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PREFACE

This final report presents the results of a study
conducted under the sponsorship of the DOT entitled,
"Development of Improved Inflation Techniques.'" The
activities reported herein were conducted over the

period from July, 1974 to September 30, 1975.

Olin wishes to acknowledge the efforts of Michael Walsh
of Calspan in conducting the sled tests and the efforts

of Keith Friedman of Minicars in conducting the Vehicle

Tests.
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The objective of the Development of Improved Inflation Techniques
Program Task III was to refine the performance of the system
developed under Task II, the basic dual bag system, and to
evaluate system performance by sled testing and full scale vehicle

tests.

consisted of a dual baoc degiogn utilizing a low nressure head ba

il l 22 LT RE LLLaa S =TT anht e as Ll -

e |

Some twenty-six static tests (to determine inflation time and
pressure) were conducted during the program to refine the system
prior to the sled series with anthropomorphic dummies. Another
eleven static tests were conducted, essentially at the end of this
study, to develop a pure pyrotechnic inflator to replace the
augmented inflator (used throughout most of the study) for the torso

bag.

Four sled test series with a total of thirty-nine sled tests were
conducted during Task III. The final sled test series was conducted

in the middle of the vehicle tests to refine the system for the



remaining crash tests. Based on the results of the sled tests it
was demonstrated that this system probably can be effective in

meeting MVSS 208 injury criteria at speeds to 45 mph.

Six full scale vehicle tests were conducted during Task III. The
vehicle tests demonstrate that this system can probably be effective
in meeting MVSS 208 at speeds up to 45 mph into a flat barrier and

40 mph into a 30° angled barrier.



SUMMARY AND CONCLUSIONS

The table below summarizes the results of the sled tests and full
scale vehicle tests conductéd during Task III. Results of sled
tests with both the required and alternate deceleration profiles
are shown. For a comparison of the deceleration profiles see

Figure 8, Page 44.

Occupant Velocity Type of Chest Res. Femur
Size mph Test HIC g's ** 1bs.
50th 50 Sled 500 48 1200
50th 50 A* Sled 600 56 1200

Out-of- 50 Sled 363 48 -

Position

6 Yr. O0ld 50 A* Sled 400 48 -

6 Yr. 0ld 0 Sled 68 40 -

6 Yr. Old 0 A* Sled 270 35 -
50th 30 Vehicle 121 33 800
50th 45 Vehicle 414 57 1250
50th 40 l Barrier

Vehicle 154 41 1200

A* - Alternate sled pulse.

*% - All readings are with a 3 msec. cumulative clip.



When sled testing was conducted with the Task III deceleration
profile the injury data was reduced to minimal values by optimizing
the restraint system, and the results were well within the injury
criteria as noted in the above table. After conducting three of
the full scale vehicle tests, it was noted that the system was not
optimized for both the Task III sled pulse and the vehicle crash
pulse. At this point there were two alternatives; 1) Conduct sled
tests with an alternate deceleration profile similar to the vehicle
crash pulse or 2) Conduct further tests with the Task III deceleration
profile which did not simulate the vehicle crash pulse, and gain no
confidence that the restraint system would meet the injury criteria
in the vehicle tests. Option number one was chosen. Based on the
sled test data with both of the deceleration profiles it is very
possible that the same restraint system could have been optimized
for both profiles; however, further improvement would have required
additional testing which was beyond the scope of the current
investigation. As noted in the table all of the injury criteria of
MVSS 208 were met with both the alternate deceleration profile on
the sled and full scale vehicle tests. Based on this data it is
probable that the final dual bag system can meet the requirements
of MVSS 208 in a standard size (B Body) wvehicle at speeds up to

and including 45 mph.



SYSTEM DESIGN

The components which make up the dual bag system consist of the
following items- the aspirator inflator, the augmented inflator,
the gas distributor manifold, and the dual bag air cushion. Another
component utilized in most of the dual bag systems was a gas
generator to furnish the primary gas for the aspirator when it was
not furnished by the augmented inflator. Figures 1 and 2 show a

schematic of the dual bag system and its position in the vehicle.

