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ABSTRACT

An experimental Arr Bog Tess Svvtem (ATS) to sindy air hag-pecupant imteractions during clove proximiny
eplovement iy been develaped. It serves ay @ research todl fo study conrraliohle and repeatable air bag
deplovments, The ATS was calibrated to replicate targer response due 1o an arbitrarily seleceed air bag
inflator type. A mathematical model was developed to deseribe the ATS deployment with favorable
validution.  The model folfows an mtegral approach that treats the unfolding of the bag during
deplovment as o uniform thinning sweface with specified volume=aréa functions. The model was used to
eaplain the test data and prenide insight into the effects of energy partition during a deplovment including
the effects of varying inflator lemperatire and vemt holes on targer load. The ATS and the model were
used 1o generare benchmark data for computational model and code development validations. Test and
modeling stwdies were performed for one aiv bag tvpe and are extendable o a wide variety of fleet air
bags. Results provided insights on the effects of inflation encrgy and mass flow on targer response. They
show that anlv g very small fraction (3%) of the toial deployment energy is delivered to a targer, while
1% by sroved in the air bag. For a sealed bag, the target response iy independent of inflator temperoture
i the roral energy iy held comstant. Vemiing reduces the targer load primarily during the fingl
prressurization (membrane) phase. For a venred bag, the larget velocity decreases with higher inflator
femperarre,

INTRODUCTION

ir bags are designed 10 inflate rapidly 1o cushion the impact of an occupant during a car crash, Air

hag inflation can create large mechanioal forces that can injure out-of-position (OOP) nccupants by
exerting high loading on the chest, abdomen, and head/neck regions (Patrick and Nyquist, 1972; Sullivan
etal, 1992; Lauv et al., 1993; Mertz et al., 1995; Yoganandan et al., 1995; Johnston et al., 1997). Previous
static, sled, and crash test data hove shown that there is o wide variation in dummy responses (o air bag
lowds, Loads from the same air bag on test dummies can change significantly with small variation of
dummiy positions (Horsch et al,, 1990, Melvin et al., 1993; Bass etal., 1999), Static tests using different
air bags have also shown a wide variation of impact load on the same-size dummy at the same position
relutive to the air bag (Pilkey, 1996, 1996b), There exists little phenomenological explanation for this
variation.
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A standardized test method that provides complete information on the air bag, target, and bag-target
internction is not available, An efficient and repeatuble luborstory test method i needed to systematically
explore the factors affecting the air bag-target mteraction, while providing a technigue of standardized
compirison of existing and propesed air bags. Recent work by Duma et al. (1997) attempted to use a
preumatic deployment system as o laboratory study method but the reporied results were limited to only
reproducing air bag tip velocities that were still oo low and no target impact tests were done. Current
procedures provide dummy response data, and some [imited information of the geometric and gas
dynamics effects of the air bag itself. Lirtle datu is gathered on loading.  Recent work by Nusholtz et al.
(1998 and 1999) indicates the importance of relating the target response to inflation characteristics. An
understanding of the relation between the gir bag inflation characteristics and the resuliani joad and
ogcupant responses will help evaluate future, proposed air bag modifications.

Air bag=ocoupant deployment interactions hove been studied using mathematical models. These models
can be classified imo two categories 1) multi-body rigid models, and 2) finite elemem models.  Multi-
body models assume a series of pre-selected shapes for the air bag withour describing the details of the
unfolding process.  They have the advantage of computational simplicity -and hence can be used to
conduct parmmetric design studies (Wang and Ngo, 1990; Deng and Wang, 1994, and Deng, 1995),
Nusholtz and co-workers (1998, 1999) included the integml effect of emergy flow rte and heat transfer in
their multi-hody model studies. Several air bag studies using finite elements yielded qualitative results
{Wawa ¢tal, 1993; Tanavde et al, 1997), Applications ranged from frontal thoracie impacts {Lin et al.,
1995, Digges, et al., 1997, and Plank et al., 1998), head injury (Ruan and Prasad, 1994), and interaction
with out-of-position child (O'Connor and Rao, 1992, Sieveka et al, 1999), to the study of hag untolding
detalls | Wawn et al., 1993, Tannvde el al, 1997, and Valdyarnman e al. 1998),

The objective of this work is 1w 1) develop a laboratory ATS to evaluate air bag lopd under conirollable
and repeatable inflation conditiony; 2) develop un integral Jumped-parameter nnalytical model coupling
the hag inflation to target response (0 help understand the fundamental parameters controlling the
inflation-occupant load relotionships; 3) use the ATS o5 o research tool to study air bag deplovment
dynamics and bag-dummy internctions particulorly for small gccupants in OOP conditions; and 4) (o
generate benchmark data sets complete enough for code and computational model  development
validations.

METHODS

Alr Bag Test System

A reudable, pneumatically-driven ATS was constructed to provide repeatable deployment using the same
air bag, The schematic of the ATS design is shown in Figure | The ATS gus source 15 a high-pressure
reservair (Figure 1) made of polyvinyl chloride (PVC) pipe with a 7.5-in. inner diameter, which is
pressurized by lnborntory compressed nir. The air bag, without the inflator, is attached 1o the ¢xit pipe of
the reservoir (Figure 1), An aluminium rupture dinphragm, separating the air bag From the reservoir, is
punctured by o gad-driven plunger to initiste inflation. The reservorr pressure, volume, ond rupture
diaphragm size can he adjusted to control the inflotion characteristics. The diaphragm raplure technique
mare closely simulates the pyrotechnic gas gencration raie than the use of an elecromechanical control
valve, such as that used by Horsch etal. (1990) and Melvin etal. (1993). Duma's (1997) pneumatic-
actrvation method for valve opening resulied in air bag tip velociiy that were considered low compared to
the fleet air bags,

