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PREFACE
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Airbags are being considered by the US &my as an alternative to the paper héneyoomb
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Numerous AMED personnel contributed to this work effort. They include Nicholas P.
Rosato, John R. Doucette, and Joseph Silva. In additioﬁ, Professor Francis Lai of University of
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METHODS FOR IMPROVED AIRBAG PERFORMANCE
FOR AIRDROP

Introduction

The steady descent velocity of a payload airdropped by U.S. Army parachutes is about 28 ft/s
(Fig. 1). During ground impact at this velocity, an energy absorber is needed to dissipate some
of the impact energy and to provide structural protection for the payload. The U.S. Army
currently uses paper honeycomb as the energy absorber. Strategic positioning Vof paper
honeycomb between the payload, such as a vehicle, and the platform is a time-consuming and
labor intensive process’ (Fig. 2). Airbags are presently being investigated by the U.S. Army as
an alternative impact energy absorber for airdrop.>**

An airbag, in its simplest form, is a fabric enclosure with a constant vent opening. When the
bag is attached to the underside of an airdrop platform and compressed at ground impact, its air
pressure increases from one atmosphere as air is vented through the fixed vent opening (Fig. 3A).
The high-pressure air decelerates the payload by applying a retarding force via the platform. A
one-dimensional analysis of simple airbags was given by Browning.® One major problem of
simple airbags is that a large portion of the airbag stroke (height) is used to compress the air
from atmospheric pressure to a peak pressure. This often results in a bag height that is
susceptible to ground winds and payload tipover during ground impact. Furthermore, the
pressure-time or retardation force - time profile is an inefficient triangular shape (as compared

to the efficient rectangular shape provided by paper honeycomb).>



Three methods are currently being investigated to improve the performance of simple airbags
for Army airdrop. The first method involves controlling the air release rate by decreasing the
air vent area during the airbag stroke (Fig. 3B). This method was mentioned® and théoretically
studied.* But it has never been examined experimentally. The second method requires injecting
gas into the airbag during the stroke (Fig. 3C). In the present study, analytical and experimental
investigations of complex airbags using vent-control and gas-injection were conducted. The third
method introduces and combines an auxiliary energy absorber with a simple airbag. This method
was experimentally investigated using paper honeycomb as the auxiliary energy absorber. In
addition, simple airbags with constant vents were also investigated for comparison with the three

methods. Results of these investigations are presented in this report.

General Approach

Simple airbags are generally constructed in a vertical circular cylindrical shape. Multiples
of these airbags are connected to the underside of a platform to provide cushioning for the
payload. From a complex-airbag viewpoint, it is complicated and impractical to provide multiple
air-vent or gas-injection controls for multiple complex airbags. In addition, if multiple airbags
are to be used where paper honeycomb is being used now, i.e., between the payload (such as a
vehicle) and the platform, circular cylindrical airbags will most likely not be the appropriate
shape. With these thoughts in mind, the author chose rectangular-shaped airbags, which can be
used either below the platform or between the payload and the platform, for the present
investigation.

Fig. 4A shows a rectangular airbag with initial height h_, length 1, and width w, supporting

a payload mass M via a platform. The entire system is descending vertically with a velocity u,.



Before ground impact, the air pressure inside the airbag is at atmospheric pressure P,. During
ground impact (Fig. 4B), the airbag is compressed to height h, and the increased air pressure P
decelerates the payload velocity to u. For a simple airbag, the vent area A, is constant. For a
vent-control complex airbag, A, is a function of time t and the gas injection rate, m,, is zero. For
a gas-injection complex aitbag, m; is finite and A, is constant.

As an initial investigation, the one-dimensional approach and assumptions employed by
Browning® were used in the present airbag study. The two ordinary differential equations
governing the motion of a simple airbag as shown in Fig. 4 are:

Air flow equation:

J .
Py Avqcpg'z;(phwz) (1)
Payload motion equation:
d’h P
M_—__=-Mg+{—-1)P wi 2
T g ¥ 5 P, @

o

Eq. (1) describes the amount of air being vented as the airbag is compressed. Eq. (2) describes
the deceleration of the payload provided by the airbag. For a given simple airbag/payload system
and its steady descending velocity before ground impact, the two unknowns in Egs. (1) and (2)
are bag height, h(t), and air pressure, P(t). Theoretical performance of simple airbags was studied
by Browning® based on these two equations; experimental work was also conducted by other
investigators.*”. For the present simple airbag study, emphasis was toward Army airdrop

application and comparison with complex and augmented airbags. Analysis of complex airbags



was based on modifications of Egs. (1) and (2).

The standard size of a section 9f Army Type V aluminum airdrop platform is 9-ft wide and
2-ft long. Sections of platform are connected lengthwise in an airdrop operation to form various
lengths of platform to accommodate different payloads. Typical platform linear ldading densities
for airdrop are about 1000 Ibs to 2000 Ibs per linear foot (lengthwise). If the entire projected
area of a 9-ft x 4-ft platform is used for an airbag to support a payload, the corresponding airbag
loading density is 111 Ibs/ft? to 222 1bs/ft>. This range of loading densities falls into the desired
surface loading densities of airbags®. These practical considerations were used in the present

investigation.

Simple Airbags
- Analysis

As mentioned earlier, rectangular-shaped airbags were studied. Using a one-dimensional
analysis for such a geometry would at best be an approximation of the actual processes of airbag
compression and payload deceleration. Therefore, the purpose of the analysis was to obtain
qualitative results to guide the experiments and to provide some guidelines for future airbag
work.

