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Abstract 
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The current work presents a numerical simulation of the thermal operation of a pyrotechnic solid propellant gas generator 
undergoing a tank test.  The effect of several parameters on the thermal characteristics of the system under consideration is 
inves ese parameters include heat loss to the ambient, heat transfer to the hardware elements of the present system, 
and a  
the p  
transf

Keywor

tigated.  Th
mbient temperature.  The question of the applicability of tank test results to auto airbag systems has been addressed.  In
resent work, it has been concluded that the thermal performance of present system is significantly sensitive to heat
er to the tank wall and to the value of the ambient temperature. 
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1. Introduction 

Solid propellant gas-generators have several 
engineering applications.  Among these applications are 

ape systems, missile launching, 
powering actuators and valves, and short-term power 
supplyin
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and burning behavior of a composite solid propellant for 
airbag application.  In their article, it was reported that the 
pressure exponent was found to be a strong function of the 
initial propellant temperature.  They also introduced the 
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pilot emergency esc

g [1].  Of special interest to the present work is the 
rmance of solid propellant gas generators used in 
otive applications. Current automotive applications 
e inflation devices for driver, passenger and side 
t airbags and knee bolsters, and piston actuators for 
atic seat belt tensioners.  Contemporary airbag 

ms can be classified into two major groups based on 
onfiguration used to produce gas for inflating a 
le airbag [2].  The first group is referred to as 
technic” in which the air bag is inflated solely by 
 gas production from a solid propellant.  The second 
 is referred to as “augmented” in which hot gases 
ced from a solid propellant are diluted by an 

ent-temperature, high-pressure stored gas before the 
ixture is discharged into the airbag.  However, earlier 

g configurations (over the 1960’s) relied solely on 
urized, ambient-temperature stored gas to inflate 
gs [3]. 
ere are several issues of considerable concern to the 

ner of an automotive airbag system.  These issues 
e: 1) the size of the inflator, 2) the volume ought to 

cupied by the inflated airbag, 3) the transients of the 
g operation, especially the time duration of the 
ing process, 4) the force exerted by the airbag on the 
r and/or the passenger upon the inflating process, 5) 
nsitivity of the airbag-system performance to a wide 
 of ambient conditions, 6) the reliability of the airbag 
m over a relatively long period of time that spans over 
ears, and 7) the thermophysical properties of the 
ed propellant.  In an investigation conducted by 
r and Butler [4], the authors studied the 
position behavior of three condensed-phase 

llants commonly used in airbag industry.  These 
llants are 1) sodium-azide (NaN3), 2) a non-azide 
llant containing azodicarbinamide (ADCA), and 3) a 

le-based propellant (DB).  In their work, Berger and 
 studied several thermophysical properties of the 
 mentioned propellants including a) the flame 

erature and chemical composition of the product 
, b) the number of gaseous moles produced per mass 
ondensed phase propellant consumed, c) the 
nsed-phase (slag) production of each propellant, and 
d the toxicity of gas-phase combustion products.  It 
een concluded that there is a trade off between the 
tage of producing large number of gaseous moles per 
ass of solid propellant and the advantage of having a 

 flame temperature.  The study showed that among 
ree propellants under consideration, NaN3 has the 
t flame temperature, but also the lowest gas 
ction per unit mass of propellant.  The study 
uded also that there is a negative correlation between 
ame temperature and the amount of slag produced.  In 
er study, Ulas et al. [5] conducted an experimental 
tigation on the determination of ballistic properties 

alues of the activation energy and the pre-exponential
ctor of the Arrhenius equation. 

There appears to be a current demand for novel designs
f airbag systems such that the output of the airbag 
peration could be controlled according to different crash 
nditions.  These types of airbags
mart" airbags.  One method being studied for
ntrollable output is to add a second solid-propellant 
mbustion chamber to a standard augmented gas

enerator [6].  The traditional single-combustor gas 
enerator is designed around a single operating state. For 
ample, in the U.S. this is specified as being sufficient to 

rotect an unbelted, 74.5-kg adult in a 48-km/hr frontal 
llision. All other operating conditions are considered 

ff-design. The augmented, dual-combustion chamber
esign presented in ref. [6] can be optimized for three 
perating conditions to, consequently, have a more 
niform off-design performance. The wider range of 
ceptable operation is a result of dynamic controllability 

f the discharge process to match the kinematics of the 
ccupant as they are thrown towards the deploying airbag. 

