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Abstract 

 Airbags are part of an important vehicle safety system, and the inflator is an essential part that 
generates a specific volume of gas to the airbag for a short duration of time. Recently, we have 
developed numerical models of automotive airbag inflators in conjunction with the LS-DYNA® 
chemistry solver. In this study, detailed and comprehensive descriptions for theoretical models are 
developed for a conventional pyrotechnic inflator (PI) and a compressed, heated gas inflator (HGI). 
For the model validation, the closed bomb test was executed and compared with an experimental 
data, In case of pyrotechnic inflator, zero dimensional model in conjunction with a solid propellant 
grains (e.g. NaN3/Fe2O3) is applied and the results are compared with existing data. In HGI model, a 
2-dimensional with multi-species chemically reacting flow was calculated in the combustion chamber. 
Detailed and comprehensive descriptions for constructing the keyword flies will be given and the 
results for the two models will be discussed. 
 The present study should find wide applications in designing advanced inflator models and 
predicting airbag performance by coupling to LS-DYNA® airbag solvers (i. e., ALE/ CESE). 
 
1 Introduction 

The modeling zones of the pyrotechnic inflator generally consist of the propellant, combustion 
chamber, gas plenum, and discharge tank [1-3] as shown in Fig. 1a. Propellant grains including 
igniting material are contained and confined to the combustion chamber, which is completely sealed 
from the rest of the inflator by a thin rupture disk, so that the pressure of the combustion chamber is 
maintained until it reaches a desired value. With rapidly increasing pressure and temperature due to 
combusting propellant grains, the high pressure in the combustion chamber opens up the rupture disk 
to open. Then, the filter screen between the combustion chamber and the gas plenum captures the 
condensed phase slag and also cools the hot gas by permeating through the wide surface area heat 
sink. When the combustion gas fills in the gas plenum and the pressure in it exceeds a certain 
specified value, another rupture disk opens and the product gases exhaust into the discharge tank. 
Since the pressure, temperature and mass flow rate in the discharge tank caused by the performance 
of the inflator characteristics are the crucial factor in designing an airbag, the purpose of the simulation 
model is to provide accurate information concerning the combustion gas. 

Recently, O’Loughlin et al. [4] published a U.S. patent for a heated gas inflator (HGI) that avoids  
several drawbacks for the conventional pyrotechnic inflator; 1) variable performance depending on the 
ambient condition, 2) disposal of un-burnt propellants, 3) toxicity of the combustion products. Figure 
1b illustrates the schematic of the cross-sectional view of such inflators, which have cylindrical shapes 
and are initially filled to very high pressure with a gaseous mixture of fuel and oxidizer. 

       
   (b) 
Figure 1 Schematic of the cross-section of pyrotechnic airbag inflator (a), and a typical passenger-side 
heated gas inflator for the simulation model.  
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The HGI consists of an igniter, pressurized initial mixture chamber, and the discharge tank 
including exit nozzle. The common fuel is hydrogen with oxygen and the diluting gases are typically 
helium, nitrogen and Argon. Initially, the canister chamber in the HGI is filled with pressurized fuel and 
mixture gases. By triggering with an electric signal, the igniter initiates the combustion, which 
propagates through the canister and eventually generates strong detonation waves in the downstream 
direction. Then, a rupture disk having the same purpose as in a pyrotechnic inflator breaks open and 
allows gas flow into the discharge tank or airbag. 

2 Theoretical Models 
2.1 Pyrotechnic Inflator” 

The actual pyrotechnic inflator model is a complex problem since it contains a multi-phase and 
multi-component explosive reacting flow in the combustion chamber. As a result, the model is typically 
simplified to a zero-dimensional model, meaning that no momentum equations are considered, under 
various assumptions [1]. Based on the model assumptions, applying the mass and energy 
conservation principles to the model can derive the conservation equations for the pyrotechnic inflator. 
The species mass conservations equations are given as, 

 

dmk ,g, j

dt
= yk ,g, j−1 !mg, j−1 − yk ,g, j !mg, j +ψ k ,g, j

dmk ,c, j

dt
= yk ,c, j−1 !mc, j−1 − yk ,c, j !mc, j +ψ k ,c, j

      (1) 

Here, index k and j indicate the species, and the zone number, respectively. The index g represents 
gas phase and c represents condensed phase. The m, t, y,  !m , and ψ are the mass, time, mass 
fraction, mass flow rate and mass generation. 