Twao rigid targets were used for impact studies. The mid-size target is an aluminium cylinder with a

diameter of 127 (30,5 cm) and & mass of 77-1b (35-kg), representing # 50" percentile adult male upper
body. The small target i3 also an aluminium cylinder but with & diameter of 10" (25.4 ¢m) and a mass ol
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SO Ib (27 kg), representing a small (5" percentile) adult female upper body (Figure 1), The target is
hinge-mounted at the top and the proximity of the target to the air bag can be adjusted (Figure 2)
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Figura 1. Schematic of ATS fidure

(b) Close view

{2} Farview
Figure 2. &ir bag test selup with target standaff at 4 in

he ATS was instrumented (o measure air bag inflation charaeteristics and tarpel response,  Pressures on
both sides of the rupture diaphragm were measured, providmg pressure differentials for muss Now rate
calculutions.  The pressure  downstream  of the diagphragm  (P:) is taken (o be the air bag pressure
(Figure 1}. A bag and reservoir pressures were measured using Endeveo Plezoresistive Transducers,
Models B5108 and 8530C, with an Endeveo DC Amplifier, Model 136, An Endeveo Aceelerométer,
Model 7251A-10, with a PCH Signal Conditioner, Moedel 483 A, is mounted on the back of the turget to
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measure the whole body acceleration. Data wete recorded on a PC with a National Instruments Dynamic
Signal Acquisition Board (AT-A2150) with a dats-sampling rate of 5 kHz und were analyzed using
LabView 4.0. High-speed movies are tken to ohserve air bag opening interactions with the larget.

Calibration of the ATS against Fleet Air Bag Inflator (Igniter)

The ATS was calibrated against an air bag inflator by adjusting parameters o adequately replicate targes
response, The procedure follows four steps: 1) characterize the air bag inflator energy output using the
sealed tank test, 2) measure the torget response due to the inflstor, 3) set the ATS reservoir pressure o
match the inflator energy oulpul, and 4) adjust the ATS orifice size and fine tune reserveir pressure to
match the target response dynamics with the inflator

Sociery of Automative Engineers standard tank test,  The Society of Automotive Engineers (SAE)
standard tank test was used to characterize the selected air bag inflator. The tank is a sealed hollow
eylinder with 19.757 (50,2 em) diameter and 12" (30.5 cm) depth and has a volume of 60 L as specified in
SAE J2238 (1995). The inflator is separated from the air bag unil, connected to the tank, and electrically
discharged. The tank gas pressure and temperature histories are then recorded as shown by the gaupe
locations in Figure 3.

19.75" \ Top Inflator

Temperature
and

pressure gy Bottom

measured

\ Side

12t

Figure 3, Schematic of infiator tank test with instrumentation indicated.

Using the gas pressure and temperature recorded from the tank test, the instantaneous energy Stored in the
tank. £y, can be caleulated as

E.=MCT, (la)

and using ideal gas law,

E. & _‘prff_ (1h)
=]

where ;- is the tank gas pressure, Frthe tank volume, 77 the tank gas temperature, M the gas mass in the

tank, C, the constant volume specific heat, and y ( = C/,) the ratio of specific heats (with €, being the

constant pressure specific heat). The pyrotechnic inflator combustion process produces a gas mixture that
is mostly nitrogen with specific heal ratio y close 1o that of air and was taken as constant at 1.4, We
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assumed an adiabatic process and the energy discharged from the inflator, £, is equal to the energy stored
in the tank, £

. : V
B =, <2200 2)
r—1
and the energy flow rate is
- &’
ﬂ'rzﬁz_if ﬁ (3}
dt y—1 di

Eq. (2) shows that the tank pressure, Pr, 15 an indicator of the mflator energy, £, The total gas mass
discharged from the inflator My 15 equal to the mass lost by the mfator,

E,
G, T,
where M and Mj; are the mass of the inflaior measured before and afier the tank test, respectively.
Assuming the inflator temperature is constant during deployment, T, can be calculated from Eq. (4) as

En'

1) = (5)
C,M,

M;=M,—M,;= 4}

The inflator mass flow rate is then given by

E.l
C,T,

Since the tank temperature is also measured, Eq. (1a) can be used o verify the measured inflator mass
output, which is used for model caleulations for the inflator.

M= {a]

The ATS reservoir pressure Py i sel to match the inflator energy,

P.;-I ~. El{iv = I]
FJI'

where 1 is the reservoir volume. This energy matching is bused on the principle that egual work on the
targel should be obtained from equal energy, This, however, is only a static equivalence since it does not
address deployment dynamics. Dynamic tuning is performed by adjusting the orifice diameter so that the
target response due to the ATS matches the inflator. Minor tuning of the reservoir pressure is necessary
to replicate the Al dynamics of the actual air bag deployment by the mnflator. An adapter bracket was
added to the exit pipe to measure the target response due to the inflator. The inflator was initiated by an
electrical signal synchronized with the target accelerometer triggering. When the inflator deploys the air
bag, no pressurization of the ATS reservoir is needed. Four driver side air bags were studied this way.
These were taken from the National Highway Traffic Safety Administration (NHTSA) OOP test series
and are designated Bag A, UVA3IB4, UVA3BG, and TC3067. Tank and impact tests were performed for
all four inflators and Bag A was used for ATS calibration and further proximity studies for the present
work.