Egs. (1) and (2) presented earlier are the two basic equations required to solve for the motion
of a payload supported by a simple airbag with constant vents. For a given simple-
airbag/payload system and its initial ground impact velocity, i.e., known p,, A,, Cp,, h,, w, L M,
P,, and u_, the two equations govern the performance of the airbag in terms of the two unknowns
h(t) and P(t). Of particular importance in airbag performance is the force that the compressed
air in the airbag imparts on the payload as it is being decelerated. This force should not be

higher than the force that would cause structural damage of the payload. This imparted force,




called the G force, is measured in terms of the gravitational acceleration g, i.e., G = (d*h/d*)/g.
For Army airdrop using paper honeycomb, this G force is generally about 30 g’s. In addition
to the G force, the air pressure P is also important because it is related to the structural integrity
of the airbag fabric. Therefore, the G and P time profiles are emphasized in thls report.

The method developed by Shampine and Watts® for solving ordinary differential equations was
used for solving Egs. (1) and (2). A computer program based on this method was written to
integrate numerically Eqs. (1) and (2) for a given airbag system and its initial condition. For a
given airbag system, a set of A, values were chosen based on Browning and other airbag studies
for numerical integration. Solutions of G (t), P(t), and u(t) were sought for the given A, values.
As discussed in Browning, in addition to the G force, the u time profile also has to be examined
for possible payload rebound if A, is too large. Therefore, an optimum A, is a vent opening that
yields a good balance between the G and u profiles. Typically, this corresponds to a payload
landing velocity equal to about 30% of the initial payload velocity u,,.

A 9-ft x 4-ft, an 8-ft x 4-ft, and a 4-ft x 4-ft platform area were chosen for the analytical
study. Specifics of the airbags and payloads, the initial conditions for the cases studied, and the
optimum A, values determined are tabulated in Table 1. The corresponding analytical results of
G and P profiles are shown in Figs. 5-18. Peak G forces, G, and peak P values, P,, from these

G and P profiles are also shown in Table 1.




Table 1

Simple Airbag Analytical Results

Case  Bag Size y M A, G, P,

No ft x ft x ft(h) ft Ib, fi? g psig
1 (Fig. 5) 9x4x2 7 1490 1.56 9.10 3.10
2 (Fig. 6) 9x4x2 7 2490 1.00 10.6 5.68
3 (Fig. 7) 9x4x2 13 2490 1.56 11.8 6.44
4 (Fig. 8) 9x4x3 7 1490 1.78 6.86 235
5 (Fig. 9) 9x4x3 7 2490 1.22 7.41 4.17
6 (Fig. 10) 9x4x3 13 1490 222 9.02 3.01
7 (Fig. 11) 9x4x3 13 2490 1.78 8.40 481
8 (Fig. 12) 8x4x4 7 1390 1.33 7.19 2.60
9 (Fig. 13) 8x4x3 13 4000 1.5 6.67 6.68
10 (Fig. 14) 8x4x3 13 8000 1.5 4.30 9.39
11 (Fig. 15) 8x4x4 13 4000 1.5 5.75 6.01
12 (Fig. 16) 8x4x7 13 8000 1.5 3.10 7.18
13 (Fig. 17) 8x4x8 13 12000 1.5 232 8.70
14a (Fig. 18) 4x4x1 7 315 0.62 233 --

14b (Fig. 18) 4x4x1 7 315 1.04 11.4 --

14c (Fig. 18) 4x4x1 7 315 1.32 7.0 -

For a circular cylindrical airbag, its height generally should not exceed its diameter to avoid
the payload tipover problem®. Following this guideline, the height of the present rectangular
airbag should not exceed 4 feet. Results in Figs. 13 and 15 show that satisfactory performance
is provided by 4-ft or under, simple airbags supporting a 4000-1b or less payload. As the payload
weight increases to 8000 lbs, the 4-ft height becomes insufficient and results in a high 18 ft/s
payload ground impact velocity as shown in Fig. 14C. If the height is increased to 7 feet, the
payload landing velocity is decreased to 12 fi/s (Fig. 16C). Similarly, for a 12,000-1b,, payload,
an 8-ft high airbag is required for a 12 ft/s payload landing velocity (Fig. 17C). However, for

an airbag higher than 4 feet, the airbag compression process will most likely not be vertical; the



calculation becomes academic and gives optimistic results. Cushioning heavy payloads i.;s a main
problem for simple airbags. One method to circumvent this is to install a blowout patch at the
air vent that will break at a selected air pressure. Before the breakage of the blowout patch, the
air pressure is rapidly built up so that the airbag height can be decreased for a heavy payload.
Currently, such an airbag system is used by the Soviets.

The 4-ft x 4-ft x 1-ft airbag study was mainly conducted for comparison with the gas-injection
complex airbag study (to be presented later). Results in Fig. 18 illustrate the effects of A, on
G and u profiles mentioned earlier. As A, increases from 0.62 ft* to 1.32 ft?, G, decreases but
the landing velocity increases. Therefore, of the three A, values, 1.04 ft? is the best value that
yields a moderately low G, force and an acceptible landing velocity. |
Experiments

Neoprene-coated nylon has been mainly used to construct airbags. For the present
investigation, a high strength/weight ratio polyurethane-coated Kevlar® was fabricated to
construct the airbags. Its specifications are as follows: areal density - 24.3 oz/yd?, thickness -
0.03 in, tensile strength - 490 Ibs, at 10% elongation in the fill direction and 670 Ibs, at 6.5%
elongation in the warp direction, tear strength - 120 lbs;.