In airbag industry, the performance of an airbag inflator
 often evaluated by conducting what is commonly called 
ank test”.  In a tank test, the combustion products are 
lowed to flow into a rigid tank that is initially filled with
bient air; in the meanwhile pressure and temperature 

istories of the combustion products in the tank are 
bserved.  Besides, the final product composition is 
easured. In an auto airbag operation, the combustion 

roducts flow into an inflatable airbag rather than a rigid 
nk.  From a thermal point of view, that is the major 
ifference between the operation of an auto airbag and a
nk test operation, given that all other design and 
perating conditions are similar.  The question remains
hether the tank test provides satisfactory description of 
e auto airbag inflating process.  One important issue is 
e amount of energy lost within the hardware components

f the system under consideration, especially the tank wall.
his energy plays a major role in the thermal behavior of
e products of combustion.  Hence, investigating the 
ount of energy lost within each hardware component

uld help judge whether the tank test is an acceptable 
presentation of the auto airbag operation.  Besides, it 

ansients of the airbag operation.  In a recent study, Sinz 
d Hermann [7] have developed an algorithm for

mulation of an airbag deployment. 
In the present work, it is intended to ev

rmance of a pyrotechnic solid-propellant gas 
enerator in a conventional tank-test environment.  Special 

phasis is put on the heat balance characteristics of the
stem at hand.  The analysis is performed using AIM; a

ermochemical events associated with the firing of a solid 
ropellant gas generator [8]. AIM models the processes of
as generation and discharge which are highly nonlinear
ents governed by first principles (i.e., solving complete
nservation equations, variable specific heats, mixture 
ixing rules, etc.). AIM also includes the dynamics of  
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     Figure 1: Schematic Diagram of the present problem/ 

coupled events such as ignition, heterogeneous 
combustion, particle filtering, heat transfer, phase change, 
and m  the 
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gradie

2. Pob

 thermal analysis of a 
conve lid propellant gas generator.  
This gas generator is based on the approximate design 
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of product species calculated at one flame state are 
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n also takes into consideration the temperature 

nts within the walls of the hardware components. 

lem Description 

The present work introduces
ntional pyrotechnic so

ications of an inflator of a passenger-side airbag.  
flator at hand delivers the combustion products into 

stant volume tank such that the pressure inside the 
is elevated into a certain value without exceeding a 

um tank pressurization rate.  A schematic diagram 
 setup under consideration is shown in Fig. 1.  The 
ustion chamber contains the main propellant along 
a small amount of ignitor propellant.  The mass of 
llant occupies a portion of the total volume within 
ombustion chamber. Also, within the combustion 
ber is a metallic screen used to capture condensed-
 particulate and to cool the exiting gases.  The screen, 
a specified mass, has a hollow cylindrical shape and it 
ated at the inner wall of the combustion chamber.  
combustion products exit the combustion chamber 
gh an array of nozzles each of individual flow 
cteristics.   The nozzles are initially covered with a 
 foil that seals the interior of the combustion chamber 
the surrounding tank.  The burst foil is designed to 
re when the pressure within the combustion chamber 
es a predetermined burst pressure.  The discharge 
is a constant-volume cylindrical vessel with a 

spherical top.  It has a volume that is several orders of 
itude larger than the volume of the gas generator and 
 no exit nozzles.  The only inlet into the discharge 
comes from the exit nozzles of the combustion 
ber.  Initially, the discharge tank contains air at 
spheric conditions.   
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ellant used throughout this study is sodium-
 (NaN3).  It is assumed that the combustion process 
eds at an equilibrium state during the complete 
ng process of the propellant.  It is also assumed that 
urrounding conditions do not deviate substantially 
g the combustion process.  Therefore, the distribution 

mperature calculation can be performed at an estimated 
erage pressure within the combustion chamber. 
The standard JANNAF [10] species database was used 

r calculating the thermochemical properties of the
oducts of combustion for the propellant.  Produc

 chosen from this database by minimizing the Gibb's 
e energy of the reacting system within a specified 

lerance while satisfying the elemental population
nstraint.  PEP [11], a thermochemical equilibrium
lculation program, was used to solve the system of 
uations to determine the adiabatic flame temperature and 
e relative amounts of product species.   