(7

Integral Analytic Model

An analytic model was formulated based on a lumped-parameter approach (Figure 4). Figures d4a and b
show the early and intermediate stages of the air bag-target interaction. Figure 4¢ shows the chest-thorax
compaonent that will be described later. The pressure in the bag was taken 1o be uniform in space, but
varying in time. The bag, with mass My, was represented by a membrane of uniform density, whose
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surfuce ares. A, and surfoce mass density, o, vary with time. The shape of the bag is arbitrary. The
surface mass density 15 given by

sl (%)
A

An equation relating the volumetric expunsion of the air bag and the motion of the wrget was derived

using integral approdch. We first consider the normal motion of a surfuce element, o, with velocity v, in

the free part of the bag (Figures 4a-b):

i
E{u”rm!v].: (Py— 2, )l (9)

where py and p; are the gas pressure in the ambient atmosphere and in the bag, respectively. As shown in
Figure 4a-b, only o fraction of the bag surface with area A, touches and moves with the target while the
rest expands freely. Integrating Eq. (9) over the free bag surface elements results i an equation relating
the change of the air bag volume ¥ to the acceleration of the target and the pressure difference across the
hag surface. The detailed derivation is presented in Appendix A with the final equation given as follows:

d{ dVr’y dx.
L P L PR (10
i [q dar | “ it { Hp# P"} )

where ¥, 15 the position of the target (Figure 4). The second term in Bg. (10) accounts for the rate of
volumetric change of the part of the bag moving together with the target. The model solves for the air
bag volume I and the target position x. coupled with the air bug pressure Py, with the deployment
provided by the ATS or an inflater. The model requires the specification of the wial bag surface areq, 4,
and the target contact ared 4. The surface area, A, and the target contact area, A, were computed as
functions of the instantaneous air bag volume, F, and the target position, x. Functional forms thal are
bounded by the initial and fully deployed characteristics of the air bag with parmmeters that can be varied
to deseribe the intermediate unfolding process were selected, Before the bag is deploved, it comains the
mitial gas volume, V,, and initial surface orca, 4, When it is fully inflated as free deployment, the
maximum air bag volume s ¥, and the maximum surface area is 4, and the front of the bag will have
traveled the maximum distance xy. The parameters Vo, Ax Vy, A, and x, were determined based on the
obgerved starting and ending configurations of an air bag during free deployment. The air bag was
assumed to have a simple geometry at all time to establish volume-area functions. The bag surfiace aren A
is modeled as o linear function of the bag volume V

V-, ¥—=¥y -
E ? -"j k "{ M y {t;
A-4y _ EWV Ky 1 =V ()
A=Ay L e YN
i by .
f-'l—-i-'“
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Figure 4. Air bag-target model

where £ (-40.3) is a parnmeter that can be determined by data calibration possibly with the help of high-
speed movie analvsis of the air bag unfolding process. Figure 5 shows un example of the area-volume
function [Eq. (11)] in dimensional form used for Bag A. It can be changed for different air bags. Since
the bag ean only unfold during deployment, we impose the condition that 4 can only increase with time

J'i’af =0 (12)
i

a1
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A minimum volume eritenion 1s needed to determine whether the bag is in contact with the target ot
different positions. Under non-zero standoff, there is a time delay for the bag to touch the target, and
under violent conditions, the target may also separmte momentarily from the air bag. The minimum
contact volume, Vg of the air bag at which target contact occurs is detined as a simple linear function
of the target position,

Xe
Vemn™ Va 18V - ¥y ), 0c—<1 (13)
X
where #(-0.25) is a parameter that can be determined from data calibration. Figure 6 shows an example
for Eq. (13) for Bag A (logether with the maximum volume function explained later). When the air bog
volume V2 Ve, there is bag-target contact, but I is not allowed to exceed its limit ¥, that is also a
function of target position,

A relationship governing the maximum bag volume V., versus trgel position x,. is needed. As shown in
Figure 6, the V.. function consists of o linear portion for x. < x, and 8 nonlinear portion for v, = 1,
where x, is a parameter determined for a specific air bag. When the target obstructs the bag, the
maximum volume atftained by the bag can be lower than the free maximum volume 1. For x> v, the
air bag shape is approximated ns an ellipsoid with semi-axes b and a (Figure 7). The axes are calculated
from the observed volume ¥ of the fully deployed bag, wath the axis ratio; bn, estimated from the hogh-
speed movie, When the air bag is in contact with the target, it 15 assumed that the bag takes on a partial
ellipsoidal volume with a flat front interface with the target (Figure 7). For the nonlinear portion,
Xy =xp = xg, the maximum bag volume, V., 18

¥
V =£frb:a +ab’(r ey
3 3a”

( ) { Teba)
X=X,
r=d,+(g—a,)——1=

o LEX-5X,
b R |

10 r—r—r—r—r—r—rrr T T

Airbag surface area

Airbag Surface Area, A (i)
N

i r—— PR AT R ULS (IS TSP SR e [0 S T
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Airbag Valume, V (ft")

Figure 5. Air bag surface area function.



A Method for the Sty of Close-Proximiy Occypant-Air Bag Intevactions

3 i L] T L] : T T L] 1 T L] L] ! L] T L3 ! ¥ L L] I T L] L) L] T T
g Minimum airbag volume for contact 1
g fod e Maximum airbag volume
: ! ! ! ]
T 2f 1 E = .-*""“""_":-"-}-
E fv 2121 :
SRl W vz |
- S -y . SETINI. (S r— S A i wrniied
R ;
3 o Contact with target ;
4] P TR T I S——— S ——— e
* F ]
- : o
uls :.l{ -_:_._,_-l -
0 con 4
u R -] TR Y 1 | -] II? A i .IaFt kol “‘h A
0 02 04 06 0.8 1 12 14

Target Position, X (ft)

Figure 8. Minimum air bag volume for contact and maximum bag volume

Target

e

Inlet gas |

Alr bag

Figure 7. Ellipsoidal appraximation of alr bag shape.

