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Analysis of a Hybrid Dual-Combustion-Chamber
Solid-Propellant Gas Generator

Jon J. Freesmeier* and P. Barry Butler’
University of lowa, lowa City, lowa 52242

Solid-propellant gas generators (SPGGs) have a number of aerospace applications, including munitions disper-
sion, pilot emergency escape systems, submarine missile launching, powering actuators and valves, and short-term
power supply. Recently, the increased demand for so-called smart automotive airbags has increased the need for
SPGG designs capable of real-time, tailorable output. Dual-combustion-chamber gas generators provide several
distinct advantages over single-combustor units in systems where optimum performance is needed at several oper-
ating conditions. The objective of this work is to evaluate the attainable performance characteristics of a proposed
dual-combustion-chamber gas generator. The work includes a simulation of the transient, thermochemical events
associated with the firing of an SPGG. The simulations also include the dynamics of coupled events such as igni-
tion, heterogeneous combustion, and mass discharge. The baseline gas generator being simulated in this work is a
hybrid SPGG inflator with two combustion chambers. Studies are made of the distribution of propellant between
combustion chambers and the times at which the propellant within each combustion chamber is fired.

Nomenclature
A = area, cm?
= propellantburning rate prefactor, cm/(s MPa")
Y = discharge coefficient
constant pressure specific heat, J/g K
v constant volume specific heat, J/g K
grain diameter, cm
enthalpy, J/g
;= enthalpy of formation, J/g
computational cell index
species index
total number of species
mass, g
mass productionrate, g/s
= number of propellant grains
= pressure, N/m>
energy transfer, J
energy transfer rate, J/s
gas constant, R, /W, J/g K
= universal gas constant, J/mol K
= burn depth, cm
= temperature, K
= internal energy, J/g
= volume, cm?
= mixture molecular weight, g/mol
= molecular weight of species k£, g/mol
mass fraction
specific heat ratio
change in temperature (T-298 K), K
density, g/cm®
propellant temperature-sensitivity coefficient, K~!
= volume fraction of condensed-phasespecies
= gas-phase mass production, g/s

L0aaan-s
o

> A
<
I T (||

IO V=S I
Il

=

SE R

~

~
1l

SR QO bR~
Il

Subscripts

a = chamber A
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b = chamber B

c = combustion chamber

eff = effective

gen = generant (propellant)

ar = grain

ign = ignitor

J = cell index

k = species index

P = product

p = plenum

R = reactant

ref = reference state,298 K, 1 atm
t = discharge tank

Superscripts

cond = condensed phase

gas = gas phase

n = propellant burning-rate pressure index
0 = standard state

Introduction

OLID-PROPELLANT gas generators (SPGGs) have a num-

ber of aerospace applications, including, munitions dispersion,
pilotemergency escape systems, submarinemissile launching, pow-
ering actuators and valves, and short-term power supply.! They
are also used in road-vehicle, safety-restraint systems,> with cur-
rent installations exceeding 25 million units per year. Industry an-
alysts predict this will increase to 40 million units by the year
2002. Current automotive applications include inflation devices for
driver, passenger, and side-impact airbags and knee bolster, and
piston actuators for automatic seat-belt tensioners. While the first
production-level airbags of the 1960s were inflated by discharging
a canister of pressurized gas, SPGGs are now the most common
method used to inflate airbags?3 As the main propellant is con-
sumed in an SPGG, hot product gas is formed, which subsequently
passes through filters designed to cool the high-temperaturegas and
remove condensed-phase particulates. The entire deployment pro-
cess typically takes less than 100 ms for bag inflation devices. In
addition to these aerospace and automotive applications, SPGGs
are also one of several promising technologiescurrently being stud-
ied as environmentally friendly replacements for Halon-based fire
extinguishers* While the technology required to develop and field
SPGG fire-suppression devices is not yet fully mature, it has been
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demonstrated in full-scale laboratory tests to be effective in extin-
guishing aircraft gas-turbine engine fires.*

Excludingthe small percentageof gas producedby the SPGG ini-
tiator, most systems currently fielded in automotive and aerospace
devices deliver exclusively high-temperature, gaseous combustion
products of the condensed-phase propellant. These are referred to
herein as pyrotechnic gas generators>¢ Over the past decade, the
automotive industry has increased the research, development, and
productionof hybrid gas generators,”® units that dischargea combi-
nation of gaseous combustion products and stored, prepressurized,
inert gas. Compared with the more conventional pyrotechnic gas
generators, hybrid (also referred to as augmented) units generally
do not require significant heat removal or special insulating liner
materials because they have a lower average gas discharge tempera-
ture as a result of the mixing of cold stored gas with hot combustion
products. A common link between traditional pyrotechnic and the
newer hybrid gas generators is the fact that the discharge process
cannot be altered or actively controlled following activation of the
igniter. That is, a SPGG burns much like a solid rocket motor with a
predeterminedburn profile that cannotbe modified during operation.

Recently, the increased demand for so-called smart airbags has
increasedthe need for SPGG designs capableof real-time, tailorable
output.” One method being studied for controllable output is to add
a second solid-propellantcombustion chamber to a standard hybrid
gas generator. Dual-combustion-chamber gas generators provide
several distinct advantages over single-combustor units in airbag
systems where optimum performance is needed at several operat-
ing conditions. The traditional single-combustor gas generator is
designed around a single operating state. For example, in the U.S.,
this is specified as being sufficient to protect an unbelted, 74.5-kg
adultin a 48-km/h frontal collision. All other operating conditions
are considered off-design. The hybrid, dual-combustion chamber
design can be optimized for three operating conditions, and con-
sequently, have more uniform off-design performance. The wider
range of acceptable operation is a result of dynamic controllability
of the discharge process to match the kinematics of the occupant as
they are thrown toward the deploying airbag.