The following premises dictate the mathematical 
rmulation of the present model: 

as-phase and condensed-phase combustion products 
are composed of multiple species.  

2. Specific heats of the species present are temperature-
dependent. 

3.  The existence of extreme turbulent mixing upon gas
deployment r
scales than diffusion time scales.  This motivates the 
assumption of well-mixed gases, and hence gaseous 
and condensed-phase products are assumed spatially
uniform within the combustion chamber, on the one
hand, and the tank, on the other. 

4. The use of the filtering screen restricts the solid 
propellant combustion to the combustion chamb

5. Ignition of the solid propellant is represented by an
empirical expression that was determined from 
experimental data. 

6. Heat transfer within the combustion chamber and
tank walls is axisymmetric, i.e. the temperature withi
the hardware walls is function of axial and radial 
coordinates in addition to time. 
The present conservation equa

ing conservation principles of mass and energy to the 
mputational domain under consideration.  The
mputational domain of interest is divided into 1) three 

as computational cells corresponding to the combustion
amber, the tank, and the ambient, respectively, and 2) a

rescribed number of hardware cells that represent the 
mbustion chamber and the tank walls.  These cells are 

btained by dividing the hardware walls into a number of
nite element cells.  The distribution of the gas  
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Figure 2. Distribution of the hardware Computational cells of the combustion chamber and the tank walls 
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e conservation equations of species mass and 
 are applied to the individual volumetric cells within 

generator system.  The gas cells shown in Fig. 2 are 
ated with the index j, whereas the j=1 for the 

ustion chamber, j=2 for the tank, and j=3 for the 
nt.  The gas within the volumetric cell j of size Vj, is 
ixed (spatially uniform) and has properties Pj, Tj, 

he mass inflow from cell j-1 is uniform across the 
rea and has properties Pj-1, Tj-1, and Hj-1 where Hj-
e enthalpy of the mixture in cell j-1.  The hardware 

shown in Figs. 2 are designated with the index M, 
 M varies from 1 to Mt.  Each hardware cell has a 
e VM, and has a temperature TM. 
r each gas-cell control volume j depicted in Figure 2, 
nservation of species equation takes th

form:  
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taneous propellant grain surface area gA , and 
llant density pro
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led as a function of pressure and variation from 
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tion for ropellants under quasi-steady-state pressure
nditions.  The variation of the propellant grain surface
ea, on which a flame is propagating, with burn depth, is

rimarily dependent on the geometry of the propellant
rain as well as flame spreading characteristics and can
so change due to grain fracture. The variation of the 
ropellant grain surface area, on which a flame is 
ropagating, with burn depth, is called the form function 
f the grain and is primarily dependent on the geometry of 
e propellant grain as well as flame spreading
aracteristics and can also change due to grain fracture.  

or this study, it is assumed that the form function is only 
function of grain geometry.  Thus, it is assumed that 

ame spread is instantaneous on the grain surface at the 
me of ignition and no grain fracture occurs.  Analyzing 
e regression of the propellant grain shape can develop a
rm function based solely on geometry.  For all results

resented herein, the propellant grains are modeled as
lid right circular cylinders, initially 1.1 cm in length and 

.1 cm in diameter which burn uniformly on all exposed
rfaces.  The right circular cylinder geometric shape

rovides a well-defined mathematical relationship between 
rface area of the propellant grain and the burn depth. 
The total rate of mass addition to the system du
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rates of mass production rate from the 
ropellant and ignitor charge according to Eq. (5) provides
osure for the addition of mass to the system and 
mpletes the necessary relations to conserve mass within 
e gas generator system. 
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tions is developed to express the time derivatives of
l dependent variables: gas- and cond
mperatures, individual species mass, and gas pressure 
ithin each gas cell, in addition to hardware temperatures.  
hese differential equations combine with the constitutive 
lations to form the governing equations for the gas 

enerator systems. 