The experimental set-up for the constant-vent simple airbag study is shown in Fig. 19. A 9-ft
x 4-ft surface area, 1-in thick, and 490-1b, aluminum slab was used as the platform. A
9-ft (w) x 4-ft(1) x 3-ft (h,) Kevlar airbag was constructed and attached to the aluminum platform
along its boundaries. Two 16-in x 12-in rectangular openings were cut from the aluminum
platform as air vents for the airbag. Two rectanguiar sliding gates  were installed on the two

openings for manual settings of the vent size for the constant-vent study. A weight slab of 1000



lbs or 2000 1bs was bolted to the platform at the center as the payload for the airbag. Along with
the aluminum platform, the total payload/platform weight was 1490 lbs or 2490 Ibs. An
accelerometer was glued to the payload to measure its acceleration. A pressure transducer was
installed under the platform to measure the airbag air pressure.

For each of the two payload weights, free drop experiments were conducted from 7-ft to 13-ft
drop heights to obtain 21 to 29 ft/s airbag ground impact velocities. In a typical experiment, the
total vent area was set at a selected value. The entire airbag system was lifted to a selected
height as shown in Fig. 20. The entire system was then released to impact the ground. The G
force on the payload from the airbag and the air pressure P were measured during the experiment.
For each drop height, experiments were conducted with several air vent sizes to determine the
optimum A, that yielded the lowest peak G force. Drop conditions for all the experiments and
the optimum A, values are shown in Table 2. Their corresponding G and P profiles are shown
in Figs. 21-28. Peak G and P values obtained from these profiles are tabulated in Table 2.
Results in Table 2 are plotted in Fig. 29.

It is seen that for the same payload, as the drop height or ground impact velocity increases,
G, and A, increase. For the two payload weights, the G force levels are acceptable. However,
one should note that the measurements were made in laboratory conditions. In actual airdrop
conditions, ground winds and horizontal motion of the payload will most likely cause higher G
forces then those measured. Although a 4000-1b payload (1000-Ib per linear foot of platform)
has not been dropped, based on the measurements in Fig. 29, the 9’ x 4’ x 3’ simple airbag
would most likely be able to cushion a 4000-1b payload with G force levels comparable to those
provided by paper honeycomb. For a 8000-Ib payload, the G force levels would most likely be

excessively high.



Table 2

Simple Airbag Drop Test Conditions and Results

Drop y M A, G, P,
No. ft b, ft, g psig
Airbag Size: 9°(w) x 4°(1) x 3’(h)
1 7 1490 1.78 102 3.05
2 9 1490 2.0 115 3.62
3 11 1490 2.2 12.7 387
4 13 1490 22 18.0 5.19
5 7 2490 122 115 5.19
6 9 2490 1.56 11.9 511
7 11 2490 1.56 13.0 5.77
8 13 2490 1.78 18.0 8.16
Airbag Size: 8(w) x 4’(1) x 4’(h)
9 7 1390 1.33 13.8 4.27

Comparison between the analytical results and the experimental results for the same airbag
and drop conditions, i.e., case no. 4 in Table 1 and drop no. 1 in Table 2, case no. 5 and drop
no. 5, case no. 6 and drop no. 4, and case no. 7 and drop no. 8, the measured G forces and air
pressure are higher than those predicted from analysis. Therefore, the analytical results presented

earlier should be used with caution.

Analysis

The purpose of this analysis was to study the feasibility of vent-control complex airbags and
to obtain some qualitative results to guide the experiments. The following analytical approach
was used. For a vent-control airbag, the vent area, A, in Eq. (1) is no longer a constant, but an

unknown to be solved as a function of time, t. If a velocity profile, u(t) or dh/dt, of the payload

Vent-Control Airbags
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after airbag ground impact is chosen and input in Egs. (1) and (2), then the two unknowns A (t)
and P(t) can be sought to satisfy the assumed u(t). For this approach to generate useful solutions
to guide the experiments, the payload mass, its descent velocity, the airbag dimensions and the
assumed u(t) have to be compatible, e.g., sufficient airbag height for a given payload mass and
descent velocity. This background information was obtained from simple airbag performance.’

After reviewing the simple airbag performance’, the following fourth order polynomial was

chosen for u(t) for the vent-control airbag:

u=dhldi=u [~ =)+ 2=y -1] ®
! !

Eq. (3) satisfies the initial condition: u = - u, when the airbag impacts the ground at t=0. The
final boundary condition for u is u=0 at the end of the airbag stroke when the payload/platform

touches the ground at t=t. Furthermore, the maximum deceleration
a =(du/dt), . =(8/3/9 )(u,/t,). Therefore, for a given u, a,, has to be selected to

calculate t, in order to proceed with numerical integration of Eqgs. (1) and (2) from t=0. For the
current analysis, a_,, = 10 g’s was selected. The ordinary differential equation solver code
developed by Shampine and Watts® was again used to determine A (t) to satisfy the chosen u(t)
given by Eq.(3).

Specifics of the vent-control airbags, payloads, and the initial conditions for the cases studied
are tabulated in Table 3. The corresponding analytical results of G, P, and u profiles are sﬁown
in Figs. 30-34. Peak G forces, G,, and peak P values, P, from the G and P profiles are shown

in Table 3. These results show that to obtain the desired u(t) profile and a peak G force less than
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10 g’s, the vent area, A,, has to decrease with respect to time from an open o a closed position
during the compression stroke of the airbag. Comparison between the results in Table 3 and ch¢
simple airbag results in Table 1 for the same airbags and drop conditions, i.e., cases no. 1, 4, 5,
and 8 in Table 1 and cases no. 1, 2, 3, and 4 in Table 3, respectively, shows that lower peak G
forces are provided by the vent-control method.

