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ABSTRACT 

Airbag pressure determines the restraint effect during a vehicle crash. The pressure required to restrain 
the occupant depends on pre-crash detection, collision parameters and the occupant’s mass and pos-
ition. This work modulated airbag pressure for optimum safety using a novel airbag control valve for 
cold-gas inflators. This paper evaluates the valve’s stationary and dynamic performances for Helium by 
3D flow simulations using a pressure-based solver in ANSYS FluentVR and SAE J2238 laboratory tank 
tests. The predicted and measured tank pressures for the fully open (stationary) valve were agreed by 
an average 93.73% with an excellent correlation (correlation coefficient, R¼ 0.9995). For the first 
dynamic operation with 10 ms switching time, the results agreed by 92.78% with R¼ 0.9975. In the 
second test with 30 ms switching, 83.67% agreement was observed with R¼ 0.9893. The research con-
cluded that the valve modulates the bag pressure and is implementable in vehicles.
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1. Introduction

Airbag energy management and restraint effect optimisation are 
two extensively researched topics in automotive passive safety 
with the final goal of mitigating occupant injuries. Combining 
seat belts and airbag reduces mortality by 67% [1]. However, the 
current airbags are ‘one-size-fits-all’ systems. Hence, there is a 
discrepancy in protection for different percentile occupants [2]. 
If an airbag deploys with high pressure, then the impact force on 
the occupant increases the probability of face, head or neck inju-
ries [1]. In addition to high pressure, if the occupant is in the bag 
deployment zone, then the likelihood of injury further increases 
[2]. Therefore, the airbag’s energy and aggressiveness must be 
controlled for optimised occupant protection.

Current research mitigates airbag-induced injuries [3–5]. 
According to US NCAP data, airbag triggers between 17 and 
22.5 ms after the crash, based on the vehicle type and without 
pre-crash detection [6,7]. Radar and lidar technologies have fos-
tered pre-crash detection and time-to-collision (TTC) estimation 
[6]. In response to TTC and pre-crash sensing, the airbag is 
deployed in the first stage, and pressure is controlled thereafter 
based on vehicle sensor signals [8]. If the airbag deploys earlier, 
then it requires slower inflation and longer standing time, which 
can be provided by dynamic pressure control.

Further, continuous crash severity prediction has evolved 
[9]. The bag’s pressure has to be continuously adapted to miti-
gate the injuries in response to severity prediction. In contrast, 
the dual-stage airbags offer only improved two-step protection 
compared to a single-stage baseline inflator. They are better in 

terms of aggression and protection at high speeds [3]. In add-
ition to severity prediction, the occupant’s position (out-of- 
position) demands continuous pressure control for optimised 
protection and mitigated injuries. The occupant hits the vehicle 
structure if the bag pressure is too low, the problem in rear-
ward seat occupancy. If the pressure is too high, then the prob-
ability of head injuries increases due to the airbag’s stiffness, 
commonly seen in forward seating positions [3,4,10]. Hence, 
finding the correct pressure for different positions is crucial.

Furthermore, the airbag’s performance depends also on the 
occupant’s size and position combination. Sitting close to the 
dashboard, an elderly occupant (mass < 55 kg) requires less 
airbag pressure and later deployment than a young person (age 
< 30 years; mass > 80 kg). Hence, Wood’s research suggested 
occupant’s size- and mass-based pressure adaption [11].

Radu et al. showed that the deployment time directly 
implicates upper-body injuries, particularly head injuries [5]. 
Based on a 20 ms trigger time delay, the head injury criter-
ion was increased by about 80% from the baseline test [5]. 
Impulsive deployment yields higher injuries, too. This prob-
lem can be formulated as a delayed pressure rise rate, yield-
ing a pressure control problem. Yang et al. emphasised the 
requirement for adaptive airbag deployment strategies by 
detecting the occupant’s pose and location through a com-
puter vision system [12]. The airbag can be partially or fully 
deployed according to the occupant’s size and position clas-
sification, which is a pressure control requirement.