where a, f~a <a, <a) is o parameter determined by data fitting and T is an auxiliary variable (Figure 6).
From Eq. (14a), when x¢ = xu r= ,, the final maximum bag volume is equal to I, = (4/3) wb'a. 1 xe = xy
r= g, We have the inlermediate maximum volume, Voo,
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- |

o & - = o
b =?rrb‘u+-:rb (a, —ﬁ} i 14k

niEl

which joins the lower linear portion ot x, (Figure 6). For the linear poriion. § =xp =xq, & linear function
connects the inital bag volume, Fi. 1o the intermediate maximum volume 17, (Figure 6),
o
Vmu =F|r+i-Fm-u_Vu}_- “g'xgxlj “-F'j
X

Eqs. (143-(13) provide a complete specification of the maximum bag volume versus target position, as
illustrated in Figure 6 for Bag A,

Fabric strelching due o overpréssire can increase the big volume. To account lor this effect, the
maximmm volume caleulated from Egs. ( 1) or { 15) 15 increased 1o

: :P+3n—zvnu+b}

Vi 5 {Pn_Ff]:lFm: F, > P, (16

45y
where 1 15 the bag fabric thickness, £ the Young's modulus, and vthe Poisson’s ratio of fabric material,

Compatibility Condition and Contact Areas

To determine the air bag-target contact area, we derive a relotionship between the air bag volume and the
contact area.  During the air bag deployment process, only o part of the bag is in contact with the target.
Consequently, the total bag volume increase AV, i5 divided into two parts,

AV, = AV . +AV,, (17)

T

where AV, is the volume increase from the movement of the surface that is in contact with the target,
and AV is the volume increase from the free surface movement (Figure 4), Since the bag can only
unfold during deployment, AF i AV, and AV, ore positive most of the time, Then an inequality
equation can be imposed as

"Il"ll.ul..l! < "li; chm “El
MNote that
‘&F:’-m.'f 53 dt'Mr' |: I‘H

where Ave is the incremental displacernent of the target (Figure 4). Combining Eqs. (18) und (19), an
inequality relationship between the contact area and volume change rate is oblained as
4555& (20)

Ay

Eq. (20) should be satisfied whenever contact area and/or volume functions are chosen: otherwise, energy
conservation may not be satisfied in the numerical calculation. 1t is a compatibility condition governing
the geometry consistency or deformation compatibility,

To satisfy the deformation compatibility condition, we use the equality in Eq. (20) to find the contact nrea
trom the maximum bag volume function [Eqs. (14)-(16)] as
AV,

d-= H:i';'n bt A=A (21)

where A, 15 the maximum contael ares determined by the specific air bag-and target geometry, The
importance of calculating the contact aren this way is that whenever the maximum volume function is
changed, the compatibility condition is always satisfied so that energy conservation is observed. Figure &

A
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shows an example of the contact area function for Bag A, where the contact area increases rapidly to
A war ond gradually decreases to zero as the bag inflates and pushes the target away.

Air Bag Gas Dynamics

The gas inside the air bag is supplied by the inflow mass flux £, from the ATS or the intlator and depleted
by mass flux. fi.. through the vent holes andfor fabric leakage. Assuming that the pressure and density
of the gas inside the bag is uniform, the equation for the conservation of mass is:

12

Alrbag-target Contact Area, A ()

4] 02 04 0s 0.8 1 1.2 1.4
Target Position, x_ (ft)

Figure 8. Air bag-target contact area function,

(o .
E[I PH]z-’m _-'ff-‘.ur 22)

where py; is the density of the gas inside the bag. Let T be the temperature of the gas inside the bag and
. be the inflow energy per unit mass, The change of internal energy of the gas in the bag is

o . R dv
E{F‘ﬂ '-'rTn}:fm*’m'fm{ wln—1p E‘Q (23)

where (2 is the heat loss through the bag surface. For the fast process of bag deployment, we nssume
{2= 0, and the gas behaves as an ideal gas

Fp=pgRTy (24)

For gas flow through the vent holes and the bag porosity with a lumped lenk arca 4,4, the mass flux is
given by
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—hL -

1 2y-1 4] el
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. =2 P Y? AL +1 )1
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H

y=1 P

where €y and ' are the drag coefficients,

ATS Reservair Model

For the ATS, a gas reservoir model is used to deploy the air bag. With the assumption that the pressure
and density of the gas in the reservoir is uniform, the equation for the conservation of mass is

. a'

f " d.i' = f (26)
where py, is the density of the gas in the reservoir, Let T be the temperature of the reservoir, then the
change of intermal energy of the reservoir 15 given by

d s
Er.{pll'ﬂl Hi’rrﬂ]z_.f‘menl {Er'r.'

The mass and energy Muxes are given b}'

T
+1 +1 Y1
Cod PPl [TE ] : Pﬂaﬂ.[”'z ]’

y ¥ T+ r (28}
¥

w2l Jo)

h
il

e, =c.l, (29)

I'he density and pressure of the gas in the reservoir is related by the ideal gas law
Pb = PIRTI :3“‘}

Gas Impinpement Model

A gas impingement load is added to the target due to the high velocity gas exit from the reservoir.
Assuming that the gas pressure downstream of the orifice represents the mir bag pressure, the Mach
number at the orifice exit, M., is calculated as

’ e
,
M, = 'J,:| [%J A )
R

The gas density at the orifice exit is
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f e e
pﬂ:p*Li+?1 M;] (32)
where /3 is the upstream reservoir gas density. Then the gas velocity at the exit 15
¥.=M, ;-Irﬁ (33)
P,

The gas jet from the reservoir is similar (0 a8 stognating flow impingement on the target. Based on
momentum conservation over the control volume surrounding the jer and the wrget surlace, the gas
impingement foree £, on the target 15

E=pV'A (34)
where 4, is the orifice area. This impingement load from Eq. (34) is added to the regular contaet force

A (Py— Py as the total {orce applied 1o the targer. The impingement load is important especially during
the early deployment phase.