To illustrate the detailed performance differences between a simple airbag and a complex
airbag using vent-control or gas injection (presented later), case no. 9 in Table 1 (or case no. §
in Table 3) has been chosen, i.e., an 8-ft(w) x 4-fi(l) x 3-ft(h,) airbag supporting a 4000-Ib
payload with a 28 ft/s descent velocity. To satisfy the desired u profile (Eq. (3)) using vent-
control, Fig. 34B shows that A, has to be rapidly opened from a closed position and then closed
linearly with time at a rate of 13.6 fi*s throughout the remaining airbag stroke. The
corresponding G profile in Fig. 34A shows slower. G-force time rise rates and a 29% lower G,
as compared to those of thé constant-vent case. The payload ground impact velocity is

approximately zero (as required by Eq. (3)), also lower than that of the constant-vent case.
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Table 3

Vent-Control Airbag Analytical Results

Case . Bag Size y M G, P

No fxfixfih)ft b, g  psig

1490 5.68 191
1490 3.79 1.38
2490 3.86 2.33
1390 279 1.15
4000 68 6.8

1 (Fig. 30)  9x4x2
2 (Fig. 31) 9x4x3
3 (Fig. 32) 9x4x3
4 (Fig. 33) 8x4x4
5 (Fig. 34)  8x4x3

® NN

Experiments

The experimental set-up for the vent-control complex airbag study is shown in Fig. 35. An
8-ft(w) x 4-fi(l) x 4-ft(h,) Kevlar airbag was attached.to a 9-ft x 4-ft Type V platform. A
payload was bolted to the center of the platform. A 12-in x 16-in opening was cut from the
platform as the air vent for the airbag. An accelerometer was glued to the payload to measure
its acceleration. A pressure transducer was connected to the airbag to measure its air pressure.
A pneumatic/electronic system was designed and constructed to control the air vent size. Details
of the design were reported by Rosato.” Major components of the system, such as the sliding
gate to control the vent size, the air supply tank, the air cylinder and the associated valves, are
shown in Fig. 36.

A schematic of the vent-control system is shown in Fig. 37. The size of the 12-in x 16-in air
vent, K, is controlled by the rectangular sliding gate, I, which moves in the 12-in length direction.
The sliding gate is connected to the piston of the air cylinder, F. The piston drives and translates

the sliding gate to close the vent area, K, when high pressure air flows in from the air supply
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tank, A, through the solenoid valve, D, and the check valve, E. The solenoid valve is connected
to the system control circuit, G, which also monitors the position of the sliding gate, I, through
the valve position feedback pot, H. The firing signal to activate D through G comes from either
the airbag air pressufc, L, or the midair trip wire triggering switch assembly, M and N.

In a typical experiment, the 12-in x 16-in air vent is fully opened first and the airbag/payload
system is positioned at a desired height above the ground by a crane. The entire system is then
released. After the system freefalls for a certain distance, the airbag falls on the tripwire to
release it from the midair triggering switch, thereby sending a firing signal to the system control
circuit. It immediately energizes the solenoid valve in a open position to release the high
pressure air from the air supply tank through the check valve to the air cylinder. The high
pressure air in the air cylinder then pushes the piston and the sliding gate to close the air vent.
When the sliding gate fully closes the air vent, the valve position feedback pot sends a signal to
the system control circuit, which in turn deenergizes the solenoid valve to release the high
pressure air inside the air cylinder to the atmosphere through the check valve and the solenoid
valve.

As shown in Fig. 36, the air vent was not located symmetrically at the center of the platform
but on one side of it. Vertical drop tests from various heights and payload weights showed that
the maximum drop height and payload weight for satisfactory vertical airbag compression was
7 ft (corresponding to u, = 21.2ft/s) and 1,000 lbs, respectively. Consequently, drop tests were
conducted for this drop condition to examine the performance of the airbag operated with é

constant vent and with the controlled vent.
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Drop tests were conducted with various constant vent sizes to determine the optimum value.
It was found that a 192-in? (12-in x 16-in) air vent yielded the lowest peak G force. The
corresponding G force and air pressure time profiles are shown in Fig. 38.

As indicated by the analytical results in Figs. 30-34, A, has to be rapidly closéd immediately
after the airbag impacts the ground and before the peak G force or the maximum air pressure is
reached. This was achieved as shown in Fig. 38 where the controlled A, time profile is
compared with the G force time profile for the constant-vent drop test. When this vent control
was applied to the airbag, its performance was much improved. Fig. 39 shows the resulting G
force profile; Figs. 40 and 41 show the G force and the air pressure comparison between the
constant- vent and the vent-control drop tests. It is seen that by controlling the air vent, the
profiles become flatter, resulting in a 37% decrease in G, These results confirm the improved
airbag performance provided by vent-control.