Depowering of the airbag was permitted through Federal 
Motor Vehicle Safety Standard 208 (FMVSS 208) in 1997 to 
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mitigate the injuries for small occupants and out-of-position 
situations [2]. In an approach to reduce upper-body injuries, 
Hault-Dubrulle et al. used depowered airbags that usually con-
sist of helium cold-gas inflators, which are 35% less aggressive 
than conventional pyrotechnic inflators [2,10,13]. Cold-gas 
devices inflate with low temperatures and particle emissions. 
Hault-Dubrulle et al. shifted the paradigm from pyrotechnical 
towards cold-gas inflators to reduce aggressiveness and power.

In conclusion, controlling the airbag inflation and deflation 
(pressure) optimises the restraint effect. However, how to con-
trol the inflation source still needs to be determined. Wood 
categorised inflation sources for an airbag into pyrotechnic, 
cold-gas and hybrid [11]. Pyrotechnic yielded 800 K exit tem-
perature with particle emission and makes it undesirable to 
control [14,15]. Contrarily, cold-gas inflators with a fast- 
switching control valve provide output pressure control.

A servo airbag control valve developed by Robert Bosch 
GmbH modulated the cold-gas inflator pressure for different 
scenarios [16]. K€astner et al. evaluated the valve’s perform-
ance by simulating the computational fluid dynamics (CFD) 
simulations for Nitrogen and performing tank tests. 
Controlling the pressure for multiple stages reduced injuries 
for different scenarios [16]. Contrarily, the valve was operated 
based on a set of pre-defined activation patterns, which was 
the system’s downside. However, the system required airbag- 
occupant contact data to operate in a closed loop. Microsys 
developed an airbag test bench that consisted of an ultra-fast 
firing valve with a Helium cold-gas generator. The perform-
ance of the valve and pyrotechnic inflator were at par [17].

Since the decision to fire the second stage in dual-stage 
airbag and cold-gas inflator closed-loop pressure control 
requires airbag-occupant contact data, Shirur et al. developed 
a tactile sensor for the airbag. The sensor detected contact 
and estimated contact time and area. The bag pressure can 
be controlled based on the contact feedback [18,19].

The critical variables for the restraint effect are pre-crash 
detection reliability and accuracy, occupant position and 
mass, airbag pressure and trigger time. These parameters 
relate to the airbag’s pressure, a dependent variable, while 
all other parameters are considered independent variables.

Considering the importance and requirement of pressure 
control, a novel controllable valve for inflating an airbag 
with cold gas is evaluated in this work. The valve resembles 
a plug nozzle [20]. The valve’s performance was evaluated 

in two steps. Firstly, numerical 3D flow simulations were 
performed to obtain the tank and inlet pressure histories. In 
the second step, tank pressure histories from the laboratory 
tank tests were obtained and compared with the flow simu-
lation results. The mass flow rate and temperatures from 
the simulations were also obtained, which are crucial for 
occupant safety simulations.

2. Novel control valve for airbags

The control valve comprises a gas inlet, three outlets and an 
actuator (Figure 1). The inlet was connected to cool Helium 
inflatorsVR filled at 660 bar and tailored for the present 
research application. Outlets 1 and 2 are the main gas out-
lets to the bag, while Outlet 3 balances the pressure on 
either side of the plunger. When the electromagnet is actu-
ated, the plunger surface area difference perpendicular to 
the flow direction at the same pressure displaces the plunger 
to close the valve (Figure 1).

The inflator bursts open on the trigger, and the gas flows 
through the inlet. The valve is normally in the open position 
(Figure 1(a)), allowing the gas to flow towards the airbag 
through Outlets 1, 2 and 3. The gas exerts a higher force 
from the right side FR as from the left side FL (FL < FR) 
and keeps the valve open by displacing the plunger to the 
left (Figure 1(b)). A fully open valve yields a conventional 
airbag without pressure modulation.