The aspirator unit is a Coanda type which operates as follows:
Pressurized gas is piped into the aspirator inlet and passed over

an annular gap. The gas attaches itself to a curved air-foil surface
which forms the throat of the aspirator. The expansion of this gas
and its subsequent acceleration over the air-foil surface create a
low pressure region which induces air into the throat. This secondary
or induced flow mixes at the outlet. A measured efficiency of 20:1
induced air to primary gas is obtained under ideal conditions (i.e.,
no load pressure). However, due to resistance of moving the bag

from its stowed position outward and the short time required to
completely fill the bag, the obtainable efficiency is reduced to
approximately 5:1. The actual efficiency obtained by the aspirator

used for this study was approximately 2:1.
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The primary gas source can be from either an augmented inflator

or a solid propellant gas generator. The primary gas flows into
the diffuser-transfer tube and out through radial holes in the
tube, thus pressurizing the three primary chambers to the optimum
aspiration pressure (10-30 psig). All three chambers are inter-
connected by the manifold and are consequently pressurized to the
same pressure. The pressurized gas flows through the slit into
the throat section of the aspirator where the bag is initially
stowed. The pressure in this section rises rapidly and starts the
bag deployment. As the bag is deployed out of the throat the
pressure drops, and the flow through the slit attaches to the air-
foil surface and creates a low pressure in the throat section.

The resulting vacuum opens the flapper valves and induces ambient
air (vehicle compartment air) into the gas stream. After the bag
has inflated to atmospheric pressure, the aspirator flow backs up
and the flapper valves close. The primary gas further fills the
bag to the required fill pressure. The aspirator bag (head bag)
deployment is also assisted by the faster augmented inflator (torso
bag) deployment. The two bags are attached at the junction, and

as the lower bag deploys, it assists the upper bag deployment.

When the complete restraint system is powered by an augmented
inflator, part of the gas is orificed to the aspirator to provide

the primary gas flow for filling the head bag. The remaining



Ficure 3

NOMINAL THERMODYNAMIC DATA

ASPIRATOR SYSTEM
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inflator gas was orificed to the diffuser and into the chest bag.

The augmented system has argon stored in the bottle and a solid

nr allant
P S -

yLOpn_ axi e““ratcr w

aoac o
5o pTuc

pressure from the burning of the propellant. The solid propellant
can be configured so as to provide increasing or decreasing levels

of mass flow.

The nominal thermodynamic data for the aspirator system and augmented

system are shown on Figures 3 and 4 respectively.

The final restraint bags for this program were fabricated by sewing
from 100% nylon, plain weave, 840 denier material. The upper bag
was fabricated from 5.5 oz/yd.2 material and the lower bag from

7.5 oz/yd.2 material. The materials were uncoated and additional
breathing was added by making wvarious size breathing holes in the

bags to obtain the optimum ridedown characteristics.

All of the knee restraints for Task I1I were fabricated from DB foam.



FI1GURE 4

NOMINAL THERMODYNAMIC DATA

AUGMENTED SYSTEM
Bac VoLume - 5.6 FT.3
INFLATION PRESSURE - 20.7 PSIA

INFLATION TEMPERATURE - 2500F (CALCULATED)
STORED GAs - 254 GMs. ARGON
PROPELLANT Gas - 27 eMs, SF-23 (18 ems. Gas - MW-30)

W
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STATIC TESTING - SYSTEM SIZING

Table 1 summarizes all of the static development tests conducted

during Task III of this program. Some specific tests will be

referred to and the traces of these tests are included (Figures .
5 and 6) to show the type of data obtained on a static development

test.

During the initial phase of the program several tests (3396-3401)
were conducted to compare the results (inflation time and pressure)
of a solid propellant powered aspirator and an augmented powered
aspirator. From the static inflation results the two systems
appeared to be comparable. Then a series of static out-of-position
tests with a six year old child dummy (3405-3408, 3414, 3415) were
conducted to compare the two systems. The results with the augmented
powered system (3408) appeared to be slightly more severe from the
standpoint of the child riding back into the seat. During this
series of static tests it was also noted that bag packing also
affected the ride back into the seat of the child. When the bag
was folded under, the child would tend to get airborne during the
rideback; whereas, when the bag was folded over, the child was

pushed downward.