Gas-Injection Airbags
Analysis
Qualitative results were also pursued from analysis to guide the gas-injection airbag

experiments. For a complex airbag with gas injection, the air flow Eq. (1) becomes:

=-4 o, 4
PA4C, .‘Tt(phwl) — ©)

where dm,/dt is the gas injection rate term and A, is a constant as mentioned earlier. The
payload motion equation remains the same as Eq. (2). As in the vent-control analysis, the same

payload velocity profile u(t) expressed by Eq. (3) was assumed. However, the unknowns in
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Egs. (2) and (4) are now A, m; (gas injection rate) and P. They were solved by the following
procedure. Based on the results from the constant-vent and vent-control airbags, a series of A,
values were assumed to initiate the numerical integration of Egs. (2) and (4). For each assumed
A, m, and P were pﬁrsued to obtain the assumed u(t). As expected, extremely small or
excessively large A, values did not give satisfactory results. Optimum combinations of A, and
m, for a given airbag/payload system were determined by comparing the resulting u(t) wjth the
assumed u(t). Through this procedure, A, and m, were'then determined. In addition, gas exhaust
rate m, from A, was aléo calculated.

Specifics of the gas-injection (based on air) airbags, payloads, and the initial conditions for
the cases studied are tabulated in Table 4. The comresponding analytical results of G and P
profiles are shown in Figs. 42-47. Peak G forces, G, and peak P values, P, from the G and P
profiles are also shown in Table 4.

Table 4

Air-Injection Airbag Analytical Results

Case Bag Size y M G, P,

No ft x ft x ft(h) ft Ib,, g psig
1 (Fig. 42)  9x4x2 7 1490 8.27 2.66
2 (Fig. 43) 9x4x2 7 2490 5.69 3.23
3 (Fig. 44)  9x4x2 13 1490 14.6 4.5

4 (Fig. 45) 9x4x2 13 2490 10.6 5.62
5 (Fig. 46)  8x4x3 13 4000 6.46 6.40
6 (Fig. 47) 4x4x1 7 315 11.6 1.71

Comparison between the results in Table 4 and the simple airbag results in Table 1 for the
same airbags and drop conditions, i.e., cases no. 1, 2, 3, and 9 in Table 1 and cases no. 1, 2, 4,
and 5 in Table 4, respectively, shows that lower péak G forces are provided by the gas-injection

method.
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As mentioned earlier, case no. 9 in Table 1 (or case no. 5 in Table 4) was chosen to illustrate
the éerformance differences betwegn a simple airbag and a complex airbag using vent-control or
gas-injection. ;To satisfy the desired u profile (Eq. (3)) using air-injection, Fig. 46B shows that
rﬁi increases with time as the airbag is being compressed. Note that 1 Ib/s of air at standard
condition is 790 ft*/min, a considerable amount of air flow. As a result of the air injection, Fig.
46A shows that both the G and u profiles are improved (a lower peak G force and a lower
payload ground impact velocity) when compared to those of the constant-vent airbag.
Comparison of the simple airbag and the complex airbag with vent-;:ontrol or air-injection is

shown in Fig. 48. It is seen that vent-control and air-injection airbags have similar performance,

which is better than that of the simple airbag.
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Experiments

The airbag used for the vent-control study was found through preliminary experiments to
be too large for the amount of compressed air available from an existing compressed air tank at
Natick. Consequently, a smaller airbag/plafform system as shown in Fig. 49 was contructed for
the gas-injection study.

A 4-ft (w) x 4-ft (1) x 1-ft (h,) coated Kevlar airbag (A in Fig. 50) was constructed and
attached to a 4-ft x 4-ft x 1-in (thickness) aluminum platform (B). The platform has four vent
openings (C) at four corners for symmetrical air venting. The four vent openings are equipped
with manual sliding gates (D) to adjust the vent size for constant-vent airbag study. Two 100-1b
weights (E) are strapped to the platform as the payload. Air injection is provided at the center
of the platform via a 1.5-in L.D. (inside diameter) and 27-ft long flexible high pressure hose (F).
The hose is connected to a 2.4-ft* capacity compressed air tank (G). An AC (alternating current)
operated‘ normally closed solenoid valve (H) is installed at the end of the flexible hose. The
solenoid valve controls the air injection flow via a 1-7/8-in I.D. metal air inlet pipe (I) connected
to the platform. A timing-control circuit (J) controls the operation of the solenoid valve, H. The
circuit J also controls another solenoid valve (K) that operates the mechanical release device (L)
for the airbag/platform system. An accelerometer (M) was glued to the center of the platform
to measure the acceleration (G force) of the payload/platform. Airbag air pressure is measured
by a pressure transducer (N).

In a typical air-injection experiment, compressed air up to 80 psig is delivered to the
compressed air tank, G (and the flexible hose F). Time sequence between the solenoid valves,

H and K (air injection before or after airbag/platform release), and the time duration of air
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injection (solenoid valve H) are set by the timing-control circuit, J. The desired fixed air vent
size, C, is set by the sliding gates, D. The airbag/platform system is hoisteci to 7 feet above
ground level. An experiment begins by manually activating the time-control circuit, J, first. The
two solenoid valves, H and K, are then activated according to the sequence and time duration set
by the timing-control circuit, J. Subsequently, the airbag/platform is released and compressed
air is injected into the airbag. After a 7-ft freefall, the airbag/platform system impacts the ground
with a downward velocity of 21 ft/s. During the airbag compression stroke, its air pressure, P,
and the decelerat.ion or the G force of the platform/payload are measured and recorded for
analysis.

Before air-injection experiments were conducted, the airflow characteristics of the air-
injection system were studied first. The study involved calculating the average air mass flow
(injection) rate, m,, of the compressed air supply tank, G, from (1) tank air pressure and injection
time measurements, and (2) exhaust air velocity measurements at the air vents of the airbag.
Results are described below.

