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Abstract
Airbags are important components for the realization of occupant safety. This study focuses
on airbag permeability, which is important for the airbag performance, since its working
mechanism depends on the release of gas. Measuring airbag permeability at typical airbag
conditions is very difficult, since the airbag gas temperature may reach 1500 K, while the
fabric melts at approximately 500 K.
The fabric permeability behavior for air at temperatures at and below room
temperature is determined from the Airbag Tester© experiment. By applying a fluid
dynamica] model to the experimental results, the gas flow through the fabric during the
experiment is identified. It is argued that fabric stress 'opens up' the fabric, increasing its
permeability. Due to differences in geometry, stress levels are much larger during the real
airbag deployment than during the experiment. As a consequence, it is expected that, for a
given pressure force, the fabric will he more permeable during the real airbag deployment
than during the Airbag Tester experiment.
The fluid dynamica] model is used to estimate the fabric permeability behavior at
typ ica] airbag conditions. The effects of heat exchange between gas flow and fabric are not
yet included in the model. It is recommended to incorporate these thermal effects in the
model because oftheir relevanee at typical airbag temperatures.

Acknowledgements
I thank professor Rini van Dongen and professor Mico Hirschberg from Eindhoven
University of Technology for their inspiring ideas, which were essential contributions to
this work. A special thanks goesout to Marian Rekveldt from TNO Delft. As project Leader
she defined the objectives and supported me in achieving them. I also thank Frank Swartjes
from TNO Delft for his useful comments and interesting discussions. Finally I thank
Autoliv V.K. for conducting the experiments.

Table of contents
I Introduetion ........................................................................................................................................ I
I.I Airbag characterization................................................................................................................ I
I.2 Airbag deployment simulations ................................................................................................... 3
1.3 Airbag fa brie permeability ........................................................................................................... 4
1.4 Study objective and report outline ............................................................................................... 5
2 Determining airbag fabric permeability by means of the Airbag Tester© .......................................... 7
2.I Introduetion ................................................................................................................................. 7
2.2 Experimental setup ...................................................................................................................... 7
2.3 Experimental data ........................................................................................................................ 7
2.4 Mass flux V(.rsus pressure drop .................................................................................................... 9
2.5 The effect offabric deformation ................................................................................................ I2
2.6 Conclusion ................................................................................................................................. 14
3 Modeling compressible flow through the airbag fabric .................................................................... 15
3.1 Introduetion ............................................................................................................................... 15
3.2 Model assumptions .................................................................................................................... 15
3.3 Model formulation ..................................................................................................................... 16
3.4 lsentropic flow ........................................................................................................................... 17
3.5 Adiabatic frictional flow ............................................................................................................ 19
3.6 Mass flux versus pressure and friction ....................................................................................... 21
3. 7 Limiting cases ............................................................................................................................ 24
3.8 Effect ofheat conduction ........................................................................................................... 25
3.9 Conclusion ................................................................................................................................. 26
4 Applying the model to the experimental results ................................................................................ 27
4.1 Introduetion ............................................................................................................................... 27
4.2 Relative mass flux versus relative back pressure ....................................................................... 27
4.3 Microvent diameter .................................................................................................................... 29
4.4 Fabric permeability for typical airbag conditions ...................................................................... 31
4.5 Conclusion ................................................................................................................................. 34
5 Conclusions ...................................................................................................................................... 35
6 References ........................................................................................................................................ 36
A Conservation laws applied to an airbag gas ..................................................................................... 37
A.1 Introduction ............................................................................................................................... 37
A.2 Laws ofmass and energy conservation applied on an airbag .................................................... 37
A.3 A simpIe airbag model .............................................................................................................. 40
B. Adiabatic analysis ofthe Airbag Tester© experiment .................................................................... 44
B.1 Introduction ............................................................................................................................... 44
B.2 Conservation laws ..................................................................................................................... 44

Airbag Permeability

1 Introduetion
1.1 Airbag characterization
Nowadays airbags are important components for the realization of occupant safety. A
detailed description of the airbag working principles can be found in Rekveldt and Lab ibes
[1]. Airbags are inflatable restraint systems, which consist ofthree major subsystems: (1) a
gas generation system (inflator), (2) an inflatable airbag and (3) a control unit. The control
unit continuously receives information from an acceleration sensor and 'decides' to trigger
the inflator when the received signal resembles a preprogrammed crash signal. There are
two types of inflators: pyrotechnic and compressed gas inflators. The pyrotechnic inflator
contains a solid propellant, which when triggered, burns extremely rapidly to create a large
volume of gas. A frequently used propellant is sodium azide (NaN3), which generates
mainly nitrogen. The gas temperature can reach 1500 K. Within a compressed gas inflator, a
gas (usually argon) is released from a high pressure (typically 200 bar) canister to fill the
bag. Figure 1.1 shows the intlation process of a frontal driver airbag. The measurements
were performed within an internal TNO research project (Rekveldt [2]). Within this
example the pyrotechnic inflator ejects, within 40 ms, 18 g gas of 1400 K into the initially
folded bag, which expands to its maximum volume of55 l.

Oms

10 ms

20ms

30ms

40ms

SOms

Figure 1.1 : loflation process of a frontal driver airbag. Within 40 ms, 18 g gas of 1400 K is injected
into the airbag, which expands to its maximum volume of 5 5 I. Measurements are performed within an
intemal TNO research project (Rekveldt [2]).

The airbag pressure reaches a typ ical 1.5 bar maximum. (0.5 bar overpressure). An
airbag often contains vent holes, to control the release of gas. Gas is released in order for
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the airbag pressure to remaio nearly constant while the occupant compresses the airbag. A
second mechanism to control the release of gas is the penneability of the fabric. Airbag
fabric consists of a woven, penneable structure of nylon yams. Some airbags have coatings
on the ins ide of the fa brie, which make the fabric impenneable.
In order to proteet the occupant in different crash scenarios, different types of
airbags are developed. Frontal airbags, mounted in the steering wheel and the dashboard,
proteet the head and upper body during a frontal crash. Nowadays almost all cars are
equipped with a frontal driver airbag, and an increasing number is equipped with a frontal
passenger airbag (Roselt et al. [3]). Side impact airbags proteet the head, neck and thorax
during a side impact crash. Since in side impact the occupant is much closer to the incoming
vehicle, compared to frontal crashes, the side airbag must react must faster than a frontal
airbag (Chan [4]). Two examples for side impact airbags are the thorax airbag and the
curtain airbag. The thorax airbag, which is mounted in the seat protects the occupant chest
from the introding vehicle. Curtain airbags emerge from the roof rail, and proteet the head
and neck from the window.
This study focuses on the fabric of a frontal passenger airbag produced by Autoliv
U.K. The characteristics ofthe airbag are given in Table l.I. Figure 1.2 shows the intlation
process ofthe airbag. The images shown in Figure 1.2 are recorded within an internat TNO
research project (v. Hassel and Rekveldt [5]). The intlator used in this airbag consists oftwo
independent pyrotechnic units (dual stage intlator). Each unit is capable of producing 39 g
of gas with a total temperature of 860 K. (The gas total temperafure is defined as the
temperafure the gas particles would obtain if they were dece/erated isentropical/y to zero
velocity.) In the case of a low severity crash, only one unit is fired, whereas in the case of a
high severity crash, both units are fired. In those cases the second unit is fired 10 ms after
2
the first. The airbag contains two vent holes with a total area of 20 cm • The fabric is not
coated, which means that it is penneable. During the intlation process shown in Figure 1.2
only one stage of the intlator is fired.

Table l.I. Properties of a frontal passenger airbag, which is subject of investigation.

lnjlator supplied gas mass
/njlator supplied gas total temperafure
Injlator time scale
lnjlator supplied gas composition
[mass%]

39 gor 78 g
860K
30 or40 ms
H2046%
N2

35%

co2 19%

Maximum airbag volume
Airbagfabric area
Vent holes area

2

100 I
1.3 m 2
20cm2
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Figure 1.2. Intlation process ofthe airbag studied, for characterization see Table l.I. Images are
recorded within an internat TNO research project (v. Hassel and Rekveldt [5]).

1.2 Airbag deployment simulations
Computer simulations of the interaction between the occupant and the airbag provide
valuable information on the airbag performance. The high cost and difficulty in
measurement of actual airbag response, especially in crash environments, make
computational models a useful tooi in airbag design.
By discretization of the fabric in finite elements, the complex movement of the
unfolding bag and the interaction of the bag with the occupant can be accounted for. The
motion of the airbag fabric and other objects interacting with the airbag can be modeled
using commercial simulation codes like: MADYMO, LS-DYNA3D, CALC3D, and PAMCRASH.
Airbag models can be divided into two types:(i) uniform pressure models and (ii)
models that take the spatial variations of the gas properties into account. Within a uniform
pressure model, the thermodynamic gas properties are assumed to be distributed uniformly
over the airbag volume, and the gas kinetic energy is neglected. In Appendix A the gas
dynamical equations for a uniform pressure model are derived from the general laws of
mass and energy conservation. Simulations of airbag deptoyment with uniform pressure
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models are reported, amongst others, by Bruijs et al. [6], Bedewi et al. [7], Wang and
Nefske [8] and Larsy et al. [9].
For normally seated occupants, the airbag-occupant interaction takes place after the
airbag intlation process has ended. At that time, the airbag gas properties may be assumed
uniformly distributed and a uniform pressure model can provide accurate results. However,
when the occupant is not seated in the right position, the occupant may interact with the
unfolding airbag during the airbag intlation phase. During this phase, the gas properties
inside the unfolding bag may not be assumed uniformly distributed and, consequently,
uniform pressure models are not suited to model these scenarios. By discretization of the
airbag volume, the spatial distribution of the gas properties can be accounted for, by solving
the 'Euler' conservation laws, which describe unsteady compressible isentropic flow.
Airbag deployment simulations in which the gas flow is modeled with the 'Euler'
conservation laws are reported, amongst others, by Steenbrink and Fairlie [10], Ullrich [11]
and Nusholtz et al. [12].
A second metbod for simulating the gas flow is by representing the gas by freely moving
particles rather than elements. This metbod is used amongst others by Goetz [13].
The driving component for the airbag deployment is the inflator. Therefore, the
most important input parameters for an airbag deployment simulation are the inflator
characteristics, i.e. its mass flow, gas composition and gas temperature as functions of time.
These functions can be determined by conducting a tank test. Within a tank test, the inflator
is coupledtoa closed tank. After the inflator is fired, the tank pressure (and sametimes the
tank temperature) are measured. When the gas composition is known, the mass flow and gas
temperature can be extracted from the measurement data. Tank test measurements and
analysis are reported, amongst others, by Bruijs et al. [6], Wang and Nefske [8], Kang and
Wang [14] and Lupker [15].