During the first series of sled tests, the dual bag aspirator
system resulted in neck bending for the 50th percentile male dummy .
and unacceptably high loads for the out-of-position six year old

child dummy.

12



F1GURE 4

NOMINAL THERMODYNAMIC DATA
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INFLATION PrREssure - 20,7 PSIA
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STATIC TESTING - SYSTEM SIZING

Table 1 summarizes all of the static development tests conducted
during Task III of this program. Some specific tests will be
referred to and the traces of these tests are included (Figures

5 and 6) to show the type of data obtained on a static development

test.

During the initial phase of the program several tests (3396-3401)
were conducted to compare the results (inflation time and pressure)
of a solid propellant powered aspirator and an augmented powered
aspirator From the static inflation results the two systems
appeared to be comparable. Then a series of static out-of-position
tests with a six year old child dummy (3405-3408, 3414, 3415) were
conducted to compare the two systems. The results with the augmented
powered system (3408) appeared to be slightly more severe from the
standpoint of the child riding back into the seat. During this
series of static tests it was also noted that bag packing also
affected the ride back into the seat of the child. When the bag
was folded under, the child would tend to get airborne during the
rideback; whereas, when the bag was folded over, the child was

pushed downward.

During the first series of sled tests, the dual bag aspirator
system resulted in neck bending for the 50th percentile male dummy
and unacceptably high loads for the out-of-position six year old
child dummy.

12
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After the first sled test series the bag was redesigned for shape
and size. (See Figure 2) The head bag was increased in size from
4.5 ft.3 to 5.1 ft.3 and the torso bag was reduced in size from
6.5 ft.3 to 5.6 ft.3. This was done to reduce the loading on the
out-of-position child. The bag shape was changed (such that the
head bag is positioned closer to the windshield) to reduce some of
the neck bending evidenced in the test series. The static inflation
test for the redesigned bag is depicted by Figure 5. This test
(3423) had an inflation time of 40 ms and maximum bag pressure of

5 psig for the torso and 1 psig for the head bag. (Note: All sled

tests were conducted with a sensor time of 5 ms.)

During the second series of sled tests, the dual bag aspirator system
resulted in borderline loading of the 50th percentile male dummy and
unacceptably high loads for the out-of-position six year old child

dummy .

After the second sled test series, the results indicated a need for

1) reducing the bag weight to further lower the out-of-position child
loads and 2) decreasing the inflation time in order to reduce the
chest loadings on the 50th percentile dummy. A static inflation test
for the reduced inflation time system is depicted by Figure 6. This
test (3428) had an inflation time of 34 ms, compared to the 40 ms for
test (3423). The torso bag inflation pressure was also higher, 6 psig

versus 5 psig.

Static tests with an all-pyrotechnic inflator were conducted at the

end of Task 1III. These tests are discussed in another section.
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SLED TESTING - DUMMY DYNAMIC PERFORMANCE

Four sled test series with a total of thirty-nine sled tests were
conducted during Task III. The first three sled test series were
conducted prior to the first three vehicle tests and the fourth
sled test series was conducted after the third vehicle crash to
refine the inflation for the final three vehicle tests. The

details of the sled testing are discussed in the following sections.

First Sled Test Series

Nine sled tests were conducted during the first sled test series.
Table 2 summarizes the results of these tests and Table 3 summarizes

the changes in system parameters for each test.

Test numbers 1238 - 1242 are a series of tests with the 50th percen-
tile, wherein the changes consisted of reducing the bag fill time,
increasing the fill pressure and increasing the bag venting. The
resulting system, test number 1242, produced results with an
acceptable degree of margin within the specifications. Excessive
neck bending was observed when viewing the films of these tests.
The same system produced very acceptable results with the out-of-
position, six year old child in the static (Static #l) condition,
however, the 50 mph test (1244), with the child, recorded marginal
chest loadings. Test number 1245 was a 50 mph test with the child
where the bag was rolled toward the center from top and bottom.

This method of bag folding caused excessive loads on the head and

21
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chest of the child and the ride back onto the seat was not
satisfactory. A test (1243) was conducted with the 50th percentile
at 50 mph where the knee/knee restraint gap was increased from 1"
to 3". (Distance E in Figure 7) This was done in an attempt to
influence the kinematics of the dummy and reduce the neck bending.