The air supply tank was pressurized to an initial air pressure, P, first. A selected injection
'time, t, was set Ey the timing-control circuit. It then activated the solenoid valve, H, to inject
the compressed air into the airbag hung stationary in the air with the four vents fully opened.
At the end of the injection time, t,, air injection was terminated and the final tank air pressure,
P,, was measured. The ideal gas law was used to determine the initial and the final air mass in
the tank using P, and P;. The difference between the two mass valves, Am, divided by t; gives
the average air injection rate, ;n—, Table 5 shows all the measurements and the calculated average

air injection rates, m,. It is seen that the m, values are in the same order of magnitude
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as those predicted from the analysis (Fig. 47D).

In addition to the tank air pressure measurements, exhaust air velocities at the air vents and
the airbag air pressure were also measured. Some measurements were made with the four air
vents fully opened and some weré. made with only one air vent fully opened. The measurements
are shown in Fig. 51. It is seen that airbag air pressure and exhaust air velocity continued to rise
after air was injected into the airbag. Air continued to flow out of the airbag after air injection
was terminated, even beyond 0.66 second that corresponds to the amount of time for a 7-ft
freefall. The three exhaust air velocity profiles in Fig. 51 were integrated over time to calculate
the avérage exhaust air mass flow rates. Results are also shown in Table 5. These results agree
well with the air injection rates shown in the same Table.

Table 5

Air Injection Rates

.

P; P; t; am m,
psig psig sec Ib, Ib,/sec
50 35 0.2 0.24 1.07
30 0.3 0.285 0.951
25 04 0.357 0.892
24 0.5 0.428 0.856
60 45 0.2 0.214 1.07
40 0.3 0.285 0951
30 04 0.428 1.07
70 55 0.2 0.214 1.07 (1.03)*
45 0.3 0.357 1.19 (1.24)*
40 04 0.428 1.07 (1.01)*

80 50 0.3 0.428 143

*Determined from the exhaust air velocity measurements at the 25-in® air vent.
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Before air injection experiments were investigated, constant-vent experiments were conducted
first. In these experiments, the airbag/platform ;ystem was dropped from a 7-ft height to obtain
a 21 ft/s ground impact vélocity. The air vent size was varied from 70-in’ to 150-in? in an
increment of 20-in®. Air pressure, P, and G force were measured for each constant-vent size.
The peak G force, G, was found to decrease from A, = 70-in’ to 130-in® where G, reached the
minimum and then it increased from A, = 130-in® to 150-in% indicating 130-in® to be the
optimum A,. The corresponding G and P profiles for A, = 130-in’ are shown in Fig. 52, which
is the best performance a constant-vent can offer for the present airbag and drop condition.

The gas-injection analysis presented earlier shows that air is to be injected when the airbag
is being compressed. This guideline was followed in the early air-injgction experiments. Air
injection time, t,, was set to inject air into the airbag at various times during airbag compression.
When air was injected this way, a change in the initial rise of the G force profile and a decrease
in G, were not observed. The part of the G profile that was affected was the decreasing part of
the G profile after G, as shown in Fig. 53. In the analysis, gas mixing was assumed to be
instantaneous and local flow conditions inside the airbag were not considered. In reality, it takes
time for the centrally injected air to mix with the air inside the airbag. To allow for this mixing
time, air was then injected into the airbag prior to its compression. This was accomplished by
controlling the two solenoid valves, H and K (Fig. 50), with the timing-control circuit, J. A
series of experiments were conducted this way. They are described below.

In this series of experiments, air was injected prior to airbag/platform release from a height
of seven feet. Air-injection time, t, varied from 0.1 to 0.5 second and compressed air pressure,

P, was set from 50 to 90 psig as shown in Table 6. To illustrate the experimental procedure, for



the experiment with bPi = 80 psig and t, = 0.2 s, compressed air was injected into the airbag for
0.2 s before it was released from seven ft. At the end of the 0.2 s, air-injection was terminated
and the airbag/platform was released to freefall for seven ft (0.66 s). Payload deceleration and
airbag air pressure w;re measured during the experiment. As shown in Fig. 51, the supplied
compressed air contirmed to flow out of the airbag well into the 0.66-s time range after
termination of air injection. Therefore, although air was injected prior to airbag compression,
its effect was felt during airbag compression and resulted in decreased peak G forces as shown

in Table 6.
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Table 6
Air-Injection Airbag Experimental Results

Airbag size: 4’(w)x (1) x 1’(h)
Payload platform mass: 315 Ib,

A, = 1.04
Air Injection Time
(Seconds)
Tank air pressure 0.1 0.2 03 0.4
at beginning of
air injection
psig GP Pp Gp PP GP P P Gp PP GP PP
g psig g  psig g  psig g psig g psig
s0 - - 316 507 237 451 259 4389 26.3 4.76
60 - - 227 426 230 451 233 4.54 - -
63 - - - - - - 260 507 - -
70 - - 257 474 261 4.80 249 526 -- -
80 30 533 30.3 5.35 259 514 - - 31.8 5.63
80 291 512 253 475 289 558 - - - -
90 - - 433 816 - - - - - -
Simple airbag
(no air injection) A, ft G,.g P, psig
0.903 44.82 593
0.903 47.6 5.14
0.903 49.9 5.89
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Table 6 shows the measured peak G force, G,, and peak airbag pressure, Py, of the airbag
using air-injection along with the measurements obtained earlier for the airbag using the optimum
constant vent (130-in?). Comparison of the two methods of operation shows that lower G, values
were obtained using air-injection. Comparison of the G and P profiles is shown in Figs. 52 and
~ 54. 1t is seen that air-injection resulted in a slower initial rise in the profiles and a longer airbag
stroke time. Thus, lower g values were obtained using air-injection. These experimental results
qualitatively agree with the analytical results presented earlier.