 Discussion of Results 

The results of the pre

position is often used in airbag industry.  A 
ermochemical equilibrium code [11] has been used to 
aracterize the equilibrium composition of the present 

ropellant.  Table 1 describes the composition of both the 
actants and the products of combustion of the problem 

nder consideration, given that the reactants exist at
bient conditions and the products exist at the adiabatic 

ame temperature of the present mixture.  Table 1 shows 
at 60.412 % of the product mass is in condensed phase,
hile the gaseous products are mainly composed of N2.  
ence, the gas-phase reactions within the combustion 
roducts are neglected and all chemical species present at 
e calculated adiabatic flame temperature are assumed to

e chemically frozen.  
The present results are obtained using the software

 [8].  AIM incorporates the chemical kinetic package 
HEMKIN [14] to evaluate thermodynamic properties for
l species present.  It also uses the ordinary differential
uations solver LSODE [15] to solve the resulting set of

rdinary differential equations along with the proper initial
nditions numerically.  Besides, all chemical species are
aracterized in terms of standard-state, temperature-

ependent specific heat functions, heats of formation and
tropies of formation.  These chemical species data are
ken from JANAF thermodynamic tables [10].  Table 2
ows the initial, operating, and design conditions that 
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have been used throughout the present computations.  
These conditions resemble a generic inflator system.  

The operating and design conditions that appear in 
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Table 1.  Chemical composition of solid propellant and 
combustion products. 
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arison between AIM computations and analytical 
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. 4. 

ance of an airbag inflator is commonly 
ted by several parameters.  Among these parameters 

e maximum pressure rise-rate, the peak pressure and 
rature within a standard discharge tank, and the time 
al of the pressure inside the discharge tank (pressure 

lse).  The maximum pressure rise-rate affects the 
g transients upon the inflating process.  The peak 
ure and temperature, and the pressure impulse inside 
nk are key issues in the safety considerations of a 
le occupant.  The pressure impulse provides a  
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Variable (units) 
Co bustion chamber material Aluminum m
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.006,18) (0.005,12) 

ρC(kg/m3) 2770 
ρ t (kg/m3) 7854 
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mC(kg) 0.68 
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ure of the momentum transferred to a vehicle
ccupant.  The peak pressure within the discharge tank 
rovides a measure of the discharged energy of an inflator 
stem.  In airbag industry, the conventional tank test has 

een used to evaluate the performance of airbag inflators.
he question that rises is whether or not the tank test 
nditions resemble the actual operation of the airbag. 

here is a considerable difference between heat transfer to 
e wall of the discharge tank and heat transfer to the 
rbag.  This may lead to a significant difference between 
e thermal behavior of an airbag operation and that of a
nk test.  It is intended to investigate the sensitivity of the
nk test output to the amount of heat transfer to the tank
all.  This could help evaluate the need for more research
n the airbag itself rather than the tank test.  For that
urpose, the pressure history inside the tank is plotted in 
ig.5.  The figure compares the present calculations of the
ressure transients with a similar case but without heat
ansfer to the tank wall.  It is clear that both the peak 
ressure and the pressure rise-rate are considerably 
nsitive to heat transfer to the tank wall.  This result 

omponent Phase Mass % Mole % M

NaN3 S 8 65.01 60.998 77.48

Cu2O S 39.002 22.512 143.08 

Combustion Products 

N2 G   39.451 53.807 28.01

Cu S 34.661 20.842 63.54 

Na L 22.99 8.846 14.702 

N G  a  0.136 0.227 22.99

Na2 16.O S 905 10.421 61.98 
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suggests that one should be careful upon applying the tank 
test results on airbag systems directly.   

Figure 7. Effect of ambient temperature on the history of the 
pressure impulse. 

Figure 8. Effect of ambient temperature on tank pressure history. 