This small change did not appear to reduce the neck bending.

Second Sled Test Series

Eight sled tests were conducted during the second sled test series.
Table 4 summarizes the results of these tests and Table 5 summarizes

the change in system parameters for each test.

There were essentially three changes made in the total system after

the first sled test series. These were:

1. The bag size and shape were revised in an effort to reduce
some of the neck bending which was evidenced with the
previous dual bag design. A comparison of the two dual

bag sizes and shapes are shown in Figure 2.

2. A reduction in the total dual bag size (especially the
reduction in the size of the torso bag) necessitated a
reduction in the total gas flow and allowed a lower
initial gas flow rate. This lower initial gas flow rate
should be effective in reducing the initial chest loadings
on the out-of-position child, however, the loadings on
the child's chest during the second sled test series were

still marginal.
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3 The knee restraint support was moved forward in the
vehicle to allow for an additional three inches of
crushable knee restraint material. This would allow

for more penetration of the knee restraint if required.

The first three sled tests (1285-1287) were with the 50th percentile
male. The breathing and knee restraint/knee distance were varied

to obtain the optimal results. With the tibia 3.5" away from the
knee restraint (1286) the occupant rides off the front of the seat.
With the tibia 1.5" away from the knee restraint (1285) the occupant
rides up in the seat on rebound. 1In comparing the chest resultant
accelerations on 1285 and 1287, the results on 1287 allowed for a
larger margin of safety, however, the occupant did ride through

the bag and contact the dash area.

The head results on all three tests were well within the specifica-
tion The femur loads were too high on 1286 which was caused by
the top of the knees contacting the bottom of the restraint during

ridedown.

A 50 mph test (1288) and a static test (Static II) were conducted
with the out-of-position six year old child using a compromised
system from the first three tests. All of the results were well
within specification except for a marginal chest load on the dynamic

test

Test numbers 1289 and 1290 were two more tests with the 50th male
which further revealed the system to be marginal on chest loadings

with the system inflation rate and pressure.
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On test number 1291 the augmented system propellant weight was
increased from 25 gms. to 33 gms. The propellant flow rate during
the 1nitial 35 ms. of gas flow was comparable to the previous tests.
The additional 8 gms. of propellant was burned over the next 15 to
20 ms. in an attempt to provide additional gas flow and prevent

the occupant from bottoming out. However, this gas flow was added

prior to maximum chest loading and added to the chest resultant.

In summary, the redesigned bag shape did appear to reduce the
severity of neck bending and the reduced initial gas flow rate did
reduce the initial chest loadings on the out-of-position child;

however, the results were still marginal.

Third Sled Test Series

Ten sled tests were conducted during the third sled test series.
Table 6 summarizes the results of these tests and Table 7 summarizes

the change in system parameters for each test.

There were essentially three changes made in the total system since

the previous sled test series. These were:

1. The static inflation time of the augmented bag was
decreased from 40 to 35 milliseconds. Also the static
inflation pressure of the augmented bag was increased
from 5 to 6 psig. These changes were made to reduce the

chest loadings on the 50th percentile male.
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2. A lighter weight bag was utilized to lower the initial
chest loadings (bag slap) on the out-of-position six
year old child. All tests to this point in time were

conducted with 7.5 oz/yd.2 bag material.

3 The inflation system was raised one inch in the body
buck to alleviate the problem of the interference of the

knees with the lower portion of the restraint system.

The initial sled test (1301) was conducted with the out-of-position
six year old child and a dual bag fabricated completely from 5.5
oz/yd 2 material compared to the normally used 7.5 oz/yd.2 material.
Otherwise, the inflation system was identical to that of the previous
sled test series. The purpose of this test was to compare the bag
slap g-loads for the two different weight bag materials. In
comparing test numbers 1288 and 1301 the initial bag slap peak g-
loads were 95 g's versus 50 g's respectively. Therefore, the

lighter weight bag material reduced the bag slap g-loads considerably

as would be expected.