InfMatar Model

To simulate the air bag inflator, its energy flow rate and mass {low rate are obtained from the calibration
tank tests, which are used as inputs in Egs. (22) and (23) to deploy the bag. For an adiabatic mnk,
conservation of energy relstes the energy from the inflator, E, and the energy stored n the tank, £y
according to Eq. (2). The inflator energy and mass flow rates are calculated using Egs. (3) and (6),
respectively,

dE, ¥, dP. -
By = — 35)
Tnea =g =21 dt *
o i B (36)
y—1 dr G,

Thorax Response Model

The target can be modified as a chest-thorax model W evaluate chest injuries duc 1o impact load (Figure
4c). The thorax mode! is based on previous work by Lobdell (1972} for solid impactors and Stuhmiller et
al. (1996, 2000) for nir blast loading on the chest. As shown in Figure de, the model consists of a chest
mass, M, coupled to a spine mass, Mz, by a damper with damping coefficient C. Denote the positions of
M- and M by v and xg, respectively. The equation of motion of the chest is then

[ A d’x,. de.  dv,

M2y J_ — (PP —c{—L——‘] (an)
L [ A N ﬂ.lr_ Af.{ i -l] . dr I'JI

where A- My/A is the mass of the bag in contact with the chest. The equation of mation for the spine ig
then

tjl.tr = [ d_m dﬁ'l ]

M—=0 ——— (38]

dr’ dit  dr
This madel is not used for the present effort but is presented for completeness.
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Simulations and Model Parameters

The model was used 1o analyze the tests conducted for Bag A, including tank tests, ATS calibration tests
und proximity studies, The same set of air bag volume-arca functions was used for all caloulations. The
model wae validated agninst the test date. Theoretical studies were performed to understand the inflation
energy partitioning, vent hole ¢ffects und nflator tempersture effects.  The Tollowing tables list the
parameters and their values used in the simulation for Bag A. Most of the parameters refated to a specific
air bag (Table 2) need w be modified 17 a different bag 1s simulated.

Table 1. Physical Paramelers.

Symbaol Unlix Valuo Dafinition
Ay HPs 013 Atmospheric pressiirs
R JikadE 2875 Gay consdunt
Ci iR 263R Specific baal ol consiant volums
& g K Cy*R Specic hewl at conastant prassum
¥ . Cyl Gy Ralso of specific heats

The model parameters physically determined for Bag A are A4, =008 {2 (743 cml), 4, = 798 2
|:l]."|"-|m3}, V=212 @t} (0,06 m?), and My=03569 1b ((.259 kg). Based on the observed free bag
inflation, the maximum bag travel distance xp 15 set to 13- (0,396 m).

RESULTS

Tank and Impact Tests for Inflators

Tank fests and target impact tests were performed for four inflators: Bag A, UVA3E, UVAIRe, and
TCI06T (Figure 9). These inflators were selected because previous NHTSA data were available, All (our
inflators were purchased in 2000, All air bags except for Bag A are tethered, and they all vary in size and
vent hole desipns (Figure 9), These four inflators and air bags were deployed into the same tank and
against the same small target, successively, without the covers,

As shown in Figure 10, considerable variptions in the tank and impact responses were observed for the
four air bags. The tank pressures for the four inflators vary from 21 o 30 psi, with UV A386 showing the
wenkest rige rale as well as peak pressure (Figure 10a). Bag A and TC3067 produce almost identical {and
the highest) tank pressure of 30 psi, as well as the highest tank teraperatures of 300-330°C (Figure 10a-b),
UWVA3E6 and UVA3R4 produce similar wnk temperatures of about 240°C (Figure 10b).

Aldthough the TC3067 and Bag A inllators produce the same tank pressures, they inflate their air bags o
produce widely different target loads and responses (Figure [0a, ¢, d). The peak target velocities for Bag
A and TCI067T are 22 und 7.5 fi/s, respectively (Figure 10e), Bag A produces a peak targer velocity three
nmes as TO3I0GT, as Bag A produces a much stronger second acceleration pulse from [0-50 ms (Figure
I0c-d}. These data confirm that sealed tank tests are not adequate lor evaluating air bag deployment
dynamics and potential hwrards.
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Table 2. Air Bag Paramelers,

Symbaol Units Value Deafinition
My g pa5e Mass of alr bag
A l:‘l'nz 135 Area of leak (including vent holes and labne leak)
= - o2 Drag cosffickent under choked flow conditions
Co - o7z Drag cosficient under unchoked fow condiions
WV et 56563 Vialurme of &ir in bag before deployment
A em® T43 Area of bag before deployment
Vs 9 006 Volume af air in bag when deploysad
A m T4 Area of bag when deployed
Xa o /8 Maximum displacament of air bag front when fully deployed
Ay e 0167 Maximuwm area of contact of abr bag with tanget
i . 018a Pammmeter controling Vigam
2 0.3 Parameter controliing A
Table 3. Reservalr Paramelers.
Symbol Linkts Value Definition
Va and 3_52”‘14 ‘Wolume of pressunsed reservoir
An o Watied Area of inkst nozzle
TefO) =% 300 initial reservoir lemperature
Fafo) kPa Waried Inifial reservedr pressune
Table 4. Target Parameters.
Symbol Units Walue Definitian
M kg 3 Gorg s Mass of target (mid-size or small)
M: kg a Mass of spine inol used)
c Kg'n i} Damplng cosMalent af thomas (nol used)

Bag A was selecied for further stndy wsing the ATS. The air bag module has the bag folded mside an
aluminium holder covered by a plastic cover with precut rupture grooves, with a solid propeliant inflator
(1gniter) mounted at the base, The inflator and air bag were separated und used for ATS calibration and
proximity tests. The bag was mounted to the ATS exit pipe for deployment by the ATS against o target
(Figure 2), After a test, the bag was refolded by hand following the original pattem and held together by
tape for nnother deplovment. A single bag can be used more than 50 fimes,
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ATS Calibration against Bag A Inflator