The gas phase and the condensed phase energy equations for each zone can be expressed as, 

 

mg, jcvg, j

dTg, j

dt
= !mg, j−1hg, j−1 − !mg, jhg, j + !ω g, jhf + PjVj

dφ j

dt
+Qg, j

                      − ek Tg( ) dmk ,g, j

dtk=1

Ng

∑

mc, jcvc, j

dTc, j

dt
= !mc, j−1hc, j−1 − !mc, jhc, j + !ω c, jhf − PjVj

dφ j

dt
+Qc, j

                      − ek Tc( ) dmk ,c, j

dtk=1

Nc

∑

      (2) 

where cv is the specific heat, h the enthalpy, P the pressue, Vj the volume, T the temperature, ϕ the 
condensed phase volume fraction, and Q stands for heat transfer. 

The constitutive relations used in Eq. (1) and (2) are the regression rate of the solid propellant 
grains, mass flow rate through the nozzles, condensed phase porosity, and an equation of state for 
the gas phase species. The mass generation term in Eq.(1) of the species k for the phase i in the each 
zone can be expressed as, 

   

ψ k ,i, j = yk ,i,p
!ω i, j

with !ω i, j = yg ,p

dmr

dt
,  and !ω i, j = yc,p

dmr

dt

      (3) 

Here, 
  
yk ,i,p is the mass fraction of species k, which are evaluated relative to the products of combustion 

in phase i, and 
   
!ω i, j is the mass production rate of phase i in the jth zone. Since the propellant 

combustion occurs in zone 1 only, the mass production rate can be restricted in the combustion 
chamber. The total mass generation term appeared in Eq. (3), and is expressed as, 

  

dmr

dt
= N ⋅ Ar r( )ρr !rr

       (4) 

Here, N is the total number of propellant grains, Ar(r) is the instantaneous surface area of a grain, ρ is 
the propellant density and   !r  is the steady state regression rate of the propellant, which is given as this 
empirical relation, 

  !rr = aPn  
where n is an empirical constant determined by experiment. The power law coefficient is given by[1], 

  

a =

0                             t ≤ tdelay

a0

t − tdelay

Δt
  tdelay < t ≤ tdelay + Δtrise    

a0                  t ≥ tdelay + Δtrise

⎧

⎨

⎪
⎪

⎩

⎪
⎪

      (5) 
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where a0 is the steady-state value measured in experiment. The ignition delay time is taken to be the 
instants when the combustion temperature reaches an ignition temperature. The temperature rising 
time is due to the energy release of the ignitor unit in the combustion chamber. 

Since the pyrotechnic model is zero-dimensional, the momentum equation is not considered as a 
governing equation. Thus, the mass flow rate exiting each nozzle must be determined from a gas 
dynamics law. The gas phase mass flow rate through the combustion chamber (zone 1) is given as, 

 

!mg,1 = Af cd f
2γ
γ −1

p1ρ1
p3
p1

⎛
⎝⎜

⎞
⎠⎟

2
γ
− p3

p1

⎛
⎝⎜

⎞
⎠⎟

γ −1
γ⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

1
2
      (6) 

Once the gas phase mass flow rate is determined, the condensed phase mass flow rate is calculated 
by assuming the following proportional relation, 

 
!mc,1 = !mg,1

mc,1

mg,1

⎛

⎝⎜
⎞

⎠⎟
       (7) 

The gas phase mass flow rate exiting the inflator nozzle (zone 3) can also be determined by applying 
a gas dynamics law between the gas plenum and the discharge tank.  

 

!mg,3 = Ancdn
2γ
γ −1

p3ρ3
p4

p3

⎛
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⎞
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2
γ
− p4

p3

⎛
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⎞
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,  if p4 > pcr

           = Ancdn γ p3ρ3
2

γ −1
⎛
⎝⎜

⎞
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γ +1
2 γ +1( )

                      , if p4 ≤ pcr

      (8) 

Here, the critical pressure is defined as, 

pcr = p3
2

γ +1
⎛
⎝⎜

⎞
⎠⎟

γ
γ −1        (9) 

Again, the condensed phase is given by the same principle. 