For comparison purposes, experiments using paper honeycomb as the sole impact energy
absorber were also conducted. For these experiments, the airbag was removed from the platform,
and two blocks of paper honeycomb were taped to the underside of the platform directly below
the two 100-1b payloads. By use of paper honeycomb design guidelines'® and by experimentation
with different paper honeycomb sizes, two blocks of 18-in x 7-in (cross-section) x 16-in (height)
blocks were found to be the optimum size for the 315-1b payload/platform. The corresponding
G force profile is shown in Fig. 55 along with the G force profile for the air-injection airbag
obtained earlier. The peak G force is about the same for both profiles. The well-known overall
rectangular-shaped G profile of paper honeycomb is evident. The typical, relatively slow initial

rise of the airbag G profile is also evident.

Augmented Airbags

Previous complex airbag experiments using vent-control and air-injection methods showed that
they decreased the peak G force of simple airbags with constant vents. But they did not increase
the initial slow rise of the G profile. To achieve this, an auxiliary energy absorber is necessary
to augment the airbag. - Paper honeycomb was chosen for this purpose. Impact energy

attenuation characteristics of augmented airbags using paper honeycomb were then investigated.
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Two extensions as shown in Fig. 56 were added to the platform to hold two relatively small
pieces of paper honeycomb on two sides of the airtbag. The additional weight of the two
extensions resulted in a 420-1b total weight of the payload/platform. In order to increase the
initial slope of the aitbag G pfofile, paper honeycomb had to be crushed first when the bottom
of the airbag impacted the ground or slightly before that instant. Therefore, the paper honeycomb
had to be at least 1-ft thick or slightly thicker so that it would extend beyond the bottom of the
airbag to absorb most of the initial impact energy. Paper honeycomb design guidelines'® showed
that a 390-in’ (cross-section) x 3-in (height) was necessary for cushioning a 420-Ib payload
landing with a 21 ft/s velocity. Smaller blocks of paper honeycomb were experimented in
conjunction with the airbag (Fig. 56). Additionally, 100% honeycomb (without the airbag) and
simple airbag experiments were also conducted to compare their performance with the augmented
airbag. Table 7

Augmented Airbag Experimental Results
Airbag size = 4’(w)x4’()x1’(h,) |

Payload/platform mass = 420 b,
Drop height = 7

EXPERIMENT in? g psig
1. Augmented simple airbag 110 213 333
with 50-in? x 12-in paper 110 237 3.08
honeycomb
2. Simple airbag with 50 30,1 6.81
constant vent 70 328 6.17

3. Paper honeycomb only
(no airbag)

192 in*x 6 in - 313 -
252 in’ x 6 in - 292 -
4. Air-injection airbag 110 213 335
with 50 in % x 12 in® paper 130 224 373
honeycomb (m; at 70 psig
for 0.35 s)
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Four groups of expeﬁrnenis as shown in Table 7 were conducted. Results from two best
experiments with low peak G forces from each group are tabulated in Table 7 and the
corresponding G and P profiles are shown in Figs. 57-60. Figs. 57 and 58 show the typical
triangular-shaped profiles of the simple airbag with constant air vents. Fig- 59 illustrates the
more rapid initial rise in the G profile of paper honeycomb. When paper honeycomb and the
simple aifbag were combined together, much improved overall rectangular-shaped G and P
profiles were obtained, as shown in Figs. 57-59. Consequently, as shown in Table 7, the peak
G force of about 33 g’s for both the simple airbag and the paper honeycomb was reduced to
about 24 g’s by using the augmented airbag. The cross-sectional area of the paper honeycomb
used as the auxiliary energy absorber for the simple airbag was about 1/4 to 1/5 of that of the
100% paper honeycomb. Fig. 60 shows the G and P profiles of the paper honeycomb augmented
airbag with air-injection. Results were similar to those in Figs. 57-59, for the augmented airbag

without air-injection.



Airdrop Applications

In view of the improved performance of air-injection airbags and paper honeycomb-
augmented airbags, they can be effectively utilized for airdrop applications. One highly
simplified arrangement is conceptually shown in Fig. 61. Two rails of paper honeycomb are
positioned longitudinally along the two sides of a platform as shown in Figs. 61A and 61B.
Because of the high crushing strength of paper honeycomb (6,100 Ib/ft®), it can be sized so that
it provides a drive-on capability for one to drive a vehicle on it and to rig the vehicle onto the
platform. Between the two rails of paper honeycomb is a single or a series of airbags with
constant vents (shown deflated in Figs. 61A and 61B). Figs. 61A and 61B show the rigged
vehicle ready for airdrop. As the entire vehicle/platform system impacts the ground, the paper
honeycomb absorbs the initial impact energy as shown in Fig. 61C. Simultaneously the airbags
are inflated by air injection (source not shown in Fig. 61C) to further absorb the impact energy
as it was demonstrated by the augmented airbag experiments presented earlier. After the airbags
are compressed and deflated, and the entire system is stablized, one can then derig the vehicle
and drive it off the platform. Thus, a drive-on/drive-off capability, simple rigging/derigging, and

quick ground mobility are provided by such a paper honeycomb-augmented airbag system.
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Summary and Conclusion

For a 4-ft deep rectangular-shaped simple airbag installed below a 9-ft x 4-ft Type V airdrop
platform, a 4000-1b p;yload is about the maximum weight that the airbag can support to yield
similar G forces as those yielded by paper honeycomb. Complex airbags using vent-control and
gas-injection, and augmented airbags using paper honeycomb are found to improve tﬁe
performance of simple airbags by decreasing the peak G force.