The objective of this work is to evaluate the attainable perfor-
mance characteristics of a proposed dual-combustion-chamber gas
generator. The analysis is performed using Airbag Inflator Model
(AIM), a program designed to simulate the transient, thermochemi-
cal events associated with the firing of an SPGG.!® AIM models the
processes of gas generation and discharge that are highly nonlin-
ear events governed by first principles, i.e., solving complete con-
servation equations, variable specific heats, mixture mixing rules,
etc. It also includes the dynamics of coupled events such as ig-
nition, heterogeneous combustion, particle filtering, heat transfer,
phase change, and mass discharge. Further demands arise when the
simulation also requires dual-combustion-chamber configurations
for real-time tailorable performance. The SPGG design discussed
herein will remain basically the same throughout the study, with
small changes made to evaluate the robustness of the design. Typ-
ical changes will include changing the distribution of propellant
between both combustion chambers, and also, changing the times
at which the propellant within each combustion chamber is fired.

Baseline Gas Generator

The baseline gas generator being simulated in this work is a hy-
brid SPGG inflator with two combustion chambers. It is based on
the approximate design specifications of a production-levelinflator
used to deliver gas to a passenger-side airbag. This unit is config-
ured to pressurize a constant-volume discharge tank to a specified
final tank pressure while not exceeding a maximum discharge tank
pressurizationrate. To achieve these target values, the gas generator
must be configured to ignite all propellant at the initial instant of
crash detection. The values for maximum discharge tank pressure
and pressurizationrate are chosen to fall in the middle of the range
required for the majority of passenger-side gas generators. For all
analyses performed herein, the complete gas-generatorsystem (pro-
pellant, gas generator, tank, etc.) is initially at room temperature. To
achieve the specified maximum pressure and pressurization rates
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Fig. 1 Cross-sectional view of a typical dual-combustion-chamber
augmented passenger-side SPGG airbag inflator.

within the discharge tank, the gas generator discharges a mass of
gas into the discharge tank. This gas is a mixture of gas produced
from the decomposition of the propellant within the gas genera-
tor and the high-pressure,inert gas stored within the gas-generator
plenum. A schematic drawing of the gas generatoris showninFig. 1.
The design consists of two sealed combustion chambers contained
within a high-pressureplenum. A high-pressurerupture foil initially
seals a discharge orifice at the plenum exit. A diffuseris connected
to the plenum exit orifice and has exit orifices that are open to the
surroundings. Each of the chambers is described in detail in the
following sections.

Combustion Chambers

The two combustion chambers within the gas generator are each
small in volume, compared with the plenum, and contain the main
propellant along with a small amount of igniter propellant. For any
gas-generatorconfiguration, the propellantis splitbetween combus-
tion chambers A and B such that total propellant mass is a constant
throughoutall cases studiedin this paper. The propellantmass within
each combustion chamber is a combination of both the igniter and
main propellant. The mass of propellantin each combustion cham-
ber occupies a portion of the total volume within the combustion
chamber. Also, within each combustionchamberis a metallic screen
used to capture condensed-phaseparticulate and to cool the exiting
gases. The screen, with a specified mass, is located at the exit of
each combustion chamber. The voids within the combustion cham-
bers initially contain a high-pressureinert gas mixture at the same
initial pressure and composition as the gas within the gas-generator
plenum. Gas can exit each combustion chamber through an array
of nozzles, each with individual flow characteristics. The nozzles
are initially covered with a burst foil that seals the interior of the
combustion chamber from the surrounding plenum. The burst foil
is designed to rupture when the pressure within the combustion
chamber reaches a predetermined burst pressure.

Gas-Generator Plenum

The gas-generator plenum contains a mixture of inert gas stored
at high pressure. The gas-generator plenum has two inlets through
which gases can enter the plenum and one exit through which gases
are exhausted. The two inlets (the array of exit nozzles from each
of the combustion chambers) are identical in size and connect each
of the combustion chambers to the plenum. Flow from the combus-
tion chambers into the plenum occurs once the pressure within the
combustion chamber exceeds the rupture pressure of the burst foil.
At the exit of the gas-generatorplenum s a single discharge orifice.



554 FREESMEIER AND BUTLER

A separate burst foil that is designed to rupture when a specified
pressure is reached within the plenum initially covers this opening.

Diffuser

The diffuser is a small chamber connected directly to the exit
of the gas-generator plenum. Its purpose is to redirect the gas flow
exiting the gas-generator plenum to eliminate axial thrust from the
gases exiting the plenum. The diffuseris comparablein volume with
the combustion chambers. It has one inlet coming from the gas-
generator plenum and has an array of exit nozzles, each equal in
size and placed uniformly around the circumference of the diffuser.
The exit nozzles of the diffuser are initially open, thus allowing
the gas within the diffuser to mix with the gas surrounding the
gas generator. The gas initially contained in the diffuser is air at
atmospheric conditions.

Discharge Tank

The discharge tank is a constant-volumevessel, where all gas ex-
hausted from the gas generator is collected. It has a volume that is
several orders of magnitude larger than the volume of the gas gener-
ator and it has no exit nozzles. The only inlet into the discharge tank
comes from the exit nozzles of the diffuser. Initially, the discharge
tank contains air at atmospheric conditions. The dominant pathway
for heat transfer within the discharge tank is assumed to occur be-
tween the gas within the discharge tank and the discharge tank wall.

Propellant Formulation

The propellant used throughout this study is a polyvinyl chlo-
ride (PVC) and potassium perchlorate (KP) formulation, with small
amounts of several binders and minor constituents. The enthalpy of
formation of this propellantmixture is calculated to be —3280kJ/kg
and the mixture density is 2.08 g/cc. It is assumed the combustion
process proceeds at an equilibrium state during the complete burn-
ing process of the propellant. It is also assumed that surrounding
conditions do not deviate substantially during the combustion pro-
cess. Therefore, the distributionof productspecies calculated at one
flame state are assumed to be the same throughout the combustion
process.” With these assumptions, an adiabatic flame temperature
calculationcanbe performedat an estimatedaverage pressure within
the combustion chamber.