1.3 Airbag fabric permeability
To model airbag permeability within an airbag deployment simulation, experimental data is
needed. Airbag fabric permeability measurements are reported, amongst others, by Graefe et
al. [16], Nishimura et al. [17], Liter et al. [18] and Keshavaraj et al. [19].
This study focuses on the permeability of a frontal passenger airbag fabric,
described in Table 1.1. The fabric consists of a woven structure of nylon yams. The fabric
2
weights 0.39 kg per m • Figures 1.3a and 1.3b show microscopy photographs of this
structure. The distance between the cores of two adjacent yams is 0.5 mm. The fabric
thickness is 0.3 mm. Figures 1.3a and 1.3b show microscopie pores between the yams,
which are referred to as microvents. The microvent diameter is estimated to be: D = 20 J.lm.
In Figure 1.3c a photograph is given of the cross section of a single yam, showing that an
individual yam consists of approximately 100 microscopie nylon fibers. The fact that the
yams are not solid, implies that the yams themselves are permeable. In rnadeling the fabric
permeability, it is assumed however that the permeability due to the gas flow through the
yams is negligible compared to the permeability due to the gas flow through the microvents.

4
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microvent

Figure 1.3a: Microscopy photograph of the woven fabric structure, together with a schematic picture.

Figure 1.3b. Close up of a pore between the yams of the fabric, together with a schematic picture.
nylon fiber

Figure 1.3c. Photograph ofthe cross-section of a yam, together with a schematic picture. Each yam
consists of approximately 100 microscopie nylon fibers.

1.4 Study objective and report outline
This study is on airbag permeability modeling. The ultimate objective is to obtain a
description of the mass flux passing through the fabric, as a ftmction of the airbag gas
properties and the fabric properties, which can be implemented in an airbag deptoyment
simulation.
In Chapter 2 an experiment is described from which the fabric permeability is
determined for air at temperatures at and below room temperature. The experiments,
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performed by Autoliv U.K., are conducted with the Airbag Tester© (Vogt [20]), which is a
commercial tooi developed and marketed by the Swiss firm Textest.
To predict the fabric permeability at typical airbag temperatures, the Iow
temperature permeability data have to be incorporated in a fluid dynamica) model. This
model is presented in Chapter 3. The model is basedon the assumption that the permeability
is due to the pores between the yams of the fabric, which are modeled as cylindrical tubes.
In Chapter 4 the permeability model is applied to the experimental results, obtained from
the Airbag Tester. Finally the gas flow through the fabric is modeled at typical airbag
temperatures.
In Chapter 5 the findings of Chapters 2, 3 and 4 are summarized and
recommendations are given for further research. References are listed in Chapter 6.
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2 Determining airbag fabric permeability by
means ofthe Airbag Tester©
2.1 Introduetion
The FX3350 Dynamic Air Permeability Tester© or Airbag Tester© (Vogt [20]) is a
commercial tooi developed and marketed by the Swiss firm Textest. With this instrument
the mass flux of air passing through a fabric can be determined as a function of the pressure
difference across the fabric. Autoliv V .K. conducted experiments with this instrument on
the fabric described inSection 1.3. In this chapter the experimental results are analyzed.

2.2 Experimental setup
The setup is schematically depicted in Figure 2.1. It consists of two volumes: the storage
4
volume and the intermediate volume. The storage volume V1 (8.06xl0 m3) is connected by
4
a high-speed valve with the intermediate volume V2 (1.06x10 m\ One side of the
3 2
intermediate volume contains an opening A 0 (S.OOxl0- m ) and the fabric is clamped over
this opening. The storage volume is charged with dry air to a selectable initial pressure by
means of a compressor. After the compressed air has cooled down to ambient temperature,
the high-speed valve opens, and the storage volume discharges through the intermediate
volume and through the fabric into the open air. During the discharge the pressure in the
intermediate volume, and with it, the pressure differential across the fabric rises sharply
within approximately 20 ms and, subsequently drops back to zero within approximately 250
ms. The pressure force causes the fabric to bulge, as schematically depicted in Figure 2.1 .
The instrument measures the pressure in both volumes and the bulging height as functions
of time in intervals of 125)J.s. From this data the mass flux passing through the fabric can be
calculated as a function of the pressure drop over the fabric.

compressor

high speed valve
V2
-----

bulging height

Ao

!-------------~~~"'-,/~

fabric

Figure 2.1: Schematic picture ofthe Airbag Tester© .

2.3 Experimental data
At Autolive V.K. the fabric described inSection 1.3 has been tested with the Airbag Tester
5
experiment. The initial pressure was set to p 1(0) = 4.8xl0 Pa. Figure 2.2 shows the
pressure/time curves of both the storage volume and the intermediate volume. As the
pressure p 1 in the storage volume drops continuously from the initial pressure to ambient
pressure, the pressure p 2 in the intermediate volume rises sharply to the maximum test
pressure and subsequently drops back to ambient pressure. The pressure rise is referred to as
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the intlation phase and the pressure decrease is referred to as the deilation phase. The
5
maximum pressure difference /).pmax across the fabric during the test equals 2.5x10 Pa.
5
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Figure 2.2. Pressure/time curve in the storage volume {pJ) and the intermediate volume (p2). The
pressure ditTerenee across the fabric rises sharply from zero to tl.pmax (inflation phase) and
subsequently drops back to zero ( deflation phase ).

The pressure force causes the fabric to defonn. The Airbag Tester measures the bulging
height, as defined in Figure 2.1, by means of a laser. Assuming that the fabric defonns into
a spherical segment, Figure 2.3a shows the relative increase in fabric area due to fabric
defonnation. The corresponding increase ofthe intennediate volume is given in Figure 2.3b.
Figure 2.3a shows that the fabric remains stretched after the pressure force has diminished,
indicating that the fabric plastically defonns during the test.
intermediale volume increase due to
fabric deformation

relative fabric area increase
12 ~--~----~--~----~---

[%]

40.---~~--~~~----~--~

[%]
10

30
8

20

6
4

10

2
OLL--~----~--~----~--~

0

0.1

0.2

0.3
(a)

0.4

0.5

time [s]

o ~--~----~--~----~--~

0

0.1

0.2

0.3
(b)

Figure 2.3 : a: Relative fabric area increase due to fabric deformation.
b: Relative increase of V2 due to fabric deformation
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2.4 Mass flux versus pressure drop
The instrument automatically computes the mass flux passing through the fabric as a
function of the pressure difference b.p over the fabric. The Airbag Tester provides the
2
results in terms of a normalized mass flux t/JN per m of the un-deformed fabric area Ao
(Vogt [20]). The mass flux is normalized on the gas mass density for air at 1 bar and 20°C,
which is 1.20 kg m-3, meaning that the 'real' mass flux equals the product of t/JN and this
mass density. The dependenee of t/JN on !!..pis provided by a power function:

IIN

~{::!

r

(2.1)

where the values for C, !!.pref and E are ~iven by the instrument. The dotted line in Figure
2.6 corresponds with the mass flux per m of the deformed fabric area, which is provided by
the Airbag Tester.
The instrument does not give the gas temperature during the test. Knowing the gas
temperature is required in analyzing the gas flow through the permeable fabric. In the
following the mass flux through the fabric as a function of the gas pressure . and the
corresponding gas temperature are derived from the measured pressure data. This is done by
applying the laws of mass and energy conservation to the control volumes, which are
indicated in Figure 2.4

high speed valve

«1>2
--------~,

,~---------

,.....

_.,.J';,

{

-fabric

Figure 2.4: Control volumes, indicated with the dashed contours, which are used in
deriving the mass flux through the fabric from the measured pressure data.

Applying the law of mass conservation to V1 and V2 yields:
ei> __ dm 1
Idt '

(2.2)

ei> __ dm 1 _ dm 2
(2.3)
2
dt
dt '
where ci> 1 and ci>2 denote the mass flows from V1 to V2 and from V2 into the open air,
respectively. The masses in V1 and V2 are denoted by m1 and m 2. In applying the law of
energy conservation, an assumption has to be made with respect to heat exchange between
the gas and the test device. Two calculations are carried out, (i) assuming no thermal
contact and (ii) assuming an ideal thermal contact.
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Adiabatic analysis
(i)
The first calculation is based on the assumption of no thermal contact between the gas and
the test device, i.e. adiabatic assumption. In Appendix B the laws of mass and energy
conservation are applied to V1 and V2 to derive the following equations:
Î' dm
1 dp
(2.4)
- - -1= - - 1,
m 1 dt
p 1 dt

J

1dp2
PI Vj
r -dV2-r-dm2
-=+( - -ml
- -1 -dpl+ m2

dt

P2 dt

p2V2

m2

PI dt

v2 dt '

(2.5)

where y equals the ratio of heat capacities, which is 1.4 for air. Since p b p 2 and V2 are
known measured functions of time, m1 and m2 can be found by integration of (2.4) and
(2.5). Subsequently, the mass flows are determined from Equations (2.2) and (2.3). Figure
2.5a shows the mass flows obtained from the adiabatic analysis. Figure 2.5b shows the
corresponding gas temperatures in V1 and V2 .
(ii) Isothermal analysis
The second calculation is based on the assumption of an ideal thermal contact between the
gas and the test device. In this condition the gas temperature is fixed on the device
temperature, which is room temperature, i.e. isothermal assumption. The masses in V1 and
v2 can be determined with the ideal gas law.
P1Vi

m =-I
RT, '

(2.6)

I

P2V2

m =-2
RT, '

(2.7)

I

where T1 and T2 are assumed to be room temperature during the whole test: T1 = T2 =294 K.
1
The gas constant for air equals R = 287 J kg- K • The mass flows are found with Equations
(2.2) and (2.3). Figures 2.5c shows the mass flows obtained from the isothermal analysis.
Figure 2.6 shows the mass flux f/J1through the fabric, during the deflation phase as a
function of the pressure drop !lp over the fabric, obtained from both the isothermal and the
adiabatic analysis. The mass flux during the inflation phase is not considered for the
following reason. During the inflation phase, the large pressure difference between V1 and
V2 causes a high-speed gas flow through the valve, resulting in a jet blowing against the
fabric. To avoid the analysis ofthe interaction between the jet and the permeable fabric, the
mass flux passing through the fabric during the inflation phase is not considered.
The mass flux, plotted in Figure 2.6, is defined as the mass flow <1>2 divided by the
fabric area A, which varies in time due to fabric deformation.