However, if the electromagnetic actuator closes Outlet 3, 
then the pressure on either side of the plunger is balanced. 
Since the area on the left side, AL, is larger than that on the 
right side, AR, FL is larger than FR at the same pressure. The 
force imbalance (Figure 1(b)) moves the plunger and closes 
the valve (Figure 1(c)). The valve’s opening and closing are 
controlled by the diameter d1 of the hole: the larger the 
hole, the shorter the closing time. The hole diameter deter-
mines the valve’s switching time as well.

3. Material and methods

3.1. Mathematical flow model

Helium was expanded from 660 bar to 1 bar in tank tests. A 
high-pressure gradient resulted in a 3D compressible flow 
showing real gas effects: it was turbulent and isentropic, i.e. 

Figure 1. Control valve concept: (a) valve’s normally open position allowing gas flow to the airbag or test tank; (b) force balance on the plunger leading to valve’s 
actuation; (c) actuated valve leading to closed position.
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the entropy remained constant as the temperature changed. 
The flow problem was numerically solved using commercial 
software (FluentVR , Ansys Inc., Canonsburg, PA, USA) and 
validated with laboratory tank tests.

At first, continuity, momentum and energy equations 
were solved, followed by their scalar equations:

� Continuity equation: Mass conservation law was applied to 
a finite volume cell and the continuity equation was derived 
in the partial differential form [14,21,22] as follows:

@q
@t

þr � ðqVÞ ¼ 0 (1) 

where @q
@t is the rate of density change with time at a fixed point 

in space and r � ðqVÞ represents the rate of mass flux per unit 
volume passing out of the surface of the control volume.

� Momentum (Navier–Stokes) equation: Following continu-
ity, Newton’s second law was applied to the finite fluid 
volume in the fluid domain leading to Equation (2). The 
body (weight of the fluid) and surface (viscous and pres-
sure) forces cause momentum in fluids [14,21,22].

@ quð Þ
@t

þr � quVð Þ ¼ r � sijð Þ�r � p þ qfx (2) 

Here, sij ¼ lðr � V þr � VTÞ� 2=3ðr � VIÞ is the stress 
tensor, V the velocity vector and I the identity matrix. l 
and k denote molecular viscosity and second viscosity 
coefficient, respectively.

� Energy equation: Lastly, the energy equation was solved 
applying the energy balance [14,21,22]

@ qEð Þ
@t

þr � V qE þ pð Þð Þ ¼ r � keff :r � T þ sij � V
� �

(3) 

where keff and E denote effective thermal conductivity 
and energy, respectively.

� Turbulence model: The Spalart–Allmaras model is a sim-
ple, robust and numerically fast one-equation model 
used to model turbulence. As the filling impacts the per-
formance, the transport equation for the working vari-
able ~� yields the following equation [23–25]:

@ q~�ð Þ
@t

þ @ q~�uið Þ
@xi
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1
r~�

@

@xj
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@xj

( )
þ Cb2q

@~�

@xj

 !2
2
4

3
5� Y� þ S~�

(4) 

where G� is the turbulent viscosity production, and Y� is 
the destruction of the turbulent viscosity. r~� and Cb2 are 

constants. � and li denote the kinematic and turbulent vis-
cosity, respectively. þS~� is the user defined source term.

� Pressure equation-of-state (EOS): Redlich–Kwong real-gas 
equation was applied to calculate the pressure [23,26]:

P ¼ RT
V � b

� a0

V V þ bð ÞT0:5
r

(5) 

where V denotes the specific molar volume, while T and Tr 
denote the normal and the reduced gas temperature, 
respectively. The constants a0 and b directly relate to the 
critical fluid properties.