The standard JANNAF'! species database was used for calculat-
ing the thermochemical properties of the products of combustion
for the propellant. Product species were chosen from this database
by minimizing the Gibb’s free energy of the reacting system within
a specified tolerance while satisfying the elemental population con-
straint. Propellant Equilibrium Program (PEP)!? a thermochemical
equilibrium calculation program, was used to solve the system of
equations to determine the adiabatic flame temperature and the rel-
ative amounts of product species. The average combustion pressure
was estimated to be 20.6 MPa. At this pressure, the adiabatic flame
temperature was calculated to be 2898 K with the major equilib-
rium products shown in Table 1. From Table 1, it can be seen that all
product species are in the gaseous phase. With no condensed-phase
products present, the filter screens within the gas generatoract only

Table1 Equilibrium products of combustion
for KP PVC propellant composition®

Molecular
Species Phase weight Mole % Mass %
H,O Gas 18.01 27.094 10.632
CcO Gas 28.01 1.462 0.892
CO, Gas 44.01 34.666 33.230
HCl Gas 36.46 3.066 2.435
0, Gas 32.00 6.427 4.479
K,Cl, Gas 149.11 3.710 12.048
OH Gas 17.01 1.137 0.421
KCl1 Gas 74.56 21.003 34.107
KOH Gas 56.11 1.437 1.756

* At adiabatic flame conditions at P = 20.6 MPa g (3000 psig).

as heat sinks for the hot combustion gases and not as mass-collection
devices. Also from Table 1, it is observedthat the species H, O, CO,,
KCl, and K,Cl, account for 90% of the mass of gaseous products.
At the pressures and temperatures seen within the gas generator, it
is noted that the product species H,O and KCI are close to their
respective vaporization/condensation lines. Thus, under some op-
erating conditions, they have the potential to condense during the
expansion process to form liquid.

Ballistic Model

Several fundamental assumptions are made in deriving the gov-
erning equations for analyzing an SPGG. These assumptions apply
to all gas-generator models discussed in this study and are shown
along with justification in the following:

1) Gas- and condensed-phasecomponentsare composed of multi-
ple species with temperature-dependent specific heats. Justification:
the gas-and condensed-phaseproductsare presentovera widerange
of temperatures (300—3000 K), thus requiring the specific heats to
be evaluated as functions of temperature.

2) The gas-phase species are well mixed (spatially uniform)
within each computational cell, and the properties of gas exiting
a cell are the same as the gas accumulated in the cell. Justifica-
tion: for the presentdesign, extreme turbulentmixing occurs during
the discharge process, resulting in fluid mixing time scales much
smaller than diffusional time scales.

3) Propellantdecompositionis restricted to the combustioncham-
bers. Gas-phase reactions can occur in all cells. Justification: SPGG
systems are typically designed so that the unreacted solid propellant
is restricted to a well-defined combustion chamber through the use
of a filtering screen. However, gas-phase chemical reactionscan oc-
cur in other locations, where fuel and oxidizer species are present at
appropriate concentrations and temperature. Some SPGG systems
are designed to permit secondary gas-phase burning in the plenum
volume.’

4) Ignition of the propellant grains occurs at a user-defined igni-
tion delay time. Justification: propellant ignition is a complex pro-
cess involving several dependent parameters difficult to quantify;
thus an empirical expression was determined from experimental
data.

5) All hardware items and metallic filter/cooling screens are
treated as nonadiabatic, energy-absorbing components with time-
varying temperatures. Justification: in some SPGG systems, heat
transfer to hardware and filter components can account for a signif-
icant amount of the total energy available from decomposition of
the propellant.

Based on these assumptions, the conservation equations for the
various gas-generatorsystems are derived by applying conservation
principlesof mass and energy to each volumetric cell within the sys-
tem. From this derivation,a system of ordinary differentialequations
(ODEs) is developedto express the time derivatives of all dependent
variables: gas- and condensed-phasetemperatures within each cell,
hardware temperatures, and individual species mass within each
cell. These differentialequations combine with the constitutiverela-
tions to form the governingequationsfor the gas-generatorsystems.

Thermodynamic Data

Individualgas- and condensed-phasechemical speciesare tracked
throughoutthe numericalsimulation, thus requiring thermodynamic
propertiesforeachchemical species over a wide range of conditions.
A fourth-orderpolynomial expansionin temperatureis used to rep-
resent the standard-state,constant-pressurespecific heat data for the
individual species ngk(T). Standard-state enthalpy of the species
can be determined by the fundamental thermodynamicrelationship

T
H)(T) = / Cy (T) + H} (Trer) (1)
Tret

Equation of State
All condensed-phasespecies are considered incompressible:

Peond,j = const )
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whereas the ideal gas equation of state is used throughout the gas-
generator model to represent the pressure-volume-temperature re-
lationshipbetween the gas-phase species present within the jth vol-
umetric cell:

P, =p;R;T; 3)

where R;, the gas constant for cell j, is dependent on the local
mixture molecular weight W; = X X, W,.

Conservation Equations

Using the basic model assumptions listed in the preceding text,
the conservationequationsof species mass and energy are applied to
the individual volumetric cells within a gas-generator system. The
computationalnetwork shown in Fig. 2 represents the gas-generator
system discussed previously. Within this network, each cell is desig-
nated with the index j, whereas the upstream and downstream cells
are identified as j — 1 and j + 1, respectively. The gas within the
volumetric cell j of size V; is well mixed (spatially uniform), and
has properties P;, T;, and p;. The mass inflow fromcell j — 1 is uni-
formacrossthe inletarea,and has properties P; _;, T _j,and H; _,
where H;_, is the enthalpy of the mixture in cell j — 1. Figure 2
shows enlarged views of both the combustion chamber (cell j =
1B) and the high-pressure plenum (cell j =2).

For each control volume j depictedin Fig. 2, species conservation
can be stated in differential form as

dmy ;

dr

=Yijmjy = Y4 @+ gen )
The sum of @ ;, the gas-phase mass production rate, and 7 eyt ;,
the mass addition caused by propellant decomposition, represent
the rate of mass production within the control volume, and Y is the
mass fraction for species k.