 
!mc,3 = !mg,3

mc,3

mg,3

⎛

⎝⎜
⎞

⎠⎟
       (10) 

The condensed phase volume fraction and its derivative shown in the energy equation are given by 
[1], 

ϕ j =
1
Vj

mk ,c, j

ρk ,ck
∑        (11) 

and its derivative, 
dϕ j

dt
= 1
Vj

1
ρk ,c

dmk ,c, j

dρk ,ck
∑        (12) 

where Vj is the volume of each zone. The condensed phase apparent density is determined as, 

ρc =
mc

Vc
= 1

yk ,c
ρk ,ck

∑

       (13) 

The ideal gas equation of state is given as, 
p = ρRT        (14) 
where the gas constant R is based on the local gas phase composition. 

2.2 Heated Gas Inflator 

The governing equations for the heated gas inflator are 2-dimensional multi-species reactive Euler 
equations, which can be given as, 

 

∂ !u
∂ t

+
∂F !u( )
∂ x

+
∂G !u( )
∂ y

=αH !u( ) + S !u( )       (15) 

where 
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, and 
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are the main variable vector, x- and y-direction the flux vectors, respectively. The source terms due to 
geometries and combustion, respectively are given as, 

 

H !u( ) = − 1
y

ρv
ρuv
ρv2

ρEt + P( )v
ρvy1
"
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, and 
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⎥

 
In the above, u, v, and are the velocities, ρ and P are the mixture density and pressure, x, y, and z are 
the distances, t is the time, yk is the mass fraction of species k. Et is the specific total energy per unit 
volume defined as, 
Et = e+

1
2
ui  ,     i = 1,2( )        (16) 

where e is the specific internal energy. Note that α = 0           corresponds to the nominal 2-D flow, and 
α = 1  to axi-symmetric flow.  
Since the total mass of such a multi component mixture remains constant, the density is given by, 

ρ = ρk
k=1

Ns

∑        (17) 

as yk = ρk ρ , the summation of all species is given as, 

yk
k=1

Ns

∑ = 1        (18) 

Ωk is the production rate of species  k , which is given by some kinetic rate law. 

 
Ωk =

Mk !ω k

ρ
       (19) 

where Mk  is the molar mass of species  k  and   !ω k  is the net molar production rate of species  k . For a 
system of reacting ideal gas, calculation of   !ω k requires a detailed mechanism of elementary reactions. 
For a system of Nr elementary reactions involving Ns  species, the rate equation can be written in the 
following general form,  

 
ν ki

' Xk
k=1

Ns

∑ ⇔ ν ki
" Xk

k=1

Ns

∑ ,     i = 1,…,Nr       (20) 

where   ν kl
'  and   ν kl

"  are the forward and backward stoichiometric coefficients respectively,  Xk  is the 
chemical symbol for the species k, and Nr  is the total number of reactions in the mechanism. The net 
molar production rate of species k is given by, 

 
!ω k = ν kiqi

i=1

Nr

∑ ,    k = 1,…,Ns        (21) 

where ν ki =ν ki
" −ν ki

' , and 

qi = k fi Xk[ ]νki
;

k=1

Ns

∏ − kbi Xk[ ]νki
"

k=1

Ns

∏       (22) 

where k fi  and kbi  are the forward and backward rate coefficient of reaction i, and 
Xk[ ] = ρk Wk ,  where ρk  is the species concentration( )  is the molar concentration of species k. The forward rate 

coefficient are typically expressed as, 

k fi = AfiT
β f i exp −

Efi

RT
⎛
⎝⎜

⎞
⎠⎟

       (23) 

where Afi  is the pre-exponential factor, β fi  is the temperature exponent, Efi
is the activation energy per 

unit mole, T is temperature, and R is the universal gas constant. 
For reactions provided with backward rate coefficients, the backward rate constants kbi are 

computed in a similar fashion to the forward rate constant. However, if the backward coefficients are 
not specified, the backward rate constants are computed based on k fi and the equilibrium constant Kci. 

kbi =
k fi
Kci

       (24) 

The specific heat and enthalpy of the species can be evaluated using the JANAF Table polynomials. 