The ATS reservoir pressure and the orifice size are two key parameters controlling the inflation
choraeteristics and torepet response.  Their effects are demonstrated by parnmetric: lests varying the
pressure and orifice size successively, where limited repent tests for each condition were also conducted
to quantify datn spread. The small turget was used at O-standoff. Figure 11 shows that when the onifice
size wos kept constant @t 2,57 the target velocity increases with the reservoir pressure with minimal
timing change. Note that test daw are presented with the test numbers preserved in parentheses. When
the reservair pressure was kept constant (30 psi), the wrget velocity peaks earlier and higher with
increasing orifice size (Figure 12). Figs. 11-12 show that the target response can vary by 10-20% under
the same conditions, which i1s not uncommon For air bag 1ests.

The ATS was calibrated against the Bag A inflator by adjusting the reservoir pressure and orifice size
following the procedure described in Section 2, [Eqs. (1-(7)]. The small target was used al (-standoff.
Based on energy equivalence [Eq. (7)), the ATS reservoir pressure should be 47 psi, and targel response
timing was tuned by the orilice size. The final ATS reservoir pressure and orifice diameter were fine
tuned to be 45 psi and 3.5" respectively to replicate the dynamic response of the target, ns shown in
Figure 13. The calibrated reservoir pressure (45-psi) is within 3% of that suggested by energy
cquivalence (47 psi), The target velocity and timing ns well as scceleration were wel] reproduced hy the
ATS (Figure 13). The acceleration duta show that the bag-target interaction is practically finished in 60
ms (Figure 13b). Therefore, the slight divergence between the wrget velocities bevond 60 ms is
immaterial for load considerations (Figure 13a). An example of high-speed movie record for an ATS
deployment is shown in Figure 14, where only approximate times can be indicated. The calibration test
demonstrates that the ATS can be calibrated to reproduce the target response due of a specific air bag
inflator type.

Model Validation

The integral mode! was first validated against the Bag A inflator tank and impact data. The recorded
inflator tank pressure as shown in Figure |0a was used in Egs. (3) and (6) for endrgy and mass inflow
inputs to the model. The calculated tank pressure and temperature agree well with the data (Figure 15-
I6). Some minor temperature Muctuations were observed probably due to Aow turbulence inside the tank
{Figure 16), The target velocity response was well reproduced by the model within 10% (Figure 17},
where it should be understood again that the bag-target interaction is practically over in 60 ms. The
favorable data comparison validates the modeling of the inflator for the integral model.

The model was further validated against the ATS calibration test data for Bag &. The calculated reservoir
and bag pressures apree with the data (Figure 18). The model overpredicts the target peak velocity by
about 5%, which is conzidersd well within the data spread (Figure 19). The calculated tmrget acceleration
kst compares fuvorably with the dats as shown in Figure 20. These results validate the gas dynamics und
Mow coelficients used in the model. More data comparison and discussion of the refationship betwien
inflation characteristics and targel response are presented i the next section.

Proximity Tests

Proximity tests were conducted using the ATS to study target response as a function of standoff from the
air bag. The reservoir volume was 1.28 fi? (0,036 m?) with an initial pressure of 65 psi (448 kPa) and an
orifice dismeter of 2.3." The mid-size target was used with standoff varying from O 1o 10." Medel
calculations were performed to explain the data and understand the relationship between bag-target
interaction and inflution characteristics. Bag A was used for repeat deployments by the ATS,
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{a) Bag A (b) UvAZEY, tethered

{e) UVAZES, tethered {d) TC3067, tethered

Figure 9. Photographs of air bags studied.

The change of inflation characteristics with standofl ¢an be understood from the pressure data as shown in
Figure 21 together with the model caleulations.  Afier diaphragm rupture, the reservoir pressure decrenses
almost linearly and merges with the bag pressure at about 90 ms, after which both pressures decrease
slowly to zero as a result of venting. The measured reservoir pressure shows a stepwise decrease feature
due 1o the reflections of the rarefaction wave initiated at diaphragm rupture (Figure 21). The observed
reservoir siepwise wave period is about 8 ms, which is close to the acoustic wave period of the reservoir
with a length of 4.15 ft (1.27 m) and sound speed of 1000 fu's (304 m/s). Nevertheless, the observed air
bag pressures indicate no pulsation effects, probably due to strong turbulent dissipation.  The calculated
reservoir pressures agree with the data for all three standoffs (Figure 21). Pressure data were highly
repeitable.

The air bag pressure data show that the bag generully deploys in three phases: (1) early inflation from
shout 0-10 ms, (2) intermediate overexpansion from 10-30 ms, and (3) final pressurization from 30-70
ms, (Figure 21), A strong punch-out spike for all three standoffs characterizes the early inflation phase,
but the pressure peak and duration are the strongest for O-standoff (Figure 21), When the target standoff
is zero, the initial expansion of the bag is hindered not only by the mass of the bag but also the target.
This leads to stronger bag pressure build up that results in a higher and wider punch oul pressure pulse
when compared to non-zero standoft deployments (Figure 21). From 10-30 ms, there is a period of low
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Figure 10, Inflator tank and impact test dala