<1>2
(2.8)
•
A
The corresponding gas temperature T2 at the high-pressure si de of the fabric is also given in
Figure 2.6.
Át

-

'l'f -

10

Airbag Permeability

[kg s" 1]

0.05

350
[K]

0.04
0.03

i\ ct>

300
1

200

0.01
0.1

[kg s" 1]

~

250

0.2 0.3
(a)

0.4
time [s]

0.2 0.3
(c)

0.4
time [s]

150

0

0.1

0.2

0.3

(b)

0.4
time [s]

0.05
0.04

0.01
0.1

Figure 2.5: Mass flows from V1 to V2 (cf>I) and from V2 into the open air (cf>2) obtained from: (a) the
adiabatic analysis and (c) the isothermal analysis. The temperatures in V1 and V2 obtained from the
adiabatic analysis are given in subtigure (b ).
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Figure 2.6 shows that the isothermal analysis yields a larger mass flux than the adiabatic
analysis. This difference bas a maximum at i'!J.p = 2.5 bar of 30%. The difference can be
understood with the ideal gas law. Fort> 0.1 s the gas in V1 and V2 may be considered in a
good approximation as one homogeneaus gas of volume V= V1 + V2, pressure p = p 1 = p 2 ,
temperature T= T1 = T2 and mass m = m1+ m2. The mass balance applied to Vstates that:

ct> 2 --dm

(2.9)
dt
The ideal gas law applied to V, after differentiating with respect to t, reads:
1 dpV 1 dT
I dm
(2.10)
--=-----m dt
pV dt
T dt
Combining Equations (2.9) and (2.1 0) yields:
_!_ct> =__I_ dp V + .}_ dT
(2.11)
m 2
pV dt
T dt
During the test pV is a measured decreasing quantity. In the case of the adiabatic analysis,
the temperature drops as the gas expands into the open air, whereas in the case of the
isothermal analysis the temperature is assumed to be constant. Equation (2.11) shows that
«1>2 is larger in the case dT/dt = 0 (isothermal analysis) than in the case dT/dt < 0 (adiabatic
analysis).
To determine which condition, adiabatic or isothermal, is most likely to occur the
thermal skin thickness is estimated. This property represents the thickness of the gas layer
adjacent to the inner surfaces of the test device in which the effects of heat exchange with
the device are noticeable. Fora stagnant gas this property is given by (Bejan [21]):
§T =...{2;;ï,
(2.12)
where a equals the gasthermal diffusitivity and t denotes the timescale of the process. For
air at room temperature and 2.0 bar: a= l.lxi0-5 m2 s- 1• Using t = 0.3 s results in a thermal
skin thickness of Sr= 2 mm. Compared to the inner diameter of the test device (8 cm), this
is rather small and it is concluded that the gas inside the test device tends to adiabatic
behavior.
The mass flux, obtained from the adiabatic analysis, shows a linear dependency on
the pressure difference, suggesting a rather simple flow behavior. However, this may not be
concluded. For pressure differences up to 2.5 bar, the gas mass density significantly
changes. Consequently, compressibility effects certainly play an important role. In Chapter
3 it will be shown that completely different types of (J1 - i'!J.p relations can be obtained
depending on the parameters involved.
-

2.5 The effect of fabric deformation
Figure 2.3a shows that the fabric remains stretched after the pressure force has diminished,
indicating that the fabric plastically deforms. lt is reasonable to believe that fabric
deformation 'opens up' the fabric resulting in an increase in fabric permeability. This would
mean that rp1 during the deflation phase depends on the residual fabric deformation.
To determine whether this is the case, two additional experiments were conducted
with the Airbag Tester in which the initial pressure in V1 was settop 1(0) = 1.5 bar and p 1(0)
= 2.0 bar, respectively. The resulting maximum pressure differentials across the fabric were
I!J.pmax = 0.3 bar and 11Pmax = 0.6 bar. Figure 2.7 shows the amount of fabric deformation
during the deflation phase for all three experiments (I!J.pmax = 0.3 bar, i'!J.pmax = 0.6 bar, and
i'!J.pmax = 2.5 bar), indicating that the residual fabric deformation during the deflation phase
substantially differs for the three experiments. Figure 2.8 shows the mass (J1 during the
deflation phase versus i'!J.p for all three experiments, obtained from the adiabatic analysis.
This figure shows that the mass flux, for a given pressure difference, is nearly independent
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of the amount of residual fabric deformation. This rather peculiar result will be analyzed in
more detail in Chapter 4.
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2.6 Conclusion
The permeability behavior of an airbag fabric for air at temperatures at and below room
temperature can be determined from the Airbag Tester experiment. During the test the
fabric is subjected toa sharp pressure increase (inflation phase) foliowed by a slow pressure
decrease (deflation phase). A metbod is presented to calculate the gas mass flux through the
fabric from the measured pressure data. Two calculations are carried out: (i) assuming no
thermal contact between the gas and the test device (adiabatic analysis), and (ii) assuming
anideal thermal contact between the gas and the test device (isothermal analysis). Basedon
the spatial dimensions of the test device and the time scale of the experiment, it is
concluded that the gas inside the test device tends to adiabatic behavior. The adiabatic
analysis yields a linear relation between the mass flux through the fabric and the pressure
difference across the fabric, suggesting a rather simple flow behavior. However this may not
be concluded, since compressibility effects play an important role due to the wide pressure
range.
The pressure difference across the fabric causes the fabric to deform plastically,
yielding a residual amount of fabric deformation during the deflation phase. The Airbag
Tester determines the fabric deformation by measuring the bulging height by means of a
laser. To determine whether the fabric permeability depends on the residual fabric
deformation, three experiments were conducted with the Airbag Tester at different initial
pressures, resulting in different levels of residual fabric deformation during the deflation
phase. The experimental results indicate that the mass flux through the fabric, for a given
pressure difference, is nearly independent ofthe amount ofresidual fabric deformation.
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3 Modeling compressible flow through the airbag
fabrie
3.1 Introduetion
In this chapter the gas flow through the permeable airbag fabric is modeled. The fabric
subject of investigation is described in Section 1.3. lt consists of a woven structure of nylon
yams. In between the yams there exist pores with a diameter of approximately 20 Jlm. Each
yam consists of approximately 100 nylon fibers. The fact that the yams are not solid implies
that the yams themselves are permeable. In modeling the fabric permeability it is assumed
however that the permeability due to the spaces between the fibers is less important than the
permeability due to the pores between the yams, which are referred to as microvents. The
purpose of this chapter is to model the mass 4J passing through a single microvent

3.2 Model assumptions
•

Microvents are treated as cylindrical tubes of square cross-section.

Figure 3.1 shows a schematic picture of a pore between the yams in a woven structure. For
simplicity reasons the shape of the pore is modeled as a cylinder of square cross-section.
The pore length is assumed to be the fabric thickness: L = 0.3 mm. The pore diameter is
estimated from the microscopy photograph in Figure 1.2b to be: D = 20 Jlm.

Figure 3.1: Schematic picture of a microvent

•

The effects of heat transfer are neglected, i.e. adiabatic flow.

•

The gas behaves calorically perfect and its viscosity is a constant.

It is assumed that the gas is calorically perfect. This means that it obeys the ideal gas law
and has a constant specific heat capacity cP" Furthermore, the viscosity Jl is assumed to be
constant along the tube.
•

Gas properties depend on the downstream coordinate only.

The gas flow through the microvents is treated one-dimensional. V ariations of gas
properties in the direction perpendicular to the flow are neglected.
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•

Viseaus friction is modeled using laminar fully developed flow characteristics.

Whether the flow inside a tube is laminar or turbulent depends on the Reynolds number
based on the tube diameter Reo.
ReD= pVD

(3.1)

f.J,

Here p, V and D denote the gas mass density, the gas velocity and the tube diameter,
respectively. For tube flows with Reynolds numbers smaller than a critica} value Ree =
2300 (Schlichting [22]), the flow is laminar. For larger Reynolds numbers the flow may be
turbulent. In the following Ren during the Airbag Tester experiment is estimated. The mass
flux, f/J = pV, in Equation (3.1) can be (over)estimated by assuming isentropic choked flow
(Shapiro [23]):
-( 2
f/J-y+l

J

r+l

2
(r-l)

Po1
~RTol .

(3.2)

Here p 01 and T01 denote the gas pressure and temperature at the hiyh-pressure side of the
fabric and R signifies the specific gas constant, which is 287 J kg- K 1 for air. The heat
capacity ratio for air equals y= 1.4. During the Airbag Tester experiment the gas pressure
reaches a maximum of 3.5 bar at a temperature of 300 K. The pore diameter is estimated
from the photograph in Figure 1.3b: D = 20 jlm. The viscosity for air at 300 K equals: p. =
1.9xi0-5 kg m- 1 s- 1. These values result in a Reynolds number ofRe0 = 470.1t is therefore
concluded that the gas flow through the microvents is laminar.
Viseaus friction depends on the shape of the velocity profile. When a gas enters a tube
it has a uniform velocity profile. At the tube wall a viseaus boundary layer develops, in
which the effects of friction are confined. Outside the boundary layer the flow may be
treated frictionless. The viseaus boundary layer thickness 8 grows with increasing distance
to the tube inlet. When 8 has grown to about the tube radius, the velocity profile smoothly
merges into the fully developed, parabalie shape. The distance from the tube inlet, required
for the velocity profile to reach its steady, fully developed shape, is referred to as entrance
Iength Le· For incompressible laminar tube flow the entrance length is given by (Schlichting
[22]):
(3.3)

3.3 Model formulation
The gas flow through a microvent is schematically depicted in Figure 3.2. A high-pressure
reservoir is connected by a constant area-tube of length L and diameter D with a lowpressure reservoir. The pressure and temperature in the high-pressure reservoir are referred
to as the supply pressure p 01 and the supply temperature Tol· The pressure in the lowpressure reservoir is referred to as the back pressure Pa· lt is assumed that there is an
isentropic acceleration from supply conditions to the inflow conditions at 1. Downstream
from plane 1, the flow is adiabatic, but subjected to a wall shear force Tw.