The second test (1302) was conducted with the 50th percentile male.
The inflation system utilized the heavier weight (7.5 oz/yd.z) bag
material with the decreased inflation time (35 ms.) inflator. The
purpose of this test was to determine if the reduced inflation time
would improve the chest loadings on the 50th percentile male. The
chest resultant was 48 g's compared to 58-60 g's obtained on the

previous sled test series.
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Tests number 1303, 1304 and 1306 were tests with the 50th percentile
male, a medium weight bag and the reduced inflation time system.

The medium weight dual bag consisted of a 5.5 oz/yd.2 material
aspirator bag and a 7.5 oz/yd.2 material augmented bag. These

three tests consisted of optimizing the bag venting in order to
reduce the chest loadings. The optimized system (Test number 1306)
produced a 48 g chest load with the other results on this test being

well within the injury criteria.

On Tests number 1307 and 1308 the inflation system was identical to
1306 but the knee restraint was modified to allow for more forward
movement of the dummy prior to the knees contacting the knee
restraint. This was done in an attempt to change the ridedown
kinematics (to submarine) of the dummy and reduce some of the neck
bending observed on the previous tests. These changes in the knee

restraint did not seem to improve the extent of the neck bending.

Tests number 1305 and 1309 were two tests with the out-of-position
six year old child. Both of the tests met the injury criteria.
The results on 1305 were slightly higher since the system was not

fully optimized until test number 1306.

Test number 1310 was a repeat of test number 1306; however, the bag
failed at the seam in the side panel. It was the second test for

this bag.

32



In summary, the lighter weight bag and reduced inflation time
improved the chest loadings considerably on both the 50th per-

centile male and out-of-position six year old child.

Fourth Sled Test Series

Twelve sled tests were conducted during the fourth sled test series.
Table 8 summarizes the results from the fourth week of sled testing.
A different crash pulse was employed for this series (See Figure 8).
There were no major changes made to the restraint system from the
previous sled test series. Slight changes in bag venting were

made during the initial tests of this series to optimize the ride-
down characteristics for the longer crash pulse. During the initial
car crash test the dummy loadings were very low, and he was riding
through the bag and contacting the dash area; therefore, a reduction
in bag venting was necessary to build up the loads and prevent the

dummy from riding completely through the bag.

Tests number 1384-1387 are four tests with the 50th percentile male
in which slight changes were made in bag venting to obtain the
optimal ridedown for the longer crash pulse. On test number 1384

the head bag failed to inflate due to an error in loading the system,
and the results should not be judged. Of the other three tests

1386 was chosen as having the optimal venting even though 1385 and
1387 produced slightly lower chest results, the head appeared to be
penetrating through the bag on those tests. Test 1391 was a repeat

of test 1386 and the results are comparable.
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lests number L3306 and 1307 are two dynamic tests with tn

0]

position six year old child. All of the results were well within

the injury criteria.

Static tests I and II are tests with the out-of-~position child
which meet the injury criteria, however, the child did slide over
the front seat on Static I. The seat was changed to a bench type
seat for Static II and the child remained in the front seat. A
dynamic test (1390) with the six year old child seated normally
was conducted for information and the chest loadings did not meet

the injury criteria.

Runs 1392 and 1393 were dynamic tests with the 5th percentile

female and 95th percentile male, respectively. All of the results
on these tests passed the injury criteria except for the femur load
on the 95th. These excessive loads were caused by the 95th
percentile male dummy contacting the bottom of the inflation system

at the end of ridedown.



VLHICLE TESTING

A series of six full scale vehicle tests was conducted during

Task IT1I of the program. The tests employed unmodified 1974 full-
si1ze Ford sedans For the passenger position, the refined dual

bag system developed under Task IT was utilized. For the driver
position, the driver air bag restraint system developed under NHTSA
Contract DOT-HS-113-2-441 was employed*. The test matrix for the

vehicle tests was as follows

1 Flat Barrier Impact (Perpendicular) (5 tests)
V, = 30 mph (1)
Vo = 40 mph (1)

Vo = 45 mph (3)
2 Flat Barrier Impact (30 degree oblique) (1 test)
Vo = 40 mph

The test reports of each individual test are bound together and

form Volume II of the Final Report.