pressure, which indicates an overcxpansion phase with the bag expanding faster than the gas inflow,
probably due to the high bag momentum developed during the early inflation phase. When the gas flow
catches up at about 30 ms, the pressure rises again to a final peak of about 6-psi belore venting eventually
hrings the gas pressure back to ambient. The final pressunization peaks at 40 ms at O-standofT but delays
o 70 ms at 10-in. standoff. The three-phase trend of the air bag pressure produced by the ATS agrees
with the description in SAE 11630 (1995), The observed early inflation phase and the final pressurization
phase generally correspond to the punch-out and membrane lond phases, respectively. as suggested by
Melvin et nl. (1993). The early punch-out lond is expected 1o be a significant factor for DOP hazard
considerations.
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Proximity tests show that the overall weakening of air hag pressure with standof¥ correlates with the
reduction of targes veloeily (Figure 21-22). Increasing the standolT from 0 to 107 reduces the early punch
out load, extends the intermediate overexpansion phase, and slows down the final pressurization
{membrane) load (Figure 21). In contrast (o O-standofT, the mrget at 37 and 107 contets less with the air
bag during early mflation from O=100 ms (Figure 21b, ¢). In fact, the velocity data indicate that the bag
does not touch (accelerate) the target at 4™ and 107 standoff until at about 5 ms when the target starts to
move (Av = 0) (Figure 22b, c). When contact beging at around 5 ms. the bag enters the overexpansion
phase with low pressure. Consequently, compared to (-standoff, early OOF load is reduced significantly
for 4™ and 10” standoff, as confirmed by the significant target velocity reduction from 0-20 ms in Figure
22 On the other hand, the peak turget velocity only drops slightly (~10%) from 07 1o 4" standoff but by
(0% from 4 o 10 standofT (Figure 223 Therefore, there is significant early OOP load reduction from (-
4" standofT, while overall load reduction from 4-107 standolT is primarily due 10 lower membrane load,

The caleulation results compare favorably with the pressure and target data (Figure 21-22), The model
captures the ¢arly inflation pressure pulse at (1 standoff but overpredicts it by about 35% for 47 and 107
standoff (Figure 21), which could be due 1o the uncertainty in bag volume during early expansion. The
migwdel seems 1o overprediet the hag pressure during the intermediate overexpansion from |0-30 ms for 47
and 107 standofl (Figure 21b, ¢). However, it is likely that the pressure gaupe (F) downstream of the
orifice understates the bag pressure during this supersonic overexpansion phase since the gauge may be
too close to the orifice (Figure 1). In particular, Figure 22b-¢ indicate that the targel velocity continues to
increase from 5-30 ms, meaning lond is spplied lo the target, which seems o be unlikelv if the bag
sustaing @ significant underpressure as sugeested by Figure 21h-c. The sudden pressure jump at about 30
ms .t the end of the intermediate overexpansion is Tikely due to a shocking process commenly seen from
an overexpunded jet with downstream obstruction (Figure 21b-c). The model predicts essentially zero-
pressure during the imtermediste overexpansion and the target is accelerated primarly by gas
impingement (Figure 21b, o). 1t is expected that the final pressurization pressure beyond 30 ms should be
accurately measured under subsonic flow condition. The target velocities are well predicted by the model
(Figure 22),

Energy and Inflator Temperature Effects Analysis

The calculated results for the calibrated ATS deplovment were analyzed to understand the partition of
energy from the deployment at O-standoff (Figure 23), Analysis shows that about 60%% of the energy is
stored in the bag, 25% is used for expanding the bag, 15% is lost through venting and leakage, but only
3% 15 used for moving the target (Figure 23),

Caleulated results sugpest thot since only o small fruction (3%) of the total energy is delivered to the
target, precise load control may not be an easy task. Consideration of this result has on impact on the use
of energy reduction methods, such as depowering or multistaging, to reduce OOF hazard.  The
relationship between influtor energy reduction and energy delivered to the target under various conditions
needs (o be well understond. Tt seems that many parameters can easily and significantly change the
enerey delivered to the tareet (occupant), such as due to bag folding, venting, bag impact angle, gas
properties and other compartment conditions during crash. During 8 crash situation. sufficient energy
must be assured 1o inflate the bag within the required tme window for effective pccupant protection and
this must not be compromised by over-reduction of inflator energy, Furthermore, with only 3% of energy
delivered to the target, it is not unusual 1o observe significant target response data variations,
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Figure 20. Data comparison of target acoeleration for ATS calibration against Bag A inflator,

To understand the effects of nflator energy and mass flow rates on air bag-target interaction, parametric
calculations were carmied out using the model for the Bag A influtor with the target at O-standolT. Inflator
validation resulis were presented earlier from Figure 15-17. The calculated inflator temperature 7; for the
Bag A inflator is 730 K. Calculations were performed varying the inflator temperature from 500-1500 K
for Bag A with and without vent holes, while keeping the total inflator energy output £, constant. The
inflator mass flow decreases with higher inflator temperature due to reduced gas density as calculated
using Eq. (36) (Figure 24).

Calculations show that a change i inflator mass flow only affects the target response when vent holes or
leakage ure present. For a scaled bag, the calculated target response remains the same independent of the
inflator temperature when the energy is held constant (Figure 25). This is expected since equal energy
performs equal work if there Is no leakinge (Figure 25), On the other hand, when leakage is present, the
larget velocity is lower for higher inflator temperature resulting in lower inflator mass output (Figure 26),
Figures 215-16 also show that the vént holes reduce the peak target velooity by about 33%,

However, a closer comparison between Figs. 25 and 26 show that venting effects on target velocity occur
after 20 ms, which seems to suggest that venting may have minimal elfect in reducing OOP hazard that is
primarily due to the early punch out load before 20 ms:. Vent holes seems to primarily affect the
membrane load and its effects depend on gas properties;
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DISCLISSION

An experimenial and analytical technigue has been developed to study air bag-occupant interaction.  An
ATS was constructed and was shown calibrate-able against a fleet air bag to adequately replicate target
response. One air bag type and used in this study 10 demonstrate the ATS procedure. The air bag covers
were removed for the tests, because although the bag can be reused, the covers can only be ruptured once.
The repeated use of o single bay did not appear to have an adverse or systematic effect.