3.2. 3D-CFD simulation

Figure 2(a) shows a simplified quarter model of the control 
valve and the inflator mounted in the tank. The inner flow 
volume from the assembled model was extracted and 
meshed using Ansys workbench (ANSYS Inc., Canonsburg, 
PA, USA). It was meshed linearly except for the region near 
the plunger (Figure 2(b)). The tetrahedral mesh was used in 
this work for the plunger and its surrounding parts for eas-
ier mesh deformation during plunger movement to actuate 
the valve. The mesh had approximately 152,000 elements in 
the quarter model.

All model components were initialised with 1 bar and 
291 K; laboratory atmospheric conditions assuming helium as 
a working gas. The patching method with 660 bar was applied 
to the inflator pressure to initialise the flow with adiabatic 
walls under no-slip conditions. The model was simulated for 
120 timesteps with 0.5 ms time-step size.

An explicit pressure-based solver in 3D was used to solve 
the governing equations. Pressure–velocity coupling was 
obtained with a semi-implicit method for pressure-linked 
equations (SIMPLE) algorithm [23]. First, pressure and vel-
ocity fields were solved, then the scalar properties like tem-
perature and turbulence were derived. First-order 
discretisation was applied and then the pressure was 
obtained using Equation (5) to simplify the problem. 
Solution control parameters (under relaxation parameters) 
were eased to answer the high-pressure gradient and obtain 
convergence. Density relaxation was set to 0.3, keeping the 
pressure relaxation unchanged (0.3). Modified turbulent vis-
cosity and turbulent viscosity were reduced to 0.5, with 
energy relaxation equal to 0.6. The mesh was deformed at a 
given time to move the plunger accordingly, which simu-
lated the valve’s opening and closing.

3.3. Laboratory tank tests

Modified SAE J2238 ballistic tank tests were performed to 
evaluate the valve’s performance [27]. The airbag control 
valve (ACV) along with a cold-gas inflator (660 bar) was 
mounted inside the tank (Figure 3) and two pressure sen-
sors at the inlet and the tank were used to record the 
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pressure. Tank and inlet pressures were measured by 
expanding helium from 660 to 1 bar.

3.4. Evaluation matrix

Flow simulations and laboratory tank tests were utilised to 
evaluate the valve’s performance. Table 1 shows the evalu-
ation matrix. Firstly, a completely open configuration was 
tested to obtain a pressure history and compare it with the 
series inflator. Then, two switching times were selected such 
that the bag has at least 1 bar pressure at 60 ms. Otherwise, 

the occupant might hit the vehicle structure. This yielded 10 
and 30 ms.

3.5. Data analysis method

According to the SAE standard, recorded pressure signals 
were filtered with a channel frequency class 60 filter. Then 
linear regression was applied to the pressure values obtained 
by tests and simulations [27]. Correlation between measured 
and predicted tank pressure was established by estimating 
Pearson’s correlation coefficient using the following equa-
tion [28]:

R ¼ Rðxi � �xÞðyi � �yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rðxi � �xÞ2Rðyi � �yÞ2

q (6) 

where xi and yi are measured and predicted pressures, 
respectively, while �x and �y are the mean values. R¼ 1 indi-
cates an excellent correlation. It gives the strength of 

Figure 2. Simplified geometry and mesh model: (a) the extracted flow volume of the control valve, inflator and the tank and (b) the meshed model and zoomed 
view of the control valve region.

Table 1. Control valve performance evaluation matrix.

Test (simulation) Valve closing time Valve opening time

Test 1 (simulation 1) – –
Test 2 (simulation 2) 30 ms 40 ms
Test 3 (simulation 3) 20 ms 50 ms

Figure 3. Laboratory tank test setup. The inflator and control valve assembly are mounted inside the test tank.
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association between the measured and predicted values and 
determines how the model agrees with the test results.

Further, the relative agreement Arel between the meas-
ured and predicted values was calculated using

Arel ¼ 100 � jxi � yij
xi

� �
% (7) 

3.6. Hypothesis

It is hypothesised that the fully open control valve with the 
cold-gas inflator yields an exponential increase in the tank 
pressure like a series cold-gas inflator. Further, when the 
valve is closed during the inflation, the tank pressure 
remains constant and rises exponentially when the valve is 
opened again.