For the individual control volumes shown in Fig. 1, the model
assumptions are applied and the conservation of energy for the gas
mixture is written in differential form as

dare® 1 Kk
J . as - gas as . gas
L= D (Upjio) + HE ™ | — HE i
J vJ k=1
gas gas_- gas gas J
O A H e+ PV )

The productionof gas from a burning propellantis dependenton
the propellant surface regression rate 7,,, instantaneous propellant

grain surface area A,,, and propellantdensity p,,. The propellant
burningrate is modeled as a function of pressure and variation from
ambient temperatureA 7', and is represented by the form'
g =ae®™ T P" (6)

Here, ry, is the burn depth measured from the initial surface of the
propellant. Equation (6) is a typical burn-rate function for propel-
lants under quasi-steady-statepressure conditions. The variation of
the propellant grain surface area, on which a flame is propagating,
with burn depth is primarily dependent on the geometry of the pro-
pellant grain as well as flame-spreading characteristics,and can also
change because of grain fracture. For this study, it is assumed that
the form functionis only a function of grain geometry. Thus, it is as-
sumed that flame spread is instantaneouson the grain surface at the
time of ignition and no grain fracture occurs. Analyzing the regres-
sion of the propellantgrain shape can easily developa form function
based solely on geometry. For all results presented herein, the pro-
pellant grains are modeled as solid right circular cylinders, initially
0.4cminlengthand 1.5 cm in diameter, which burn uniformly on all
exposed surfaces. The right-circular cylinder geometric shape pro-
vides a well-defined mathematical relationship between the surface
area of the propellant grain and the burn depth. The right-circular
cylinder geometric shape produces an initial surface area per grain
of 5.42 cm?.

The total rate of mass addition to the system caused by propellant
decompositionis

mpmp = NgrAgrppmp’;gr (7)

Combining the rates of mass production rate from the propellant
and igniter charge according to

mgen = mign + mpmp (8)

provides closure for the addition of mass to the system, and com-
pletes the necessary relations to conserve mass within the gas-
generator system.

The mass flow exiting each volumetric cell through the local noz-
zles is classified as either in the sonic or subsonic flow regime,
dependingon the pressuredifference between the adjacentcells and
the specific heat ratio of the gaseous mixture within the volumetric
cell from which the gases are exiting. The choked flow critical con-
dition is calculated to determine whether a sonic or subsonic flow
condition exists for the mass flow between two cells using the pre-
ceding parameters. Applying the fundamentallaws of gasdynamics,
the gas-phase mass flow rate is determined from the following sonic
and subsonic relations.
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Fig. 2 Computational network for the inflator system with expanded views of combustion chamber B and the high-pressure plenum.
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Subsonic:

sgas __
mé _Aﬂnwczl

27/ » P+ 21y P+ (r+bly
y—1 "\ P P_
9
Sonic:

mes = Aﬂnwcd /)/P+p+[2/()/ + 1)]((y+ D/[2(y = DI} (10)

In Egs. (9) and (10), Ay, and Cy are the respective flow area and
discharge coefficient for the given nozzle.!* The subscripts + refers
to the high-pressurechamber,and — refersto the low-pressurecham-
ber. All heat transfer calculations within the gas-generator model
system are based on an effective heat transfer coefficient, i, which
incorporates the three modes of heat transfer, conduction, convec-
tion, and radiation, into one term.

Results

The generic gas-generator configuration described previously is
used to evaluate the performanceof a dual-combustion-chamba gas
generator. With knowledge of the basic performance requirements
for a passenger-side gas generator, a baseline configuration was
defined. Tables 2 and 3 provide a complete description of all the
parameters specified for the baseline gas-generator configuration.
From this baseline configuration, changes were subsequently made
to access the capability of the particular style of gas generator to
meet the requirements for a tailorable gas generator used in smart
airbag systems.

Inflator Performance Parameters

When testing SPGGs, it is important to gather enough informa-
tion to determine if it will perform as expected in a specific appli-
cation. To determine the performance of an inflator, both the initial
conditions and the thermodynamicstates of various subcomponents
during the transient process must be known. To speed testing times
and obtain reproducible data, SPGG inflators are typically tested
by firing into a constant volume discharge tank. This process has

become the industry test standard. It is desirable because it enables
technicians to permanently instrument a test vessel to obtain the
necessary property data for thousands of firings required for certi-
fication. By firing the inflator in a constant-volume discharge tank
as a validation, it is necessary to develop a correlation between the
tank data taken from a discharge tank and expected performancein
a fielded application.

Tank pressure and temperature are the typical measurements
taken during the discharge of an airbag inflator. With pressure and
temperature histories in a chamber and knowledge of the chemical
composition, many additional properties can be found, including
mass-flow rates. By knowing the pressure and temperature histories
within a chamber, both the differentials (pressure-rise rates) and
time integrals (impulse values) can also be determined. With these
properties of the inflator system known, an accurate determination
of the inflator performance can be made. The followingis a descrip-
tion of several key parameters used in the determination of inflator
performance.

The pressure history in the inflator plenum plays a significant
role in determining several operating characteristics of the SPGG
inflator, including 1) times at which burst foils rupture, and 2) flow
characteristics between chambers. The most important information
gathered from the pressure histories is the peak pressure within
each chamber internal to the inflator. This pressure is essential in
assessing the potential for catastrophic structural failure of the in-
flator. Depending on the size and shape of the inflator body, the
maximum allowable peak pressure can vary dramatically. However,
typical peak pressures for airbag SPGG inflators are in the range of
50-60 MPa (7248-8698 psig).