16

Airbag Permeability

PQl

Figure 3.2. A schematic representation ofthe gas flow through a microvent.

3.4 Isentropic flow
In this section the gas flow through the microvents is modeled isentropically, which means
that the effects of friction (and heat conduction) are neglected. The law of mass
conservation states that within a constant-area flow, the mass flux is independent of
position. For an isentropic flow this implies that the inflow conditions at plane 1 equal the
outflow conditions at plane 2 (see Figure 3.2). The properties of a calorically perfect gas,
experiencing isentropic changes, obey the compressible Bernoulli relations:

( Y; IM' + 1) = ( c:

J

=;

=(

with:

~

r ~ r,
=(

(3.4)

ratio of heat capacities,
flow Mach number,
velocity,
speed of sound,
temperature,
mass density,
pressure.

y=cJcv
M= V/c
V

c
T
p
p

The speed of sound for a calorically perfect gas depends on temperature as:

c =~yRT ,

(3.5)

Properties denoted with the subscript 0 in Equations (3.4) are referred to as total properties.
The total properties correspond to a stagnant fluid. When a fluid isentropically accelerates
to a Mach number M, its properties change as given by Equation (3.4). For example the
isentropic acceleration of a fluid partiele with y= 1.4 from stagnant conditions to M= 1, is
accompanied with a 17 % decrease in temperature from T0 to T. A comprehensive treatment
of the isentropic relations (3.4) can be found in Shapiro [23] and Owczarek [24]. From
Equation (3.4), the mass flux, t/J= pV, can be expressed in terms ofthe pressure ratio p!p0 .

tPJRf; =(..f!._)f
Po

Po

~

2 [ 1Y 1

(..!!._) r;' J.

(3.6)

Po

This relation describes the mass flux, when a stagnant gas isentropically expands from
pressure p 0 to pressure p. The left hand side of equation (3.6) will be referred to as the
relative mass flux ifJ :
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- f/J.JRT0
f/J =
.

(3.7)

Po
Relation (3.6) is plotted in Figure 3.3 for y = 1.4. This figure shows that for plp0 :::::: 0.53
there is a maximum in the relative mass flux of 0.68. This condition corresponds with a
Mach number ofunity.
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To understand the mass flux dependenee on the relative back pressure pjp01 , the concepts
of boundary 1ayer separation and choking must be introduced.

Boundary layer separation
In this section, the flow is treated in the absence of friction. In reality there is always
friction. Due to viseaus shearing a boundary layer develops at the tube wall, in which the
effects of friction are confined. When this boundary layer is small compared to the diameter
of the tube, the major part of the gas does not experience the effects of friction and the flow
may be considered isentropically. When the stream leaves the tube the process of boundary
layer separation causes the formation of a jet blowing into the low-pressure reservoir. The
jet pressure equals ambient pressure Pa, if the tube flow is subsonic. As a consequence, the
pressure at the tube exit equals Pa for subsonic outflow conditions. A comprehensive
description of boundary layer separation can be found in Schlichting [22].

Choking
Suppose that the supply pressure Pol and the supply temperature Tol are fixed and the back
pressure Pa is reduced from Pol to zero. When PalPol is larger than 0.53 the flow accelerates
to a subsonic Mach number. When Palp 01 reaches 0.53, the flow becomes sonic and the
relative mass flux reaches its optimum of 0.68. A further reduction in Pa cannot produce an
increase in flow rate and the flow pattem remains fixed. This effect is referred to as
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choking. Wh en the flow is choked the pressure at the tube exit may be larger than Pa· Such a
discontinuity in pressure can only exist at a sonic (or supersonic) exit Mach number. Since
expansion waves can not travel in the upstream direction in sonic ( or supersonic) flows, the
pressure at the tube exit is no Jonger determined by Pa· In Figure 3.2 choking corresponds
with the horizontal dashed line.

3.5 Adiabatic frictional flow
In this sectien friction is introduced in rnadeling the gas flow through the microvents. Since
the effects of heat exchange are neglected this type of flow is referred to as adiabatic
frictional flow. Adiabatic frictional flow of a perfect gas through cylindrical tubes is
discussed extensively by Shapiro [23] and Owczarek [24]. In literature this type of flow
usually is referred to as Fanno flow. The mathematica} treatment is based on the law of
momenturn conservation, stating that the gas momenturn flux changes as an effect of the
pressure gradient and the wall shear stress -zw:

ifJ:+:=-~w·

(3.8)

The mass flux ifJ is independent of position in a constant-area flow. The tube hydraulic
diameter D is defined as the ratio of four times the tube cross-sectional area and the tube
wetted perimeter. F or a tube of square cross-section, D equals the linear dirneusion of the
square. By applying Equation (3.8) on an adiabatic calorically perfect gas, arelation can be
obtained, descrihing changes in Mach number M as an effect of friction (Shapiro [23],
Owczareck [24]). The parameter determining the change in Mach number over a distance L
is the integral friction coefficient F, which is defined as:
L

F=

J:{ dx,

(3.9)

0

where fis the local friction coefficient: f = -zw!(~pV\ For fully developed, laminar flow
this quantity is given by (Schlichting [22]):

/=~.

(3.10)
Ren
The integral friction coefficient must be interpreted as the ratio of viseaus friction and flow
of momentum. When Fis small (F < 0.1), due to for instanee a very small tube length,
viseaus friction is unimportant and the flow behaves isentropically.
Fora given Mach number Mat the tube inlet, it can be calculated what hypothetical
value for F leads to a Mach number of unity at the tube exit. This value, denoted by F*, is
plotted versusMin Figure 3.4 fora gas with y= 1.4. Flowing downstream corresponds with
a decreasing F* (going from right to left in Figure 3.4). The flow accelerates for subsonic
speeds and decelerates for supersonic speeds. Consequently, continuous transitions from
subsonic to supersonic flow are impossible. When the pressure difference over the tube is
large enough for M to reach unity at the tube exit, it is impossible to accelerate the flow any
further and the flow is 'choked'. For choked flow conditions the pressure at the tube exit
may exceed the back pressure.
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Figure 3.4: Graph representing the change in Mach number as an effect of friction, fora gas with
1.4. The arrows show how the Mach number M2 at the tube exit can be found when the Mach number
Mi at the tube inlet and the value for the integral friction coefficient F are known.

From Figure 3.4 the Mach number M 2 at the tube exit can be determined when the Mach
number Mi at the tube inlet and the value for F are known. This procedure is indicated with
the arrows.
The mass flux through the tube is found by applying the boundary conditions at
x = 0 and x = L. It is assumed that the gas accelerates insentropically to the tube inlet, where
it reaches a Mach number Mi. Using the compressible Bemouilli relations, given in
Equation (3.4), the relative mass flux can be expressed in termsof Mi:

i

(f =-JYM{1+

r;

-(r+i)

1

M 12r(r-I).

(3.12)

The relative mass flux is defined in Equation (3.7)_ For the boundary condition at x = L,
flows with subsonic outflow conditions must be distinguished from choked flows. F or a
subsonic Mach number at the tube exit, the outflow pressure equals the back pressure Pa·
For an adiabatic flow the gas total temperature is conserved. Using this, the relative mass
flux can be expressed as a function of the outflow Mach number M 2 and the relative back
pressure.
I

c
( 1+--2--M2
y-1 2)2 '
r/J='P-vYM2

(3.13)

The relative back pressure is defined as:

p=

Pa.

Po1

20

(3.14)
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Equation (3.13) holds for flows with subsonic outflow conditions. When the exit Mach
number reaches unity the exit pressure is no longer determined by the back pressure. Thus,
for choked flows Equation (3.13) no longer holds and the boundary condition at the tube
exit reads: M2 = I.

3.6 Mass flux versus pressure and friction
Figure 3.5 shows how the relative mass flux varies with varying relative back pressure at
fixed values for the integral friction coefficient for a gas with y = 1.4. The dash-dotted line
represents the attainment of choked flow. The line F = 0 corresponds with adiabatic
frictionless flow, i.e. isentropic flow. This type of flow is discussed in Section 3.4. Figure
3.5 shows that due to friction the relative mass flux, for a given pressure ratio, decreases
and the choking condition shifts towards a lower relative back pressure.
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Figure 3.5: Lines of constant F on the (palPol , l/J~ RTol Pol ) plane for a gas with

r= 1.4. The dash-

dotted line corresponds with the attainment of choked flow.

For turbulent pipe flowFis nearly independent of the Reynolds number (Schlichting [22]).
Therefore, for turbulent flow conditions, F is constant with varying mass flux.
Consequently, the lines plotted in Figure 3.5 represent the mass flux dependenee on the
pressure for turbulent tube flow. However, in Section 3.2 it was concluded that the flow
through the microvents is laminar. For fully developed, laminar flow F (3.9) depends on the
Reynolds number as:
F
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Here it is assumed that the Reynolds number is independent of the position in the tube. The
Reynolds number depends on the viscosity Jl, which in turn depends on temperature. For
adiabatic flow, the gas total temperature is conserved. Equation (3.4) implies that for a
subsonic adiabatic flow, T varies less than 17%. For simplicity reasons, variations of p due
to variations of T are neglected, and Jl is assumed to be determined by T01 over the full tube
length. In that case the Reynolds number is independent of the position and the integral
friction coefficient may be expressed as in Equation (3.15).
Equation (3.15) gives F for fully developed laminar flow conditions. Assuming
fully developed flow is valid when the tube length is (much) larger than the entrance length,
which is detined as the distance to the tube inlet, required for the velocity profile to become
fully developed. For incompressible laminar tube flow this length is given by (Schlichting
[22]):
L
16L
=--(3.16)
Le Rev D
Thus for F>> 4: LILe >> 1, and viseaus friction may be modeled assuming fully developed
flow. For flows, in which F ranges between zero and four, this assumption is not valid and
errors are introduced. The effect of these errors on the mass flux can be estimated from
Figure 3.4. This tigure shows that the relative mass flux varies 50% for F varying between
zero and four. The error introduced in the mass flux is estimated to be half this range: 25%.
Thus, rnadeling viseaus friction, by assuming fully developed flow, for flows which are not
fully developed, introduces a maximum error of 25% in the mass flux. For fully developed
laminar flow F (3.15) can be expressed as:
_JljJ

(3.17)

F- ~.

