es the bag can be compressed) is availnble %o
onuse a heavy second impact, by throwing the load up. This enersy 1s estimated
below,

If the volume of air is vy and the pressure p,, then during the adiabatic

expansion when the load 1s being thrown upward

Y _ Y
Pv = P1 AL
or
1 1
_ Y Y
v = P1 v1 P
and
1 1.1
Px vy P Y
dv = = ar

The work done in expansion to atmospheric pressure P =1 1s
v

P, [ (P-1) av

v

W

H

1

1
- P
PI v, 1 -% —1-1
= Py Ty ‘[ CP - P *> ap
1

which, for v = 1.4 becomes

Wo= p_ v, [1+2.5P1-3.5 P15/7] .

The volume v, is equal to B h0 Yy thus

1
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Avpendix 4

Bh
{ras energy - __O_u A|+2513-35135/7
Descent energy 1Mu2 R o
20U -
or
Gas energy
Desoent energy RS u (12)
where

=
1

2y, |¢1 +2.5 P, - 3.5 p?/_":' )

If RSy is less than 02 then the second ground impact is certain to be
less violent than the first. Unfortunately this aspect was not anpreciated
until the majority of the DEUCE integrations had been done, and it could not
be included in the progremme, However, if the pesk pressure is high then it
must occur late in the stroke and ingpection of some of the solutions in detail
shows that it occurs actually at the ground impact. Thus

- N+1
P1 = 1 + 3

and in all cases P1 cannot exceed this value.

Using this value for the air pressure at ground impact, then for the
gas energy to be less than 30/% of the initial descent energy we must have

RS u(P) < 0.3
or
RS u(8,N) < 0.3 . (13)
This last formule is graphed in Fig.21. Given the bag loading and peak
retardation, a glance will show whether a bag of any height parameter has at the

first impact more than 3% of the descent energy remaining as potential energy
of the residual air.

-4 -
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TABLE 1

Tests at R.A.E. (Ref.2)

Bag height 38% in. diameter 34 in. two circular orifices

Experimental results

Theoretical results

Drop | Load (1b) 0r3£:°e u_ N o | Bounce? | ¢ R | S | N - T,
1 600 4% in. | 24 ft/sec| - - Yes 1.38 | 0.179 | 22.2 1 7,53 | 0.233 | 2.10
2 750 v 2 - - Yes 1.3810.179 1 17.81 6,61 | 0,261 | 1.67
3 900 n 23.4 5,211 0.23 - 1.4110.189 | 14,3 5.64 | 0.308 | 1.40
4 900 " 234 L.8 0.21 - 1.41 | 0,189} 14.8 5.6k | 0.308 | 1.40
5 300 n 23.5 5.86 | 0.21 - 1.41 10187 | 14.8 1 5.71 | 0.305 | 1.42
6 1000 " 26 6 - Yes 1,27 10.153 1 13.3 | 5.66 | 0.303 | 1.30
£7 1000 " 23 - - Yes 1,43 1041951 13.3 | 5.9k | 0.341 | 1.30
* 8 1000 5L in, |24 - - Yes | 2.06 | 0.179 | 13.3[ 2.9 | 0.663 | 0.97
* g 1000 6 in. |24 - - Yes 2.4510.179 {13.311.99 | 0.778 | 0.92
10 1000 4% din. | 21 3.6 0.21 No 1.4110.23% [ 13.5 | .88 {0.302 | 1.50
" 1000 & 2 5.1 - No 1.23 10,179 113.3 | 6,46 | 0.252 | 1.55
12 1000 " 25 6.25 | 0.16 No 1.18 1 0.165 | 13,3 { 7.02 | 0,238 | 1.55
13 900 4% in, | 2L 5.9 - - 1.38 | 0.179 | 14.8 ] 5.96 | 0.298 | 1.42
14 1000 " 2L 5.8 - - 1.38 [0.179 1 13.3 | 5.61 | 0.328 | 1.30
15 1000 " 2k 5.0 0.24 - 1.38 10,179 [13.3§5.61 {0.328 | 1.30
16 1200 " 2k L.2 0.33 - 1.38 {0.179 [ 11.1 | 5.07 | 0.395 | 1.15
17 1500 " 22 3,14 | 0.39 - 1.50 { 0.213 | 8.9{ 3.65 {0.521 | 1,03
Fig.h 900 " 23 5.21 | 0.23| No 1.43 10.195 | 14.8 | 5,47 | 0.311 | 1.42