The temperature history is also important in determining the re-
liable performance of an inflator. Temperatures within an inflator
can potentially reach up to 2000 K in localized areas. The dynamic
events associated with the discharge of an airbag inflator, including
the high-velocitydischargingof combustionproductgases, can lead
to hot areas within an inflator. This can affect the performance of
the inflator by potentially increasing or decreasingnozzlesize by re-
moving or depositing metal in the nozzle vicinity. Knowing the gas
temperature within the inflator can help determine if localized hot
spots will reach a high enough temperature to cause hardware melt-
ing. The temperature histories also help determine other operational
characteristics of the inflator such as mass-flow rates.

Table 2 Inflator baseline configuration: generic characteristics

Identification Gas composition Propellant
Name number Volume Pressure Temperature mass fraction mass, g
Combustion 1A 20 cm? 27.7MPa g 298 K Ar=0.95 12.3
chamber 1A (1.2in3) (4013 psig) 77°F He =0.05
Combustion 1B 20 cm? 27.7MPa g 298 K Ar=0.95 12.3
chamber 1B (1.2in3) (4013 psig) 77°F He =0.05
High-pressure 2 337 cm? 27.7TMPa g 298 K Ar=0.95 —_—
plenum (20.5in.%) (4013 psig) 77°F He =0.05
Diffuser 3 25 cm® 0.0kPag 298 K 0,=0.21 —
(1.5in3) (0.0 psig) 77°F N, =0.79
Discharge tank 4 60,000 cm® 0.0kPag 298 K Ar=0.95 —
(3661 in.3) (0.0 psig) 77°F He =0.05
Table 3 Inflator baseline configuration: flow characteristics
Identification Total Total Nozzle Discharge
Name number nozzles nozzle area diameters coefficient Opening criteria
Combustion 1A 12 202.9 mm? 4 @ 7.35 mm 0.9 P.,=283MPag
chamber 1A (0.3141in.2) 8 @ 2.30 mm 0.9
Combustion 1B 12 202.9 mm? 4 @ 7.35 mm 0.9 P.,=283MPag
chamber 1B (0.3141in.2) 8 @ 2.30 mm 0.9
High-pressure 2 1 56.7 mm?> 1 @ 8.50 mm 1.0 P,=455MPag
plenum (0.088in.2)
Diffuser 3 10 384.8 mm? 10 @ 7.00 mm 0.65 Open initially
(0.596in.2)
Discharge tank 4 0 0 0 0 N/A
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The pressure profile within the discharge tank has been histori-
cally one of the most important parameters used in determining the
performance of an individualinflator. The pressure history contains
several pieces of key information used to evaluate the inflator. For a
passenger-sideinflator, an average peak tank pressure is 660 kPa g
in a 60-1discharge tank, whereas an average driver-sideinflator will
produce a 220 kPa g peak pressure within the same discharge tank.

Also of interestfrom the dischargetank pressure profile is the time
of the initially detected pressure rise within the discharge tank. This
time tells how quickly an inflator can begin to discharge gas into an
airbag after it receives a signal from the crash sensors. Most driver-
and passenger-sideairbagsneed to have the time of first pressurerise
to be within 5—10 ms of crash detection. For side-impact airbags,
this time must be much shorter, in the range of 3—5 ms because of
the reduced distance between impact and occupant.

The pressure-rise rate within the discharge tank is another very
important performanceindicator. This indicator shows how fast that
a particularinflator can discharge gas into the airbag. The pressure-
rise rate within the discharge tank is not an independently measured
quantity, butinstead comes from the first differentialof the measured
pressure history. A faster pressure-rise rate does not necessarily
imply a betterinflator design. Typically,for passenger-sideinflators,
a pressure-riserate between 16 and 20 kPa/ms (2.3 and 2.9 psi/ms)
is desired. For a driver-sideinflator, pressure-riserates vary between
10 and 14 kPa/ms (1.4 and 2.0 psi/ms). A pressure-rise rate that is
too low results in a situation where not enough gas is discharged
into the airbag quickly enough, and inadequate protection is given
by the airbag. If the pressure-rise rate is too large, the gases are
discharged too quickly, resulting in an airbag that is too stiff to
provide a cushioning effect in a crash and could potentially lead to
additional injuries caused by the airbag deployment. Typically, the
pressure-rise rate is measured over the time period from when gas
first enters the discharge tank to ~# =40 ms. This is the time period
when the bag inflates and initial interaction between the occupant
and the airbag occurs. After this time the pressure-riserate falls and
approaches zero as the discharge of gas is completed.

Because the pressure-riserate is the first differential of the pres-
sure history, it must be determineddirectly from the pressurehistory.
This leads to several different methods for calculating the pressure-
rise rate. The instantaneousand 5-ms window-averaged curves are
two different ways of presenting the information concerning the
pressure-rise rate within the discharge tank. Both representations
have distinct advantages and disadvantagesin describing the pres-
sure rise in the discharge tank.

The instantaneous pressure-rise rate is calculated by finding the
slope of a line between two sequential pressure measurements. This
method works well for determining exactly when certain processes
occur, but also has a tendency to amplify any noise associated with
the individual measurements. The instantaneous curve shows the
true time when gas within the inflator begins to enter the dis-
charge tank, but also exhibits a large amount of noise at higher
pressurizationrates, which complicates determining the maximum
pressure-riserate and the time at which it occurs.

A second method, used more in industry, is the 5-ms window-
averaged curve. This method also has its merits. The 5-ms window-
averaged curve, as its name suggests, requires a 5-ms window of
pressure measurements to determine the appropriate slope of the
line. All pressure measurements with the 5-ms window are used
to obtain a linear best-fit line, using the method of least squares,
through the data points. The pressure-rise rate at the midpoint of
the 5-ms window is then assigned the value of the slope of the
best-fit line over the 5-ms time period. After this is completed, the
5-ms window is shifted by including the next pressure measurement
and removing the first pressure measurement from the 5-ms series.
This method, while eliminating the noise of the instantaneouscurve,
shortens the time between the inflator firing and the initial pressure
rise within the discharge tank. Throughout the remainder of this
paper, the 5-ms window-averaged method will be used to present
the pressure-riserate in a volumetric chamber.