Here the viscosity parameter is introduced, which is defined as:

-

Jl

=

64JLL.JRT;;
2

•

(3.18)

D Pa

In Figure 3.6 the relative mass flux is plotted versus the relative back pressure, for fixed
values of the viscosity parameter. The viscosity parameter, for an air flow at room
temperature through a tube with D = 20 J..lm and L = 0.3 mm equals: J1 = 2. 7 .
Suppose Pa and Tol (and therefore J1) are tixed and Pol is increased from Pa to infinity.
Figure 3.6 shows how f/J varies with varying p 01 • Since p 01 appears in the denominator of
both quantities displayed on the x- and y-axis, this figure is difficult to read. In Figure 3.7
this difficulty is circumvented. Here the x-axis shows the relative supply pressure p 01!pa
(which is the relative back pressure inverted) and the y-axis shows the ratio of the relative
mass flux and the relative back pressure: f/J~ Rl(n /Pa . Since Pol appears in the numerator on
the x-axis and f/J is the only varying element within the variabie displayed on the y-axis, this
tigure clearly depiets how f/J varies with varying Pol· Figure 3.7 shows that completely
different shapes of the f/J- /).p re lation are possible, depending on the value of the viscosity
parameter. The curves tend to be convex for small jl values and they tend to be concave for
large jl values. For jl::::: 3 a linear relation is observed.
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Figure 3.6: Lines of constant ji on the (palPol ' f/J~ RToi Po I ) plane for a gas with r= 1.4. The dashdotted line corresponds with the attainment of choked flow. The line F = 4 represents the condition for
which the entrance length is approximately equal to the tube length.
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=

4 represents the condition

3. 7 Limiting cases
In this section, two limiting cases for the flow diagram in Figure 3.7 are discussed.

I sentropie chokedflow
For relatively small viscosity parameters, due to for instanee a very small tube length, the
flow pattem approaches the isentropic flow pattem, which is described in Section 3.4. For
sufficiently large pressure ratios PoJIPa the flow chokes, meaning that the outflow Mach
number is fixed on unity. The line j1 = 0 in Figure 3.7 shows that the mass flux for an
isentropic choked flow varies linearly withp01 .
y+l

t/JJRT;;
Pa

=(-2-J2(r-I)
.!!..21....
y+l

(3.19)

Pa

Compressible Poiseuille flow
For relatively large viscosity parameters and low Mach numbers, momenturn convection is
of negligible magnitude compared to viscous friction. Eliminating the momenturn
convection term from the momenturn balance (3.8) yields:
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dp
dx

4~w

(3.20)

=-D,

stating that the pressure gradient is in exact balance with the viseaus shear force. Using
fully developed flow characteristics for the wall shear stress 'ZW and using the ideal gas law p
= RpTo1 yields:
dp
32ptjJRT01
dx =- pD 2

(3.21)

Integration ofEquation (3.21 ), and usingp =Pol at x= 0 and p =Pa at x =L yields:

J

~~ =rr ::~ -~r-~,

(3.22)

The line Ji = 40 in Figure 3. 7, shows the square dependenee of f/J on p 01 for compressible
Poiseuille flow, which is also applicable to compressible flow through porous media, i.e.
compressible Darcy flow (Scheidegger [25]).

3.8 Effect of heat conduction
The gas flow is assumed to be adiabatic. In this section the conditions in which this
assumption is valid are examined.
Due to thermal conduction a thermal boundary layer develops at the tube wall.
Within this layer the effects of thermal conduction are confined. Outs ide this layer the flow
may be considered as adiabatic. The thermal boundary layer thickness 8r grows with
increasing distance to the tube inlet. When 8r has grown to about the tube radius the
temperature profile reaches a steady, fully developed shape. For fluids with a Prandtl
number, Pr = f.JC/À, ofunity, which is approximately true for most gases (Bejan [21]), the
effects of thermal conduction are of camparabie magnitude as the effects of viseaus friction.
(Here À signifies the gas thermal conductivity.) Therefore, for Pr - 1, 8r may be
approximated to be equal to the viseaus boundary layer thickness 8. As a consequence, the
thermal entrance length, defined as the distance to the tube inlet required for the
temperature profile to become fully developed, can be estimated by the viseaus entrance
length Le. Section 3.6 shows that for flows with F = 4, the entrance length is approximately
equal to the tube length. Thus, for F << 4, the thermal boundary layer thickness is small
compared to the tube radius and, as a consequence, thermal conduction has a small effect on
the flow pattem.
In incompressible flow thermal conduction causes the gas temperature to approach
the tube wall temperature asymptotically. In compressible flow it is the so-called recovery
temperature of the gas that tends to the tube wall temperature. This property is explained in
the following. Outside the boundary layer the flow accelerates adiabatically. Within an
adiabatic acceleration, thermal energy is transformed into kinetic energy, resulting in a
temperature decrease. Within the boundary layer, viseaus shearing generates heat. As an
effect, the temperature drop due to the adiabatic acceleration in the main stream is partially
reeavered at the tube wall. The temperature at the tube wall is referred to as the recovery
temperature. For flows with Pr- I, the recovery temperature equals the main stream total
temperature T01 (Schlichting [22]). Heat conduction qw at the tube wall depends on the
difference between the recovery temperature and the tube wall temperature Tw:
qw- TOl - Tw ·
(3.23)
In order for thermal conductivity to have a noticeable effect on the flow, the tube wall
temperature must substantially differ from the gas supply temperature.
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3.9 Conclusion
In this chapter the gas flow through the permeable airbag fabric is modeled. The model,
referred to as the pore flow model, is based on the assumption that the fabric permeability is
due to the pores (microvents) between the yams of the fabric, which are modeled as
cylinders of square cross-section. It is assumed that the flow is adiabatic, but subjected to a
wali shear force, which is modeled by assuming a fuiiy developed, laminar velocity profile.
The quality ofthis assumption is determined by the integral friction coefficient F:
64
F=
L .
(3.24)
ReDD

For flows with F << 4 the assumption of a fuiiy developed velocity profile is not valid. For
these cases the model predictions must be interpreted as rough estimates with a maximum
error of25%.
The gas flow is modeled adiabaticaiiy. For fluids with a Prandtl number of unity,
which is approximately true for most gases, the effects of heat conduction and friction are of
comparable magnitude. Therefore, the importance of heat conduction and viscous friction
can both be determined by the same parameter: the integral friction coefficient F. For F <<
4 heat conduction may be neglected.
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4 Applying the model to the experimental results
4.1 Introduetion
In this chapter the pore flow model, described in Chapter 3, is applied to the Airbag Tester
experiment. Secondly the fabric permeability is modeled for typical airbag conditions.

4.2 Relative mass flux versus relative back pressure
During the Airbag Tester experiment the pressure difference across the fabric rises sharply
(inflation phase) and subsequently drops back to zero (deflation phase). The test provides
the mass flux through the fabric during the deflation phase as a function of the pressure
difference across the fabric. Three tests were conducted with different maximum pressure
difference l!:.Pmax across the fabric: 0.3 bar, 0.6 bar and 2.5 bar. In this section the results
obtained from the test with l!:.Pmax = 2.5 bar are analyzed.
The experimental results are given in Figure 4.1. This tigure shows the mass flow <P
per microvent versus the pressure difference p 01 - Pa across the fabric. This mass flow is
obtained from the adiabatic analysis of the measured pressure data, which is presented in
Section 2.4. The temperature T01 at the high-pressure side of the fabric varies during the
experiment and is given in this figure.
6
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Figure 4.1. Mass flow <I> per microvent versus pressure drop POl -Pa across the fabric obtained from
the adiabatic analysis ofthe Airbag Tester experiment. The temperature at the high-pressure side of
the fabric is denoted by Tol·

In the following the pore flow model, described in Chapter 3, is applied to the Airbag Tester
experiment. The pore flow model is based on the assumption that the mass flux through the
fabric is due to the microvents, which are modeled as cylindrical tubes of square crosssection. It is assumed that the flow is adiabatic but subjected to a wall shear force, which is
modeled by assuming fully developed flow conditions. Chapter 3 shows that the relative
mass flux f/J~ RT01 / p 01 for this type of flow depends on two parameters: the relative back
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pressure Palp 01 and the integral friction coefficient F. During the test the relative back
pressure is a known measured quantity and the integral friction coefficient can he
determined from the mass flow per microvent <P, which is given in Figure 4.1. For fully
developed, laminar flowFis related to <P as:

64L = 64j.JL.
(4 . 1)
Re 0 D
<I>
In obtaining the secoud equality in Equation (4.1) a square tube cross-section is assumed:
<P = drp. The pore length is assumed to he the fabric thickness: L = 0.3 mm and the
viscosity J.l depends on T01 (Yaws [27]). From the relative back pressure and the integral
friction coefficient, the relative mass flux during the test can he determined with the use of
Figure 3.5. In Figure 4.2 the experimental results are plotled on the (Pa/ p 01 , t/J~RT01 p 01 )
F

=

I

plane.

0.2
I

I

0.1

I
I

/

~'
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Figure 4.2: Experimental results (bold curve) plotted on the (pa/ p 01

,

I

t/J~ RT01 p 01

)

plane. The

dotted lines show the relative mass flux dependenee on the relative back pressure at fixed values for
the viscosity parameter

64f.JL~RT01 I(D 2 Pa).

The dash-dotted line represents the attainment of

choked flow. The line F = 4 corresponds to flowsin which the viseaus (and thermal) entrance length
is approximately equal to the tube length.