# see also Fig.7 of Ref,2

orif'ice obscured




TABLE 2

Tests in U.S.A. (Ref.3)

British bag, height 54 in. diameter 37 in. four orifices each 5% in, diameter

HURC09 LN ydnoioquing ‘jusuystiquisy 1fvsosty ooy ayy
- g-I-, -

£g 291ffp fapuorinyy s ,K3s0lpy a2y sof pwduy ut pajutayg

Experimental results Theoretical results
Drop | Load (1b) u N c T, Q R S N o T,

1 658 21 ft/sec| 5.6 0.17 1.051 1.40 | 0.329 24,0 | 6,02 0.238 | 2,84
2 1087 21 5.3 0.47 | 0.8 | 1.40| 0,329 | 14,5 | 4,43 | 0.291 | 1,96
3 1087 24 5.8 0.34 1.2 | 1.22] 0.251 4.5 | 5.80 | 0.241 | 2.16
4 1364 21 3.0 0.45 | 1.2511.4010.329 | 11.6 | 3.93 | 0.312 | 1.63
5 136U 24 41 0.35 1.2 [ 1.22] 0.2% 1.6 | 5.17 | 0.260 | 1.75
6 1527 21 3.1 0.4 | 1.2 | 1.40] 0.329 10.4 | 3.69 | 0.325 | 1.48
7 1527 24 $0.8 0.45 1.0 | 1.22] 0.251 104 | 4.90 0.268 | 1.57
8 1652 21 12.3 0.37 | 0.95|1.40] 0.329 9.6 | 3.54 | 0.337 | 1.39
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THE DESCENT ENERGY.
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FIG. 23. THE RECOMMENDED MAXIMUM LOAD PER BAG
(350 LB./SQ.FT)
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FIG.25. A SKETCH OF THE AIR BAG SCHEME
DISCUSSED IN THE DESIGN EXAMPLE. (SECTION 9)
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A THEORETICAL APPROACH TO AIR BAG SHOCK ABSORBER DESIGN,
Browning, A.C. February, 1963,

A simple theory of the compression of a cylindrical sir bag shock
absorber has been studied In detall by means of over 1000 step-by-step
integrations. Many features of practical air bag performance have been
reproduced and data charts are given which indicate the design parameters
for ugeful bags. From these charts the effect of variation of bag loading,
helght, orifice area and the speed of the descent can be appreciated. The
use of a strong patch covsering the orifice bursting at several pounds per
square inch pressure has been Investigated but gives little change In per~
formance. If an extensible fabric is employed an Increase In both bag
height and orifice area is necessary. pgags of very high or very low loading
are found to be Inefficient and it {8 concluded Lhat alr bags are most suit-
able at a loading of 150 to 200 1b per sguare foot. The theory does not
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take aocount of the wind speed which, if more than about & ft/sec, could
cauge the load to drift partly off the bags, reducing the retardation,

take agcount of the wind speed which, if more than ahout 6 ft/sec, could take account of the wind speed which, 1f more than about 6 ft/sec, could
cause the load to drift partly off the bags, reducing the retardation, cause the load to drift partly off the bags, reducing the retardatlon,






C.P. No. 751

© Crown Copyright 1964

Published by
Her MaIESTY'S STATIONERY OFFICRE

To be purchased from
York House, Kingsway, London w.c2

423 Oxford Street, London w.1
13a Castle Street, Edinburgh 2

109 St. Mary Street, Cardiff
39 King Street, Manchester 2

50 Fairfax Street, Bristol 1

35 Smallbrook, Ringway, Birmingham 5

80 Chichester Street, Belfast 1

or through any bookseller

5.0. CODE No. 23-9015-5!
C.P. No. 75i