Gas-Generator Description Nomenclature

Throughoutthe remaining discussion,the results from the various
configurations of the baseline gas-generator model will be distin-

guished by the nomenclature XX(a)/YY(b). Here, XX represents
the mass percentage of main propellant contained within combus-
tion chamber A (m, ,/ m ), and YY represents the mass percentage
of main propellant contained within combustion chamber B. The
sum of XX and YY is always 100. The variables (a) and (b) repre-
sent the ignition delay time in milliseconds for the respective com-
bustionchambers. Because at least one of the combustion chambers
is always fired at t = 0 ms, the value of either (a) or () will be zero.
For all cases, the variable (a) or (b) that has a value of zero will
be eliminated from the notation, thus shortening the notation. For
example, XX(a)/YY implies chamber B fires at = 0 ms, whereas
XX/YY (b) indicates chamber A fires at =0 ms. Finally, for some
configurations, either combustion chamber A or B is not fired, re-
sulting in an infinite value for (a) or (b). For this condition, the
appropriate variable, (a) or (b), is assigned the character notation
nf, short for never fired. This notation is meant to indicate the firing
sequence as well as differentiate the multiple options available for
a single configuration of a dual-combustion-chamter gas genera-
tor. As previously discussed, a single configuration is where only
the distribution of main propellantis predetermined; thus the com-
bustion chamber firing sequence and delay times remain variable,
resulting in a vast array of performance characteristics.

There are two primary sets of firing options possible for a dual-
combustion-chambergas generator. The first is firing either a single
or both combustion chambers at the beginning of the simulation.
These firing options can be grouped together by the fact that the
output of the gas generatoris determined solely at the beginning of
the process. That is, no additional changes are made to the operation
of the gas generator after the initial firing of the gas generator. The
second firing optionis characterizedby firing of a single-combustion
chamber initially, whereas the second combustion chamber is not
fired until a specified delay time is exceeded. This set of options is
grouped together by the fact that operation of the gas generator is
determinedat the beginning of the simulation, butis also affected by
additional inputs occurring at the specified delay times. This second
set of firing options requires sensor equipment that is more complex
because of the delay times between firing the individual combustion
chambers. This set of firing options will be the focus of this study.
The firing options for the dual-combustion-chamber gas generator
previously discussed will focus on firing combustion chamber A at
t =0 ms, and then firing combustion chamber B at a finite delay
time fig,, . The delay times studied are £y, , = 0, 5, 10, and 20 ms.

Test Configurations

To determine the effect of specifying a delay time between com-
bustion chamber firings, it is necessary to have propellant distribu-
tions that perform similarly by firing only chamber A at r =0 ms.
The propellantdistributionsstudied herein are 2, £, and 53, where
the larger percentage of propellantis contained within combustion
chamber A, and combustion chamber A is always fired at £ =0 ms.
Combustion chamber B is then fired at a specified delay time of
tigny = 0,5, 10, 15, and 20 ms. The purpose of this discussionis to
describethe variationsin performancecharacteristicsof the gas gen-
erator caused by changesin the firing time of the second combustion
chamber.

Plenum and Discharge Tank Performance Curves

Pressure and temperature histories within the gas-generator
plenum and discharge tank will be used to assess the differences
between delay times for firing combustionchamber B. The pressure
rise rate within the discharge tank will also be used to differentiate
between firing scenarios. Figures 3 and 4 show the pressure history
within the gas-generatorplenum for 50/50 and 80/20 propellantdis-
tributions, respectively.In each figure, pressure histories are shown
for four delay times (t = 0, 5, 10, 15, and 20 ms). It can be seen that,
with a delay time of £, ;, =0 ms, the plenum pressure history for
each propellant distributionis the same. These results are expected
because all propellant contained within the gas generator is fired at
t = 0 ms for all scenariosdescribed. The pressure histories shown in
Figs. 3 and 4 can be divided into three distinct regions: 1) the time
between firing combustionchamber A (#,, , = 0 ms) and the time at
which the gas-generatorplenumburstfoil ruptures(5< ¢ < 10ms);
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Fig. 3 Inflator plenum pressure histories for five different delay firing
times of an inflator configuration with % propellant distribution.
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Fig. 4 Inflator plenum pressure histories for five different delay firing
times of an inflator configuration with % propellant distribution.

2) the time between the rupturing of the gas-generator plenum burst
foil and the time when all propellantis consumed (34 < t < 40 ms);
and 3) the time after the propellantis completely consumed to when
the expansion process within the gas generator is completed.

The first region, the time between firing combustion chamber A
and when the gas-generator plenum burst foil is ruptured, is identi-
fied by a nearly linear increase in pressure within the gas-generator
plenum. The rate of pressureincreasein this region is determined by
the amount of propellantburning during this time. As expected, the
cases where 80% of the propellantis ignited at #,, , =0 ms have a
greaterinitial pressure-riserate than the cases where 50% of the pro-
pellant is ignited at f;,, , = 0 ms. For both propellant distributions,
g—g and %, rupturing of the gas-generator plenum burst foil occurs
before the ignition of combustion chamber B, except for delay times
of fisn , =0 and 5 ms. This result is obvious for the delay time of
tign,» = 0 ms, but for the delay time of fiz, , =5 ms, itis noted by an
increase in the pressurerise between 5 ms and the time of burst foil
rupturing in the gas-generator plenum.