In Figure 4.2 the line F = 4 corresponds to flows in which the velocity and the temperature
profiles are approximated to become fully developed at the end of the tube. The
experimental data show that F < 4 in the major portion of the pressure range, from which
two conclusions can he drawn. Firstly, during the test the flow may not he assumed fully
developed. As a consequence, the mass flux, given in Figure 4.2, must he interpreted as a
rough estimate with a maximum error of 25%. Secondly, during the test the effects of heat
conduction may he neglected, so that the assumption of adiabatic flow is valid. The dashdotted Iine in Figure 4.2 corresponds with the attainment of choked flow conditions. The
experimental results indicate that the flow through the microvents chokes for supply
pressures above approximately 2.3 bar.
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4.3 Microvent diameter
The pore diameter during the test is determined with:

D=~-

(4.2)

Since friction is underestimated by assuming fully developed flow conditions, the mass flux
is overestimated. Section 3.6 shows that assuming fully developed flow conditions, for
flows which are not fully developed, introduces a maximum overestimation in the mass flux
of 25%. Referring to Equation (4.2), this yields a maximum underestimation of 13% in the
pore diameter.
During the test the fabric is subjected toa sharp pressure increase (inflation phase)
foliowed by a slow pressure decrease (deflation phase). As an effect, the fabric plastically
deforms. Figure 4.3 shows the pore diameter versus the amount offabric deformation during
the deflation phase of the Airbag Tester experiment. Three experiments were conducted
with different maximum pressure differences Ö.Pmax across the fabric, resulting in different
levels of residual deformation during the deflation phase. As shown in Figure 4.3, the pore
diameter decreases with decreasing deformation. It reaches a value of approximately 24 J.Lm
after the pressure force has diminished for all three experiments. This value correlates well
with the optical observation given in Figure 1.3b, suggesting that the pore flow model
assumptions are justified. The most crucial assumption was that the microvents determine
the fabric permeability, i.e. the gas flow through the yams is small compared to the gas flow
through the microvents. It is concluded that this assumption is valid.
Figure 4.3 shows that there is no unambiguous relation between the pore diameter
and the amount of fabric deformation, i.e. it differs for each experiment. This is related to
the non-linear material behavior ofthe fabric fibers.
In Figure 4.4 the pore diameter is plotted versus the stress awithin the fabric during
the deflation phase of the Airbag Tester experiment. The stress is calculated with the hoop
stress relation, which is valid for statie, thin, spherical shells (Flügge [29]):

= Ö.pRc

(4.3)
2L '
where Re equals the radius of curvature of the deformed fabric. From Figure 4.4 tt IS
observed that the diameter - stress relations during the three experiments are nearly
consistent, suggesting that there might be an unambiguous relation between D and a. In the
subsequent section it is assumed that this relation is unambiguous and it will be used to
estimate the fabric permeability behavior for typical airbag conditions.
0"
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Figure 4.3: Pore diameter D versus fabric deformation M!Ao during the deflation phase of the
experiments conducted with the Airbag Tester. Here AA signifies the stretched fabric area minus the
original undeformed fabric area Ao. Three experiments were conducted with different maximum
pressure ditTerences !ipmax across the fabric, resulting in substantial ditTerences in the residual
deformation during the deflation phase.
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Figure 4.4: Pore diameter D versus fabric stress a during the deflation phase of the Airbag Tester
experiment. Three experiments were conducted with different maximum pressure ditTerences !ipmax
across the fabric.
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4.4 Fabric permeability for typical airbag conditions
The permeability of the fabric has experimentally been examined for air at temperatures at
and below room temperature. In this section the pore flow model is used to estimate the
permeability behavior of the fabric for typical airbag conditions. The characteristics of the
airbag are Iisted in Table 1.1.

Pore diameter
The fabric stress during a real airbag deptoyment depends on the airbag radius of curvature
as given by Equation (4.3). For the airbag subject of investigation the radius of curvature is
estimated to be Re = 0.29 m. The airbag pressure reaches a typical 1.5 bar maximum (!lp =
0.5 bar), yielding an internat fabric stress of a= 24 MPa. During the test Re = 0.077 m at
J1.p = 0.5 bar, yielding a = 6.4 MPa. It is therefore concluded that for a given pressure
difference the fabric stress is roughly five times as large during the real airbag deployment
than during the experiment. This is due to difference in geometry. In assuming that the pore
diameter is related to the fabric stress as given in Figure 4.4, it is expected that, fora given
pressure difference of ö.p = 0.5 bar, D = 40 J!m during the real airbag deployment, while D
= 30 J!m during the experiment.

Thermal properties of the airbag gas
Next, the airbag gas properties are specified. The airbag gas composition is given Table l.I.
The specific gas constant and the specific heat capacity for the airbag gas mixtures are
determined with the Amagat-Leduc rule (Huang [26]).

R=~~~-

~~
(4.5)

i

Here x;, denotes the mass fraction of the ith component of the gas mixture. The specific gas
constant and specific heat capacity of the ith component are denoted by R; and epi· These
properties are tabulated for a large number of gases in the Chemica} Properties Handhook
1
1
(Yaws [27]). The airbag gas constant is determined to be: R = 352 J kg" K" . The ratio of
heat capacities y is plotted against temperature in Figure 4.5a, showing that in good
approximation: y= 1.3 for temperatures ranging between 300 K and 900 K. The viscosity f.l
ofthe airbag gas is unknown. This property is estimated with:
Jl

=~Xif.li,

(4.6)

i

where Jl; denotes the viscosity ofthe ith component ofthe mixture. The airbag gas viscosity
is plotted against temperature in Figure 4.6b. The viscosities ofthe components are found in
Yaws [27].
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Figure 4.5: Temperature dependenee of (a) heat capacity ratio y, and (b) viscosity p for the airbag
gas, after the Chemica) Properties Handhook (Yaws [27]).

Model estimations

The pore flow model, described in Chapter 3, is used to estimate the fabric permeability
behavior with varying temperature Tol at a fixed values for the pressure ratio po/Pa· All the
parameters used are Iisted in Table 4.1. The results are given in Figure 4.6. The subfigures
show (a): the viscosity parameter, (b) the relative mass flux, (c) the integral friction
coefficient for fully developed laminar flow: F = 64LI(ReoD), ( d) the mass flux per m 2
fabric. The mass flux t/Jf per m2 fabric equals the product of the free area coefficient 1J with
the Iocal mass flux t/J.
f/Jf=1Jf/J.
(4.7)
The free area coefficient 1J is defined as the total area of the pores per m2 fabric. This
quantity is determined with:

"~( ~

r

(4.8)

where S equals the distance between the cores of two adjacent yams, which equals 0.5 mm
for the undeformed fabric. The airbag pressure difference reaches a typical 0.5 bar
maximum. The stress within the airbag fabric at !lp = 0.5 bar is estimated with Equation
(4.3) to be 24 MPa. During the experiment the relative fabric area increase is 12% for o-=
24 MPa. Therefore changes in 1J due to fabric deformation are estimated to be less than
12%. For simplicity reasans changes in mass flux per m 2 fabric due to changes in fabric area
are neglected, i.e. S is assumed to be a constant.
The inflator injects gas with a total temperature of 860 K into the airbag. From
Figure 4.6c it is concluded that at T01 = 860 K, F >> 4 within the typical airbag pressure
range (!lp < 0.5 bar). For flows with F >> 4, thermal conduction is important and rnadeling
the flow adiabatica11y bas a restricted validity. For those cases a fluid dynamica] model must
be used in which the effects of heat conduction are taken into account. To model heat
conduction, the fabric temperature during the airbag deployment must be known. In this
study no attempt is made in rnadeling heat exchange between the gas flow and the fabric.

32

Airbag Permeability
Table 4.1. Parameter settings
Symbol

Property
Gas pressure
Ambient pressure
Airbag radius of curvature
Internal stress
Pore diameter
Free area coefficient
Fabric spacing
Fabric thickness
Gas constant
Ratio of heat capacities
Gas viscosity

Value
Pa+ !lp
l.Ox10 5 Pa
0.29m
Equation (4.3)
solid line in Figure (4.4)
2
(DIS)
5.0x10 4 m
4
3.0x10 m
352 J kg- 1 K 1
1.3
Figure 4.5b
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Figure 4.7: Estimations on the fabric permeability behavior with varying temperature To 1 at fixed
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mass flux, (c): the integral friction coefficient for fully developed, laminar flow and (d): the mass flux
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4.5 Conclusion
The pore flow model is applied to the Airbag Tester experiment, yielding the microvent
diameter during the test. Since this diameter correlates well with the optica} observation, it
is concluded that the gas flow through the yams is small compared to the gas flow through
the microvents, i.e. the microvents determine the fabric permeability. Furthermore it is
concluded that the gas flow through the microvents during the experiment may be assumed
adiabatic, but not fully developed and the flow chokes at a pressure difference of
approximately 1.3 bar.
Due to difference in geometry, the stress, fora given pressure force, during the real
airbag deptoyment is roughly five times as large as during the Airbag Tester experiment.
The experimental results suggest there is a relation between the pore diameter and the fabric
internat stress. As a consequence, it is expected that, for a given pressure force, the fabric
will be more permeable during the real airbag deptoyment than during the Airbag Tester
experiment.
The presumed diameter-stress relation is used to estimate the fabric permeability
behavior for typical airbag conditions. It is concluded that at 860 K, which is the inflator
supplied gas temperature, the gas flow through the pores ofthe fabric may not be considered
as adiabatic. To model the gas flow through the fabric at typical airbag temperatures, it is
recommended to use a fluid dynamica! model, in which heat conduction is taken into
account.
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5 Conclusions
The permeability behavior of an airbag fabric for air at temperatures at and below room
temperature has been derived from the Airbag Tester experiment. During this test the fabric
is subjected to a sharp pressure increase (inflation phase) foliowed by a slow pressure
decrease (deilation phase).
The compressible flow through the permeable airbag fabric has been modeled. It
was assumed that the permeability is related to the flow through the pores (microvents)
between the yams of the fabric, which were modeled as cylinders. lt was assumed that the
flow through the microvents is adiabatic, but subjected to a wall shear force, which was
modeled by assuming a fully developed laminar velocity profile. Criteria were derived
determining when the assumptions of fully developed flow and adiabatic flow are valid.
The model was applied to the Airbag Tester experiment, yielding the microvent
diameter during the test. Since this diameter correlates well with the optica} observation, it
is concluded that the microvents determine the fabric permeability.
Due to differences in geometry, the stress for a given pressure force during the real
airbag deployment is roughly five times as large as during the Airbag Tester experiment.
The experimental results suggest there is a relation between the pore diameter and the fabric
stress. As a consequence, it is expected that, for a given pressure force, the fabric will be
more permeable during the real airbag deployment than during the Airbag Tester
experiment.
The presumed diameter-stress relation is used to estimate the fabric permeability
behavior for typical airbag conditions. It is concluded that at 860 K, which is the inflator
supplied gas temperature, the gas flow through the pores of the fabric may not be considered
as adiabatic. To model the gas flow through the fabric at typical airbag temperatures, it is
recommended to use a fluid dynamica! model, in which heat exchange is taken into account.
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A Conservation laws applied to an airbag gas
A. I Introduetion
An airbag model is build up by two parts, ( 1) the airbag gas, described by gas-dynamica}
relations, and (2) the fabric, interacting with the gas and the environment. The airbag gas
properties are determined by the following processes.
•
•
•
•