A summary of the passenger results are shown on Table 9. The
passenger restraint system physical measurements are tabulated in

Table 10

* D Friedman and K Friedman, "Advanced Air Bag Restraints
for Standard Size Car Driver," Final Rpt. DOT-HS-113-2-441,
February 1974
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TABLE 10

RESTRAINT SYSTEM PHYSIcAL MEASUREMENTS

CLE T

S

Iest No.
1 2 3 4 5 6
/ 9 9 9 8 9
28 3/4 28 1/4 29 1/4 301/4 30 1/4 30
24 24 24 24 231/2 23 1/2
3 2 2 3.5 2 2
4 3 2.5 4 21/2 21/2
514 41/4 31/4 314 31/2 31/4
13172 131/2 13 3/4 14 13 3/4 14
29 172 29 1/4 29 1/72 30 29 1/2 29 3/4
* DIMENSIONS IN INCHES. REFER To FIGURE 7 FOR

LETTER CODE.
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The first vehicle test was conducted at 30 mph and the results
indicated good survivability. The loads in the SI direction of

the chest were slightly high and foam was placed under the seat

for the second test to increase the resistance to downward motion.
No other changes were made in the system. The second test was
conducted at 40 mph and the dummy submarined and rode through the
bag. However, the results were still well within the survivability

requirements.

The third vehicle test was conducted at 45 mph and a change in the
bag venting was made in an attempt to prevent the dummy from riding
through the bag. The vent hole in the upper bag was removed and

the knee restraint was moved one inch towards the passenger. The
windshield released on this test. This failure removed the reaction
surface (the windshield) for the passenger bag and allowed the dummy
to contact the dash area at the end of ridedown. Although the
results met the injury criteria, it was not considered a good test

since the windshield released.

Since the second and third vehicle tests were marginal with respect
to dummy penetration of the bag, it was felt that a series of sled
tests was necessary to tune the system for the longer crash pulse
(125 ms.) being evidenced in the car crashes as compared to the

100 ms. sled pulse under which the system was developed. Figure 8

compares the 1974 Ford crash pulse with the sled pulses tested
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during the program. The Task III alternate pulse was utilized
for tuning the system on the sled for the last three vehicle
tests. During the final sled test series the restraint system

was only changed in the area of bag venting.

The fourth vehicle test was conducted at 45 mph with the modified
bag venting restraint system. Although the results met the injury
criteria, the dummy did slide off the front of the seat. The

knee bolster was modified (thickness increased one inch) prior to
the next car crash to prevent the submarining. The fifth test was
also conducted at 45 mph into a flat barrier. The results indicated
good survivability, and it was considered a very good test (See

Table 9).

The sixth and final vehicle test was conducted at 40 mph into a
30° angled right oblique flat barrier. The results of this test

also indicated a very high degree of survivability.
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ALL-PYROTECHNIC SYSTEM DEVELOPMENT

Because of the recent emphasis placed on system weight, system
reliability, and cost/benefit considerations, Olin proposed to
convert the lower bag augmented inflator of the dual bag system

to a solid propellant inflator. The NHTSA agreed that development
work 1n this area was within the scope of the program provided it

could oe conducted within the monetary limitations of the contract.

An all-pyrotechnic reloadable inflator is shown in detail in
Drawiny 4777128. To optimize weight and volume of the inflator,
a coaxial arrangement of propellant chamber inside the coolant
chamber-diffuser was incorporated into the design. Olin's SF-26
propellant, which was developed for use in a wheel mounted driver
inflator, was used for this development program. The inflator
uses small hollow beads with a slit or perforation through the

spherical wall to cool and filter the gas.

A total of eleven development tests were conducted with the pure
pyrotechnic inflator. These tests are summarized in Table 11.

All of the tests were conducted with a single 5.6 ft.3 bag. During
the testing the propellant/coolant ratio and orifice control were

varied to obtain the desired inflation data. The final test,
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test number 3437, (Figure 9) resulted in an inflation time of
36 milliseconds and a maximum bag pressure of 2.5 psig. This
test provides sufficient data to indicate that a system of this
design can be tailored to meet the requirements of a restraint

system.
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