The second region, the time between plenum burst foil rupturing
and the consumption of all propellant within the gas generator, is
the region where the most noticeable differences occur between the
various firing delay times and propellant distributions. The starting
point of this region is noted by a sudden change in the pressure-rise
rate. This is caused by the sudden discharge of gas through the exit
nozzle of the gas-generatorplenum. In this region, the combination
of mass addition from the decomposition of the propellant and the
discharge of gas through the exit nozzles determines whether the
pressure will continue to rise within the gas-generator plenum. For
the g—g gas-generator configuration, the delay time for firing com-
bustion chamber B is the most influential parameter in determining
whether the pressure will continue to rise or begin declining within
the gas-generator plenum. In these configurations, the delay times
of t = 15 and 20 ms are long enough after the opening of the plenum
exit nozzles for the pressure to begin decreasing within the gas gen-

erator plenum. The amount of the pressure decrease is proportional
to the increase in the delay time of firing combustion chamber B.
For all cases with the previously mentioned propellantdistributions,
the firing of combustion chamber B at the specified delay time is
signified by an almost immediate increasing pressure within the
gas-generator plenum. For the % gas-generator configuration, the
delay time parameter has less of an effect on the pressurerise or de-
crease within the gas-generator plenum. For all delay times studied
here, the pressure continues to increase after the plenum exit nozzle
opens. This is because of the large amount of propellantstill burning
in combustion chamber A. The trends seen in the % configuration
still follow the trends seen in the % configuration, exceptto a lesser
degree.

The end of the second region is signified by the complete con-
sumption of all propellant within the gas generator. In Figs. 3 and
4, this point is noted by a distinct change in the rate of pressure de-
crease within the gas-generator plenum. For all configurations and
delay times, this change occurs between r = 35 and 40 ms. It is
important to note the minimal effect of the delay time parameter on
the burnout time of the propellant. With delay times of # = 0-20 ms,
the burnout of the propellantstill occurs within 5 ms for all firings.

The third region, the time after complete propellant burnout, is
a time where the gas-flow dynamics are governed by the laws of
a polytropic expansion process. The difference in the decrease in
plenum pressure between various firing conditions is determined
solely by the conditions within the gas-generator plenum at the
time of propellant burnout. This process proceeds until equilibrium
between the gas-generator plenum and discharge tank is reached.
Although it appears from Figs. 3 and 4 that significantly different
performance occurs between various delay times for a gas genera-
tor, it is important to evaluate the performance changes occurring
external to the gas generator. It is important to determine whether
the different internal performance characteristics lead to any sub-
stantial changes to discharge tank performance. Figures 5 and 6
show the pressure histories predicted within the discharge tank for
the propellant distributions and delay times shown in the previous
figures.

Figures 5 and 6 demonstratethatall dischargetank pressure histo-
ries follow the same general trend, whereas small differences occur
between propellant distributions and delay times. The most notice-
able is the change in performance because of a change in the spec-
ified delay time. An increase in the delay time specified for firing
combustionchamber B resultsin a decreasein the rate of pressuriza-
tion (slope of the pressure history) within the discharge tank. While
the rate of pressurizationis altered by the change in delay times, the
time at which pressure begins to increase within the discharge tank
(the time gas begins to enter the discharge tank from the gas gener-
ator) is not significantly changed. Also, the peak pressure predicted
within the discharge tank is not significantly altered by the change
in delay time.

A comparison between pressure histories for the two prope;lo—

lant distributions shows results more closely related for the 3;
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Fig. 5 Discharge tank pressure histories for five different delay firing
times of an inflator configuration with % propellant distribution.
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Fig. 6 Discharge tank pressure histories for five different delay firing
times of an inflator configuration with % propellant distribution.
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Fig. 7 Discharge tank 5-ms window-averaged, pressure-rise rates for
five different delay firing times of an inflator configuration with % pro-
pellant distribution.
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Fig. 8 Discharge tank 5-ms window-averaged, pressure-rise rates for
five different delay firing times of an inflator configuration with % pro-
pellant distribution.

distribution and growing wider, moving to the g—g distributions. This
can be accounted for by the large amount of propellantignited ini-
tially in the % distribution. With this distribution, only 20% of the
propellant remains to be ignited in combustion chamber B after the
delay. While this is a significant amount, it does not provide enough
mass generation to drastically alter the pressure history characteris-
tics within the discharge tank. On the other hand, the g—g distribution
ignites much less propellant initially and has a larger amount of
propellant to be ignited within combustion chamber B. This results
in a wider variation of performance characteristics within the gas
generator as well as in the discharge tank.

Figures 7 and 8 are included to show the 5-ms, window-averaged,
pressure-riserate within the discharge tank. Here, the same general

trends between propellant distributions occur for each delay time
specified. During approximately the first 5 ms after the opening of
the nozzles at the exit of the inflator plenum, the pressure-rise rate
increases nearly the same for all delay times, and propellant distri-
butionsindicatingthe behaviorduring this time is heavily dependent
on the inflator burst foil rupture pressure. After the first 5 ms, the
effect of the delay time parameter becomes noticeable. The shorter
delay times of t = 0, 5, and 10 ms produce pressure-riserates curves
similar to those produced by single combustion chamber inflators,
i.e., a rounded peak relatively early in the scenario with a steady
decline following. The delay times of f,, , = 15 and 20 ms begin
to show a plateau effect in the region where the shorter delay times
produceadefinite peak in pressurerise. This plateau, althoughlower
in magnitude, lasts approximately the same time as it takes other
curves to rise to their respective peak values and return to the same
value as the plateau curve. The resulting decrease in pressure-rise
rate for the plateau curve is much less than the decline of the curves
that achieved a definite peak value.

Figure 9 compares the range of achievable maximum pressure-
rise rates from various delay times for a range of propellant distri-
butions. It presents the pressure-rise rate within the discharge tank
att = 10 ms (solid line) and # = 20 ms (dashed line), while varying
both the propellant distribution between combustion chambers and
the firing delay time £, ;. The results are limited to propellantmass
ratios (m, ./ m,) between 0.5 and 0.8. Below this range, the gas
generator would not meet some of the predetermined requirements,
i.e., gas flow into the discharge tank under 10 ms, for the opera-
tion of the gas generator. Above m, ,/ m, =0.8, the operation of
the gas generator becomes almost uniform with changingm , .,/ m,,
ratios; thus these ratios are also not of interest. From Fig. 9, it can
be seen that the pressure rise is always greater at # =20 ms than
at t =10 ms, but the magnitude of difference is greater with even