The intlator blows hot gas into the airbag.
Gas tlows out of the airbag due to vent holes in the fabric and the fabric permeability
Heat is transferred from the gas into the fabric.
During the airbag intlation process, the airbag volume expands and work done by
pressure forces transfers energy from the airbag gas to its environment. After the
intlation has ended, the occupant hits the airbag and the airbag compresses. Work done
by pressure forces transfers the occupant kinetic energy to the airbag gas. The airbag
working principle depends on this mechanism.

In Section A.2 the dynamical equations, descrihing the airbag gas are derived. No attempt is
made in descrihing the movement of the fabric. For simplicity reasons, the gas properties
are assumed uniformly distributed over the airbag volume and the gas kinetic energy is
neglected. Furthermore work done by viscous shearing at the airbag fabric is neglected. In
Section A.3 these laws are further simplified to obtain a simple airbag model. With this
model estimations can be made on airbag gas pressure and temperature.

A.2 Laws ofmass and energy conservation applied on an airbag
To derive the dynamica! equations descrihing airbag gas, the integral laws of mass and
energy conservation are applied to a control volume with a moving surface. This surface lies
against the ins ide of the airbag fabric enclosing the airbag gas. Figure A.l shows the control
volume.
Mass Balance

The integrallaw of mass conservation applied to a fluid of volume V, which is defined by a
moving surfaceS is written below (Thompson [28]).

!!.._ r pdV + Jp(v -s) ·nds = o.

(A. I)
dtJv
s
The fluid velocity field is denoted by
the mass density by p. The normal vector on S is
denoted by ii, and S is moving according to the surface velocity field
which is defined
on S. Equation (A.l) states that the amount of mass within V changes due to the mass flux
through S. Since Sis moving, the volume flux through S equals the normal component of the
gas velocity vector minus the normal component of the surface velocity vector: (v- s)· ii.
It is assumed that the gas properties in the bulk of V are uniformly distributed. This means
that the integral within the first term of (A. I) may be written as:

v,

fv {XIV = pV =m .

s,

(A.2)

The inflator ejects mass into V through the surface S;n, lying on the non-moving part of S:
s =Öon S;n· According to Equation (A. I), the mass flow injected by the inflator is defined
as:
(A.3)
<P m-in =
pV . iidS .

-J. .
Sm

Mass flows out of V due to vent holes in the fabric and the fabric permeability. According to
Equation (A.l ), the mass outflow is defined as:
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ei> m-out =

J

Soul

p(v- s). iidS = 0,

(A4)

where Sout is defined as the area through which mass can flow out of V. This area consists of
the vent holes and the total area of the pores between the yams of the penneable fabric.
Using the definitions of Equations (A.2-A.4), the conservation of mass law applied to an
airbag gas can be written as:
dm
dt = cp m-in - cp m-out ·

(A5)

mass outflow due to permeability
mass outflow due to vent holes
airbag fabric

------

inflator supplied mass inflow

Figure A.l: Control volume, indicated with the dasbed contour,
used in deriving the dynamica! equations descrihing the airbag gas.

Energy Balance
The integral law of energy conservation (without volume forces) for a fluid of volume V
with a moving surface S is written below (Thompson [28]):

~ fv p(e +fU 2 }tv+ fs p(e +fU 2 }v- s) · iidS = fsä ·ii · vdS- fs q· iidS.
(i)

(ii)

(A.6)

(iii)

Here e is the gas specific energy, U is the magnitude of the gas velocity, ö is the stress
tensor and q is the heat conduction vector. Equation (A.6) states that the energy confined in
V changes as an effect of (i) energy convection, (ii) work done by surface forces and (iii)
thennal conduction. It is assumed that the gas properties are distributed unifonnly over the
airbag volume and the gas kinetic energy in the bulk ofthe volume may be neglected. Using
these simplifications, the energy confined in V can be expressed as:
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fv p(e + f U

2

(A.7)

}tv= me .

The stress tensor consists of a pressure tensor and a deformation tensor.

-

::,

::
ä=-lp+S .

(A.8)

Here S • ii equals the viscous shear stress. In the following work done by the viscous shear
stress is neglected, and the work term in Equation (A.6) becomes:
1

fl· ii · vdS =

-fs pii. (v- s)dS- fspii. sdS.

(A.9)

Combining Equations (A.6), (A.7), (A.9) and introducing the total enthalpy h 0 :
h0 =h+fU 2 =e+ p +fU 2 •
p

(A.lO)

yields:
dme +J ph0 (v-s)·iidS=-J pii·sds-J q·iidS.
dt
s
s
s

(i)

(ii)

(All)

(iii)

Equation (All) states that the energy in V changes due to: (i) the flux of total enthalpy
through S, (ii) work done by pressure forces and (iii) heat conduction. Total enthalpy is
injected into the volume by the inflator through the surface Sin:
4> hO-in

=

-fSm.ph V · iidS ,
0

(A.l2)

The total enthalpy ho-in of the in flowing gas is defined as:
q, hO-in

=q, m-in ho-in '

(A .13)

where <I>m-in and <PhO-in are defined in Equations (A.3) and (A.l2). Total enthalpy
transported out of V through the surface Saut:
<Pho-out=J ph0 (v-s)·iidS.
Sout

IS

(A.l4)

Due to the pressure difference between V and its environment, gas accelerates from the bulk
of V towards surface Saut through which it leaves V. Th is acceleration may be considered as
isentropic, which means that the total enthalpy of the accelerating gas is conserved. Since
the kinetic energy of the gas in the bulk of V is neglected the total enthalpy of the gas
leaving Vequals the enthalpy ofthe gas in the bulk of V. Thus the total enthalpy flowing out
of V may be written as:
(A.l5)
q, hO-out =q, m-out h '
where <I>m-out is defined in equation (A.4).
In the work term in Equation (All), the factor ii · sdS equals the change in volume due to
the movement of S. Using that the pressure is uniformly distributed over V, the work term
can be expressed as:

__d'S dV
fs p·n·s =-p-.
dt

-

(A.l6)

The second term on the right hand si de of Equation (All) describes heat losses due to
thermal conduction. This term is denoted by:

fs q · iidS = dQdt .

(A.l7)

Now the energy balance can be written in the following form:
dme

dV

dt

dt

--+ p-=<Pm-inhO-in
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A.3 A simple airbag model
In Section A.2, the laws of mass and energy conservation are used to derive the following
equations, which describe the behavior of an airbag gas:

dm
dt

=<})m-in -

(A.l9)

<})m-out '

dme =<I> . h . _<I>
h _ dV _ dQ
dt
m-m 0-m
m-ot
P dl
dt '

(A.20)

with:

m
t
<~>m-in
<~>m-out

e
ho-in
h
p

V
Q

[kg]
[s]
[kg s- 1]
[kg s- 1]
(J kg-I]
(J kg-I]
(J kg-I]
[Pa]
[m3]
[J]

gas mass
time
inflator supplied mass flow
mass outflow due to vent holes and fabric permeability
gas specific energy
inflator supplied specific total enthalpy
gas specific enthalpy
pressure
volume
heat loss due to conduction

In this section Equations (A.19) and (A.20) are simplified to obtain a simpte airbag model.
With this model, estimation on the airbag pressure and temperature can be made. In order to
simplify the dynamica} equations, the following assumptions are used:
• The gas behaves calorically perfect. This means that the gas obeys the ideal gas law and
its heat capacities are constants. The specific energy and enthalpy of a calorically
perfect gas may be written as:
e=cJ,
(A.21)

h =c PT ,
(A.22)
where Cv and Cp denote the specific heat capacity at constant volume and at constant
pressure, respectively. Furthermore, the following equation holds for ideal gases.
R=cp-cv,
(A.23)
•
•
•
•
•
•
•