A lumped-parameter analytical model was developed to deseribe the deployment process of the air hag
and its interaction with o rigid farget. The integral model relates the volumetric expansion of the bag to
the turget motion and bag pressure.  Although only simple bag volume-area relationships were used, the
model captures the observed features of the bag pressures and tarpet responses with lavorble data
pereement.  The model has provided an in-depth phenomenological explanation of the proximity test data
on the effects of inflation on the OOP and membrane load rend. The volumg-ares functions as modeled
are semi-empirically based but they address perhaps the least known aspects of bag-target interaction with
significant implications on loads delivered to oceupants. Only a limited number of cases were simulated
or one air bag in the present work. More simulations for a variety of bags will notonly refine the bag
surface-volume functions but also indicate how such functions change with different air bag designs and
deployment conditions. mcluding side air bags.

Some targel surfoce data can be taken 1o guide understanding, such as using the TekScan surface pressure
sensors 10 measire target surface pressure. Comparison between torget surface pressure and bag pressure
will help determine more acourately the effects ol bag pressire on loading and evaluate the assumption ol
pressure uniformity during inflation for modeling.

CONCLUSIONS

A reusable, pricumatic-driven wir bag test fixwre, the ATS has been constructed to study air bag-oceupant
interaction and deployment dynamics. Calibration of the ATS against a fleet air bag was demonstrated
The ATS is u research tool for understanding air bag load on occupants in relationship to inflation
charactensties. It provides o controlled methodology 1w evalunte Fundamental parammetérs governing
proposed wir bag design. The ATS allows the performance of efficient, repeatable deployment tests using
the same air bag without the inflator, Benchmark dotn with quantified error bars can be peneraied for
model and code development validations.

An mtegral analytical model was developed to ananlyze the test results to gain phenomenological insight.
The parsmetric calibration of the bag volume-nrea fupchons sgainst test dsa provides o direct
understanding of the relatively unknown aspect of bag-targel intersction dynamics. The model was
validated against both the inflator and ATS test data, including the proximity tests to study standofl’
effects on target response. Target velocity (and load) decreases with standofT due 1o the reduction of carly
inflation pressure pulse, extension of the intermediate expansion, and the slowing down of the final
membrane load. Model simulations have helped explain (he proximity test résults that cannot be easily
obtained just from the test dato.

Maodel results have also provided insights on the effects of inflation cnergy and mass flow on target
response. The model results show that only a very small fraction, fike 3%, of the toual energy is delivered
to-a target, while 60% is stored inside the bag. For a sealed bag, the target response 18 independent of
inflator temperniure if the total energy 15 held constant,. Venting reduces the target load primarily dunng
the final pressurization (membrane) phase. For a vented hag, the tarpet velocity decrenses with higher
inflator temperature.
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APPENDIX A

In Figure A-1. we show an nir bag in a general shape with surface area A¢t) at time +. It touches the target
with a contact aren 4. Al time 7 + A, the bag expands to the surfoce At + Ay and the arca in contact
with the tarpet is 4,1 + A, We divide the bag into small elements ds. As the bag expands the elements
expand with uniform proportion and the dash lines in Figure A-1 represent the trajectories of the elements
as they expand from ¢ to ¢+ A Note that A, expands to A" which is different from 4, ¢r + A, in
peneral. In fnite difference form, the equation for the normal motion of the free element dy can be
written as

.|
Eﬂaﬂl'nﬂdﬂlw—[1.'”:}‘:1.'.'1}={Pﬂ—F_d)ri! ' (A-1)

To obtain the bag equation, Eq. (10}, we need to sum up (A-1) over all of the free elements. The free
elements ul tme 1 are shown in Figure A-| in the shaded area and we have

Yy =% = ¥ = (A-2)

shiwlea arva weiwilic huge s ipeon

The summation of the lefi-handed side of (A-1) over the whole bag leads to

5 sint! 3 (o).~ 3 [owl|

il fg =0 /xr il Sow L

=i J [1’,,0’&’3] (A-3)

el e g
de\ " dt )

For the unshaded aren, we have

S etmil S foal- 3 [osl] ach
Whyladeal (e TR S LT e umainvilal s

Since the unshaded area at time ¢ is A, the second sum in the right-handed side of (A-4) is

Y Ivneds) =li.o4] . (A-5)

avateikedeed s

O the other hand, the first sum in the right-handed side of (A-4) is
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Figure A-1. Schematic of air bag expansion
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Regarding v, as a function of space and time, we expand v_(r + Af) around the edge of Ao/t + At as

v (F. -+ AN = v (5 0+ AN+ Vv (0 + A AR

A7
=%+ Vv (7,1 + A1) AE., =0

where AF is the distance vector connecting the point of integration from the nearest point of the

boundary of A + Ar). Then,

J ["nﬂdﬁl,h,,: I ['f,f:, +?\*,r{E..r+M}*aF;.1crir]‘

A At A Ab=d et

+id
(A-8)
=40, A =[5o4 ], + [ VW (Fr+ A A7 oARdT,
I

where T is the boundary of Aq + Ay and A re is the width of band A% — Ao + Ay, By the assumption
of uniform stretch,
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oli+ M)A =) A (1) . (A-9)

Collecting the resulis of Egs. (A-5), (A-6), (A-8) and (A-9) in (A-4), we have

y = i [ (r+a0)-% Jo (6) A (1) + (&) [ Vv, AR &
R s S ] ..'u--rﬂm e m m
- (A-10)
e | dr_dr
=0 A X, +¢I_mﬂrll_|;‘i’tu Ed_r}:‘_

The second term in the second line of (A-10) goes to zero as At—{, since the integral is finite. The final
equation for the bag is then

a‘[ dv
o

E i ]_E"Ir"i:t =E’1_’rr'}{Pﬂ_P1]' (A-11)
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