10th European LS-DYNA Conference 2015, Würzburg, Germany 
 
 

 
© 2015 Copyright by DYNAmore GmbH 

Cpk
o

R
= a1k + a2kT + a3kT

2 + a4 kT
3 + a5kT

4

Hk
o

RT
= a1k +

a2k
2
T + a3k

3
T 2 + a4 k

4
T 3 + a5k

5
T 4 + a6k

T

      (25) 

The coefficients of these polynomials expansions which are valid in a temperature range 200K to 
6000K are supplied by Gordon and McBride [5]. 

3 Results and Discussion 
The numerical analysis and an experiment were carried out for a closed bomb test (CBT), with the 

chemistry model validation using 40 g of Tritonal propellant charge. The CBT chamber has a 
dimension of 40 cm in radius (r; y, z) and 150cm in longitudinal length, so that the total volume of the 
chamber is 0.754 m3. Two pressure gauges (Kulite; HEL-375-250A, and HEL-375-500A) having 
different sensing capacities were installed, the one at the front center of the cylinder (x=750 cm, r= 40 
cm) and the other at the side center of the cylinder base surface (x=150 cm, r= 0 cm), respectively. 
Figure 2 shows the CBT validations with the pressure data sets for the side and front center position 
between the simulation results and averaged experimental data. Figure 2(a) and (b) illustrate the 
pressure history at the side and front center, respectively. 

It is clear that the simulation results are in excellent agreement with the experimental data over the 
time ranges. 

 
Figure 2 Comparisons between measured data and simulation at the side and front center positions: 

a) and b) are the pressure histories. 
Since the total mass generation of the propellant is given by Eq. (4), the mass amounts of product 

species for the solid propellants combustion are assumed to be proportion to the species mass 
fractions, which are determined by a thermochemical equilibrium code [5]. However, the mass 
fractions of principal species account for over 99 percent of the total, indicating that minor species can 
be neglected. Thus, for simplicity, a stoichiometric reaction is used for the reactants and products as, 

  6NaN3(s)+ Fe2O3(s)→ 2Fe(s)+ 3Na2O(s)+ 9N2       (26) 

All input data for the simulation were chosen to be the same as reference [1] 
Figure 3 shows the temperature profiles in the combustion chamber and gas plenum. Due to the 

initial energy release from the igniter and propellants, the temperature increases quickly. When the 
interior rupture film on the combustion chamber wall breaks, gas and condensed phase species flow 
from the combustion chamber to gas plenum, resulting in an increased the temperature in the gas 
plenum. Initially, due to existing the N2 and O2 gases at standard conditions in gas plenum, the 
maximum temperature of the gas plenum is a little higher than that in the combustion chamber. 

 
Figure 3 Temperature profiles in the combustion chamber and gas plenum with time. 
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Figure 4 shows the pressure profiles both in the combustion chamber and the gas plenum. Due to 
the rapid energy release from the solid propellants, high pressure breaks the interior rupture film. 
Thus, a certain amount of gas flows into the gas plenum. Due to the sudden discharge of gas, the 
pressure in the combustion chamber shows a sharp decrease as can be seen in the temperature 
profile in Fig. 3. After this, a steady-state combustion mode is reached for the remaining period of 
time. Again, due to the initial condition in the gas plenum, the maximum pressure and the curve profile 
are similar to that in the combustion chamber. 

 
Figure 4 Pressure profiles in the combustion chamber and gas plenum with time. 

Figure 5 shows the typical thermodynamics properties such as the density, pressure, and 
temperature as a function of time in the discharge tank in the pyrotechnic inflator simulation. With an 
initial delay time after which the gas flow arrives at the discharge tank, all variables are moderately 
increased until reaching their convergence values. The maximum pressure is about 1.6 atm and the 
corresponding temperature is approximately 400K, which is suitable for the airbag deployment 
process. 

 
  (a)    (b)     (c) 
Figure 5  Thermodynamics properties at the discharge tank (zone 4) for the pyrotechnic inflator: (a) 
density, (b) pressure, and c) temperature 

4 Summary 
In this study, we have demonstrated the performance of two different inflator models: a 

conventional pyrotechnic inflator and a compressed, heated gas inflator. Detailed and comprehensive 
descriptions of theoretical and mathematical models are provided. For the model validation purpose, 
the results between the numerical simulation and an experimental data set were compared, showing 
excellent agreement. With the development of these validated inflator models, we strongly believe that 
the present work should find more applications in designing advanced inflator models and predicting 
airbag performance. 
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