•
•
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where R signifies the specific gas constant.
No heat is transferred from the airbag gas into the fabric.
There is no mass outflow due to vent holes and the fabric permeability.
The volume of the gas contained within the folded airbag is zero before intlation has
started.
The composition of the inflator injected gas is constant.
The inflator ejects a constant mass flow of <~>m-in = mini '!in over a time period '!in· Here min
equals the total mass ejected by the inflator.
The total temperature To-in of the inflator ejected gas is constant.
While the airbag volume expands from zero to its maximum Vmax, the airbag pressure
equals ambient pressure. This phase is referred to as the expansion phase. When the
volume has reached its maximum, the inflator injects its last mass into the volume,
resulting in a pressure increase. This phase is referred to as the pressurizing phase.
During the pressurizing phase the airbag volume is fixed on Vmax·
After the inflator has injected its last mass into the airbag (t > '!in), the occupant- airbag
interaction will take place. No attempt is made to describe this phenomenon.
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Using (i) calorically perfect gas properties, (ii) the assumption that the gas composition is
independent of time, (iii) the assumption that no heat is transferred from the gas to the
fabric and (iv) there is no mass outflow, transfarms Equation (A.20) into:
dmT
dV
Cv --=cp<l>m-inTO-in- p - .
(A.24)
dt
dt
In the following the expansion phase and the pressurizing phase will be analyzed separately.
The resulting formulas will be applied to a frontal passenger airbag, produced by Autoliv
V.K. The relevant properties of this airbag are listed in Table A.l
Table A.I. Airbag characteristics of a frontal passenger airbag, produced by Autoliv U.K.
min
1in
To-in
Vmax
R

r
mfabric

7.8xto·2
4.0xto·2
8.6x102
1.0xl0· 1
3.5x102
1.3
4.8xto· 1

kg
s
K
m3
J kg" 1 K

1

kg

Expansion phase
During the expansion phase, the airbag volume expands from zero to Vmax· During this
phase, the airbag pressure is assumed to be ambient pressure. Using this, the mass and
energy balance transfarm into:
dm min
-=(A.25)
dt
Tin
dmT
min
dV
Cv --=CP -TO-in- Pa-·
(A.26)
dt
rin
dt
Applying the ideal gas law on the second term on the right hand si de of Equation (A.26) and
using (A.23), yields:
dmT _minT.
(A.27)
dt - rin 0-in .
Combination of Equation (A.27) with the mass balance (A.25) results in:
dT minT- minT.
(A.28)
m - + - - - 0-in"
dt
rin
rin
The salution to (A.28) shows that during the isobaric expansion ofthe airbag, the airbag gas
temperature equals the inflator supplied total temperature:
T =TO-in .
(A.29)
With this results, an estimation can be made on the time the expansion phase takes. Since p
=Pa.
T = To-in and V= Vmax at the end of the expansion phase, the corresponding gas
mass can be found with the ideal gas law:

m = PaVmax

(A.30)
RTo-in
Since the mass inflow is a constant, the mass balance (A.25) dictates that m varies linearly
in time:
(A.31)
By combining Equations (A.30) and (A.31) the expansion time

41

fexp

can be found.
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(A.32)
t"in
RminTo-in
The right hand side ofEquation (A.32) will be denoted by 1717 = PaVmax
(A.33)
RminTo-in
For the airbag characterized in Table Al, 17 = 0.44, which means that the airbag volume
reaches Vmax within approximately 18 ms.
It is assumed that during the expansion phase p = Pa· In the following, this
assumption will be validated. For this purpose, the airbag fabric kinetic energy, just before
V reaches Vmax, is estimated. During the expansion phase the fabric is moved a distance L
over a time period rfX'4n- HereLis the airbag length scale, which is estimated to be:
L

=Vvmax .

(A.34)

Therefore, the fabric velocity may be estimated with:
V fabric

Vvmax ·
=---

17t"in
The fabric kinetic energy equals:
K fabnc

(A.35)

=f m fabnc v}abric ·

(A.36)
To estimate the airbag pressure during the expansion phase, the work applied to the fabric is
equated to the fabric kinetic energy:
(A.37)
tl.p Vmax = K fabric '

where tJ.p equals the pressure difference over the fabric:
(A.38)
Using the numbers from Table A. I, results in tl.plpa = 0.02, which indicates that the pressure
difference, necessary to accelerate the fabric is very small compared to ambient pressure.
Consequently, the expansion phase may be approximated as isobaric.
f:.p=p-pa.

Pressurizing phase
The inflator injects gas into the airbag from t = 0 to t = '4n- The airbag volume reaches its
maximum Vmax at t = rfX'4n· After t = rfXT;n the airbag volume is fixed on Vmax and the
addition of extra gas increases the airbag pressure and temperature. The phase, ranging from
t = rp< T;n to t = T;n, is referred to as the pressurizing phase.
In the following this phase is analyzed. The mass outflow due to the vent holes and the
fabric penneability is neglected. The corresponding mass and energy balances are written
below:
dm min
-=(A.39)
dl
t"in
dmT = minT.
0-in ·
Y
dt
t"in
The mass balance states that m varies linearly in time:

(A.40)

(A.41)
Combining Equations (A.40) and (A.41) results in:
dT
(A.42)
T +-t=ti'o-in,
dt
where y equals the ratio of heat capacities: y = cJcv. Integration of Equation (A.42) and
using that at t = rfXT;n : T = To.;n yields:
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=(r _

J·

(A.43)

p=--=-----.

(A.44)

17 (y -l) Tin
TO-in
f
The accompanying airbag pressure is found with the ideal gas law:
mRT Pa T m

_!_

V
17 TO-in min
Inserting Equations (A.41) and (A.43) into Equation (A.44) yields:

..f!._=(r._t -(y-l)Î.

(A.45)
Pa
17 Tin
)
For the airbag described in Table A.l, the airbag pressure and temperature at t = 'lin, are: p
= 2.7 Pa and T = 1.2 To.in· Since mass outflow and heat losses due to conduction are
neglected, these values represent upper limits. In reality the airbag pressure and temperature
are less.
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B. Adiabatic analysis of the Airbag Tester©
experiment
B.l Introduetion
During a test conducted with the Airbag Tester© experiment, a storage volume V1 is loaded
to a selectable high pressure. The compressed air is then released via an intermediate
volume V2, through the fabric tested into the open air. During the release the pressures in
both V1 and V2 are measured. In this chapter a metbod is presented to compute the mass flux
through the fabric from the pressure measurement data. This metbod is based on the
assumption that there is no thermal contact between the gas and the inner surfaces of the test
device.

B.2 Conservation laws
The test device is schematically depicted in Figure B.l. At t = 0 s the gas temperature in
both V1 and V2 equals ambient temperature (294 K). The pressure in V1 is loaded to an initial
value and the pressure in V2 equals ambient pressure (pa = l.Olxl05 Pa). The high-speed
valve opens and gas flows from VI to vl (<I>ml), and from vl (through the fabric) into the
open air (<I>m 2). The pressure difference across the fabric, causes the fabric to bulge, which
changes V2• Assuming that the fabric bulges into a spherical segment, the change in V2 can
be determined from the bulging height, which is measured by the Airbag Tester by means of
a laser. There are six unknown quantities: the temperatures (T1 and T2 ) and masses (m 1 and
m2) in V1 and V2, and the mass flows <I> mi and <I> ml· To calculate these properties from the
pressure measurement data, six equations are needed:
- the ideal gas laws applied to VI and vl
- the law of mass conservation applied to V1 and V2
- the law of energy conservation applied to V1 and V2 •

high-speed valve

-----------,
I
I
I
I
I

I
I
I
I
I

·---------.... ...

I
I

.......

fabric

Figure B.l: Control volumes, indicated with the dasbed contours,
used in determining the mass flux through the fabric from the measured pressure data.
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Mass conservation
The conservation of mass laws applied to VI and V2 are written below:

dm 1 --<I>
dt ml'

(B.l)

dm 2
--=<I> ml -<I> m2 •
dt

(B.2)

Energy conservation
The conservation of energy law (without volume forces) states that the energy E confined
within a volume changes due to (i) flows of total enthalpy <I>ho into and out of the volume,
(ii) work dW/dt done by surface forces and (iii) heat conduction dQ!dt.

dE =<I> + dW + dQ .
dt
hO
dt
dt
(i) (ii) (iii)

(B.3)

Equation (B.3) is derived in Section A.2. In the following each term in Equation (B.3) is
discussed.

Energy
The energy of the gas consists of two parts, thermal energy and kinetic energy. Here it is
assumed that the kinetic energy is small compared to the thermal energy and the gas
properties are assumed uniformly distributed over VI and V2 • Using calorically perfect gas
properties, the energy can be expressed as:

E

=cvmT = pV

y-1

,

(B.4)

where Cv denotes the gas specific heat capacity at constant volume and ydenotes the ratio of
heat capacities.

Flow of total enthalpy
The flow of total enthalpy is defined as the transported enthalpy <I>mh plus the transported
kinetic energy <I>m~U . When two reservoirs with different pressure are connected, gas
accelerates from the high-pressure reservoir towards the low-pressure reservoir. This
acceleration may be considered as isentropic, which implies that the total enthalpy of the
gas flowing into the low-pressure reservoir equals the enthalpy ofthe stagnant gas inside the
high-pressure reservoir. The flow oftotal enthalpy may therefore be written as:
<I> hO =<I> mh'
(B.5)
where h is the specific enthalpy of the gas, inside the high-pressure reservoir. Applying
calorically perfect gas properties on the right hand si de of Equation (B.S) results in:
~
pV
<I>ho =<l>m----.
(B.6)
y-l m

Work done by surface forces
Neglecting viscous shearing at the moving fabric and assuming uniformly distributed gas
properties, the work done by surface forces can be written as:
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dW
dV
-=-p-.
dt
dt

(B.7)

Heat conduction
Within the analysis presented here, it is assumed there is no thermal contact between the gas
and the test device.

dQ=O.

(B.8)

dt

Using Equations (B.6), (B.7) and (B.8), the energy balances applied to V1 and V2 become:
_I_dp,
y-I dt

__ .m.

u

Yl-

-,vml

_Î'_PI~
y-I m 1

(B.9)

•

I _d...=c(p-=-2---'V2:..,:_) =<I> _,.__
P_,v_, _<I> _,._ _P_
2 _ P _dV_
2
2 v_
2
2
y- I
dt
mi y -I m
m y -I m
dt
.
1
2

(B.lO)

By using the mass balances (B.I) and (B.2), the mass flows (<I>m 1 and <I> m2) in Equations
(B.9) and (B.lO) can be expressed in termsof dm1/dt and dmidt. Aftersome manipulation
the following equations can be obtained:
Î'

dm

1 dp

- - -1 = - -1

_r_ dm 2
m2

dt

=-I- dp 2 +.1'_ dm, ( p 1 ~
p 2 dt
m 1 dt p 2 V2

(B.ll)

_

m1
m2

J+_r_ dV

2 •

V2

dt

(B.l2)

Combining (B.II) with (B.I2) yields:
(B.13)

Equations (B.ll) and (B.l3) describe the change in masses in V1 and V2 during the Airbag
Tester experiment. Since p1,P2 and V2 are known measured functions of time, m 1 and m 2 can
be obtained by integration of (B.ll) and (B.l3). The mass flows can be found from the mass
balances (B.l) and (B.2 ).
<I> __ dm 1
(B.I4)
midt
<I>

__ dm 1
dt

m2 -
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dm 2
dt

(B.15)