Discharge Tank 5ms Window Averaged, Pressure-rise Rate [kPa/ms]

T T T ¥
0.5 0.6 0.7 0.8 0.9 1
Propellant Mass Ratio [my/mygt,1]

Fig. 9 Discharge tank 5-ms window-averaged, pressure-rise rates
evaluated at ¢ = 10 (solid lines) and 20 ms (dashed lines) for g, ; =
0, 5,10, and 20 ms.
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Fig. 10 Discharge tank 5-ms window-averaged, maximum pressure-
rise rates for #;g, 5 < 20 ms at several propellant mass ratios.

propellant distributions (m, ,/ m, =0.5) than with uneven distri-
butions (m,, ,/ m,=0.8). Also, from Fig. 9, it can be noted that
the pressure-riserate at = 10 ms is affected to a greater extent by
the delay firing time of combustion chamber B (#,, ;) than is the
pressure-rise rate at £ = 20 ms, particularly when f, , is 10 ms
or less. Figure 9 demonstrateshow the gas-generatorconfigurations
with well-balancedpropellantdistributions,i.e.,m, ,/ m, =0.5,can
produce tank curves with a wider range of maximum pressure-rise
rates than those with uneven propellant distributions given a range
of allowable delay times for igniting combustion chamber B.
Figure 10 complementsFig. 9 by showing the maximum pressure-
riserate within the dischargetank, while again varyingthe propellant
distributionbetween combustionchambers and the firing delay time
fign - The trends occurring in Fig. 10 are similar to those occurring
in Fig. 9, i.e., the pressure-riserate for each firing delay time begins
to approach £, , =0 ms as the propellant mass ratio approaches 1.

Conclusions

The so-called smart SPGG analyzed herein is capable of deliv-
ering a range of output characteristics. The results presented here
are intended to show the possible performance trends for this type
of SPGG system. Trends predicted by an SPGG simulation model
(AIM) show a minimum of 45% of the total solid propellant mass
must be fired at =0 ms to produce an increase in tank pres-
sure within 10 ms, a desirable performance characteristic for next-
generation airbag inflators. The model also predicts that all propel-
lant distributions with 45% or more of the solid propellant fired at
t =0 ms produce acceptable output characteristics, assuming the
second combustion chamber is fired within 20 ms. Furthermore, the
peak pressure within the discharge tank is minimally affected by
the propellantdistribution or ignition delay time of the second com-
bustion chamber. Conversely, the time of first gas flowing into the
discharge tank and pressure-rise rate history within the discharge
tank are parameters affected most notably. Short delay firing times
(tign,» = 0-10 ms) produce performance characteristics with output
closely following the limiting condition, where 100% of the propel-
lant is fired at # = 0 ms. Large delay firing times studied (#ig , =
10-20 ms) produce substantial variations to performance character-
istics within the inflator, but these changes are not fully transmitted
to the measured external characteristics, primarily because of the
choked flow condition at the nozzle exit of the inflator plenum.
Finally, balanced propellant distributions, i.e., %, produce larger
variations in output performance than do imbalanced distributions,

ie., %, when coupled with delay firing times between 0 and 20 ms.

Appendix: Numerical Accuracy

Based on the assumptions prescribed herein, the governing equa-
tions consist of a system of coupled ODEs that are solved by AIM
using an implicit ODE solver. To determine if the proper error tol-
erances are used in the analysis of the dual-combustion chamber
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Fig. A1 Standardrelative error of discharge tank pressure for varying
relative error tolerances.
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Fig. A2 Standard relative error of discharge tank pressure curve for
varying absolute error tolerances for temperature.
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Fig. A3 Comparison of results predicted by AIM program vs an an-
alytical solution for an isentropic discharge of a constant-volume pres-
surized chamber.

inflator model, a relative error calculation was used. This was per-
formed using the standard error-of-fit error calculation

N
Spe= |22 (Pos —pui?| [ N (A1)
i=1

where p, represents the discharge tank pressure calculated with
a specified error tolerance, and py; represents the discharge tank
pressure calculated when using an error tolerance one order-of-
magnitude larger. Also, N represents the number of data points
used as output from the simulation. Figures A1 and A2 show the
relative error of the pressure curve for changing magnitudes of the
relative error tolerance (RTOL) and the absolute error tolerance for
temperature. For example, in Fig. Al, the standard relative error
associated with a RTOL of 1 x 10~ represents the error between
calculations using RTOLs of 1 x 1077 and 1 x 1078,
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Fig. A4 Comparison of results predicted by AIM program vs an ana-
lytical solution for an isothermal discharge of a constant-volume pres-
surized chamber.

A blowdown simulation is used to assess the accuracy of the
results provided by AIM because an exact analytical solution can
be derived for this process.' A blowdownis when a pressurizedtank
of gas is depleted by exhausting through an isentropic convergent
nozzle. The expression

=2V [(psl p) " 1]

- (A2)
(1= NRVT A (I R)[2/ (y + D] +D/G-D

solvesexplicitly for the time 7 required to dischargea tank of volume
V with gas at an initial pressure and temperature of p; and T;. The
gas is considered to also have a constant specific heat ratio y, and
expands adiabatically. Figure A3 shows a comparison of the results
from the AIM program and the analytical solution [Eq. (A2)]. The
case illustrated in Fig. A2 is for the discharge of argon at an initial
temperature and pressure of 7; = 2000 K and P; = 10.13 MPa from
an adiabatic tank of volume V =1000 cm® through an isentropic
discharge nozzle of area A =7.85 x 107> m2.

For an isothermal blowdown, where the gas within the tank is kept
at a specified temperature, the expression for the time to discharge
the gas within the tank is

-V
fo 2L

= (A3)
Ay RT2/ (y + D]e+D/G=D  pi

t

Here, T is the temperature (constant) of the gas within the tank.
Figure A4 shows a comparison of the results from the AIM program
and the analytical solution of Eq. (A3), for the isothermal discharge
of argon from the same tank when the gas temperature is held at
T = 2000 K.
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