Current Army transport aircraft, such as the C-130, does not have sufficient space between
the platform and the aircraft floor for airbag installation. Fu;'thermore, airbags below a platform
will always have the payload tipover problem. Based on these unfavorable factors along with
the improved performance provided by the complex and augmented airbags, future airbag
investigations should be toward using these enhanced performance airbags between the payload
and the platform. A series of airbags equipped with gas-injection and an auxiliary energy

absorber (such as paper honeycomb) as shown in Fig. 61 would be the arrangement to pursue.
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Figure 2. Photograph Showing a U.S. Army Vehicle Cushioned by Paper
Honeycomb and Mounted on a Platform for Airdrop
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Figure 3. Schematics Showing a Simple Airbag and Concepts of Complex Aixfbags
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Figure 19. Photograph Showing the 9” x 4’ x 4’ Simple Airbag with Two Vent Openings and a Payload




Figure 20. Photograph Showing the 9’ x 4’ x 4’ Simple Airbag at 13’ above Ground before
a Drop Test
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Figure 36.

Photograph Showing the Components of the Vent-Control Mechanism
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C. TANK SHUT-OFF VALVE
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T

H. VALVE POSITION FEEDBACK POT

1. SLIDING GATE

J. AIRBAG '
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Figure 37. Schematic Showing the Components of the Vent-Control Complex Airbag System
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'Figure 47. 4 x4’ x 1", H="7, M =315 Ibs, A, = 1.32 fi%

A. G Force, B. Air Pressure
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Figure 49. Photographs Showing the 4’ x 4" x 1° Air-Injection Complex Airbag
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Figure 50. Schematics Showing the Components of the 4’ x 4’ x 1’ Air-Injection Complex Airbag: A. Plan View
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Figure 50. Schematics Showing the.Components of the 4’ x 4’ x 1 Air-Injection Complex Airbag: B. Side View
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Figure 51. Air Velocity Measurements at the 5.5"-Diameter Air Vent and Air Pressure Measurements
of the 4’ x 4’ x 1’ Air-Injection Complex Airbag: A. P; = 70 psig, t, = 0.2 sec
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Figure 51. Air Velocity Measurements at the 5.5"-Diameter Air Vent and Air Pressure Measurements
of the 4’ x 4’ x 1’ Air-Injection Complex Airbag: B. P, = 70 psig, t; = 0.3 sec
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Figure 51. Air Velocity Measurements at the 5.5"-Diameter Air Vent and Air Pressure Measurements

of the 4’ x 4’ x 1’ Air-Injection Complex Airbag: C. P, = 70 psig, t, = 0.4 sec
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Figure 52. Performanoe. of the 4’ x 4’ x 1’ Airbag Operated with a Constant Vent
(0.903 %) with and without Air-Injection: A. G Force ,

0.2
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Figure 52. Performance of the 4’ x 4’ x 1’ Airbag Operated with a Constant Vent

(0.903 ft?) with and without Air-Injection: B. Air Pressure

0.2
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Figure 53. Comparison of Air Pressure of the 4’ x 4’ x 1* Airbag Operated without Air-Injection (A)
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Figure 53. Comparison of Air Pressure of 4’ x £x1 Airbag Operated with Air Injection during Airbag Compression (B)
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Figure 54. Comparison of the 4’ x 4’ x 1° Airbag Performance Operated with Air-Injection: B. Air Pressure
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Figure 55. G Force Comparison of the 4’ x 4’ x 1’ Air-Injection Airbag

and paper honeycomb
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Figure 56.
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Figure 57. Performance Comparison (Two Tests) of the 4’ x 4’ x 1’ Augmented Airbag and Simple Airbag: A. G Force
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Figure 57. Performance Comparison (Two Tests) of the 4’ x 4’ x 1” Augmented Airbag and Simple Airbag: B. Air Pressure
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Figure 58. Performance Comparison (Two Tests) of the 4’ x 4’ x 1’ Augmented Airbag and Simple ‘Airbag: A. G Force
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Figure 58. Performance Comparison (Two Tests) of the 4’ x 4’ x 1 Augmented Airbag and Simple Airbag: B. Air Pressure



66

50
Augmented Airbag
(with paper honeycomb)
S r  TTTmm- Paper Honeycomb
25 | \\
N
G Force I\ / I A
g / | N |
’ | v \ \ n Val
/ / Ny
VN
25 -
-50 ] L i 1
0.0 0.04 0.08 0.12 0.16 - 0.2
t,sec

Figure 59. G Force Comparison of the 4’ x 4’ x 1’ Augmented Airbag and Paper Honeycomb
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Figure 60. Performance of the 4’ x 4’ x 1’ Augmented Airbag with Air-Injection: A. G Force
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Figure 60. Performance of the 4’ x 4’ x 1’ Augmented Airbag with Air-Injection: B. Air Pressure
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Figure 61. Schematics Showing the Concept of Using Air-Injection Airbags

Augmented by Paper Honeycomb for Airdrop of a Vehicle