Figure 9. Effect of ambient temperature on tank temperature . 

impulse is shown in Fig. 7.   
p  
ar  
2
te
sy  
th
p  
ris  
te

Figure 5. Computation of the tank pressure history. 
Comparison between 

The high sensitivity of the thermal characteristics of the 
prese
an int
interestin
much
durin
prese
transf
the ta
the h
time,
comb
the h
prese

nt system to heat transfer (observed in Fig. 5) creates 
erest in the heat transfer issue of airbag systems.  It is 

g to perform an energy balance to find out how 
 energy is lost through heat transfer to the hardware 
g the operation of the current system.  Figure 6 
nts the history of the integrated amount of heat 
er to the combustion chamber wall, the screen filter, 
nk wall, and the ambient.  It Fig. 6, it is shown that 
eat loss to the ambient is negligible.  At the same 
 the tank wall absorbs energy the least, while the 
ustion chamber wall absorbs energy the most among 
ardware elements.  However, Fig. 5 shows that the 
nt system is significantly sensitive to the heat transfer 
e tank wall.  Figures 5 and 6 demonstrate the 
rtance of heat transfer to the hardware in modeling 
 systems.   

to th
impo
airbag

Figure 6.
walls, 

An im
the s
condi
temp
essen
samp
The e

 History of the heat absorbed by the combustion chamber 
the tank walls, the screen filter, and the ambient. 

portant issue in the design of airbags systems is 
ensitivity of the airbag performance to ambient 
tions.  Airbags operate under a wide range of ambient 
eratures that might span from 230 to 320 K.  It is 
tial to investigate the performance of the present 
le case under a broad extent of ambient temperatures.  
ffect of ambient temperature on the tank pressure  

The figure shows that the tank
ressure impulse at an ambient temperature of 320 K is
ound 50 % larger than that at an ambient temperature of

30 K.  Further explanation of the effect of ambient 
mperature of the thermal characteristics of the present 
stem is presented in Figs. 8, 9, and 10.  Figure 8 shows
at as the ambient temperature increases the maximum 

ressure inside the tank as well as the maximum pressure
e-rate increases considerably.  The increase in ambient

mperature increases the temperature level of the inflating  
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Figure 10. Effect of ambient temperature on history of fuel 
precentage burn. 
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1. Th ent is negligible. 

ansfer to

ormance of 

impulse increases by 50 %, the combustion time 
decreases by 35 %, the maximum tank pressure 
increases by 20 %, and the maximum tank temperature 
increases by 27 %.  

ents. 6th Edition. John 
Wiley and Sons; 1992. 

[2 , J. Kang, H. Krier, "Modeling and numerical 
simulation of the internal thermochemistry of an automotive 
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d Power, Vol. 15, No. 2, March-

actice and Theory, Vol. 16, 2008, 

 

85. 

nce 
 code.  

 and 
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l-
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 eventually increases the maximum 

 in the maximum tank pressure due to 

yrotechnic solid propellant gas
 been analyzed.  The current results presented

erature inside the tank as shown in Fig. 9.  T
ins the increase

his 
1995, 93-114. 

[5] A. Ulas, G.A. Risha, K.K Kuo, “Ballistic properties and
burning behavior of an ammonium Perchlorate/Guanidin
Nitrate/Sodium Nitrate airbag solid propellant”. Fuel, Vor ambient temperature.  The marked effect of the 

ent temperature on the burn rate that is shown in Fig. 
xplains the effect of ambient temperature on the 
mum pressure rise-rate.  The figure shows that the 
nt solid propellant burns faster at higher ambient 
tions.  Consequently, the mass flow rate of the 
ct-gases into the tank increases and results in a faster 
 the tank pressure. 

nclusions 

In the present work, a p  
 

[9]

nded to show the thermal characteristics of a 
ic design of an airbag inflator in a tank test.  For the 
nt operating and design conditions, the following 
usion are drawn:  

e heat loss to the ambi
2. The tank pressure history is sensitive to heat tr

the tank wall.  This makes it necessary to inco
 char

rporate 
accurate heat transfer modeling for heat transfer to the 
hardware elements of airbag system.   

3. The tank test results should not be applied directly to 
auto-airbags because the significant difference in heat 
transfer between the hot gases and the tank wall on the 
one hand, and the hot gases and the airbag, on the 
other, affect the tank pressure history. 

4. It has been concluded that the thermal perf
the system under consideration can be significantly 
affected by the ambient temperature.  If the ambient 
temperature rises from 230 to 320 K, the tank pressure 
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