Therefore, the tank and inlet pressures for tailored 
research cold-gas inflators were measured with an adapter 
for pressure measurement. However, the inlet pressure for 
the series cold-gas inflator was not measured since modifi-
cation of series cold-gas inflators was not permitted due to 
safety reasons.

4. Results and discussion

As hypothesised, the tank pressure for the research inflator 
with the valve in the stationary open position increased 
exponentially like a series cold-gas inflator. No anomaly was 
observed in the behaviour. Further, when the valve was 
closed, the tank pressure was constant and increased expo-
nentially once the valve was opened again (Figure 4).

4.1. Tank pressure

The tank pressure in laboratory tests increased exponentially 
and attained 1.13 bar peak pressure at 60 ms for series cold- 
gas inflators (Figure 4(a)). For Test 1 (stationary open) also, 
the tank pressure increased exponentially with 1.41 bar peak 
pressure at 60 ms, while the CFD model predicted 1.41 bar 
(Figure 4(b)). The CFD model showed excellent fidelity for 
stationary open configuration. The research inflator 
(660 bar) tailored for this work had 20% higher pressure 
than series inflators (550 bar), which was observed in the 
tank pressure as well. The comparison indicates that the 
control valve in the open position has similar pressure his-
tory to a series inflator.

Figure 4. Tank pressure comparison for predicted and measured values: (a) series cold-gas inflator; (b) measured and predicted tank pressure for research inflator 
with fully open valve; (c) measured and predicted tank pressure for research inflator with valve closing for 10 ms; (d) measured and predicted tank pressure for 
research inflator with valve closing for 30 ms.
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Test 2 in Figure 4(c) was the first dynamic operation 
assessment of the valve by closing it between 30 and 40 ms 
for 10 ms. The gas expanded exponentially, and the pressure 
remained constant upon closing the valve. On opening the 
valve again, the pressure increased as expected. The measured 
peak pressure was 1.37 bar, whereas the model predicted pres-
sure was 1.38 bar. Despite optimised under relaxation param-
eters in solution control, higher tank pressure in the 
simulation till 30 ms was observed, after that simulation 
found good agreement with the measured pressure. The ini-
tial deviation (till 30 ms) is attributed to the pressure differ-
ence between the tank and the inflator, which resulted in the 
supersonic flow. A local mesh refinement technique is 
required to address supersonic flow at the interface between 
the valve’s exit and the tank. However, this work aimed to 
obtain tank pressure history, which is required for the safety 
simulations. In addition, the restraint effect begins after 40 ms 
when the occupant contacts the bag; until this time, bag or 
tank pressure deviation does not affect the occupant’s safety, 
but only deployment behaviour changes.

Figure 4(d) illustrates tank pressure for Test and Simulation 
3, which was the second dynamic assessment of the valve by 
closing it for longer than in Test 2. The valve was actuated 
between 20 ms and 50 ms. The measured tank pressure at 
60 ms was 1.05 bar whereas the model predicted 1.19 bar. 
Similar to previous tests, the pressure increased until the valve 
was closed, showing no deviation. However, when the valve 
was closed, the simulation showed rising tank pressure indicat-
ing leakage from the plunger. The geometry conflict was the 
limiting factor, which prevented 100% closing of the valve. A 
small gap had to be maintained to differentiate two model 
components, otherwise resulting in the single component con-
flicting with the model integrity. Hence, even during valve 
closing time, the tank pressure increased continuously, leading 
to low model fidelity for a longer closing time.

The tank pressure histories for the series inflator and 
fully open valve obtained in this work are similar to the 
findings of Slaats et al. [17]. Further, the pressure histories 
with control valve actuation are identical to the results 
obtained by K€astner et al. [16]. Their research found expo-
nential filling behaviour followed by constant pressure dur-
ing valve closing.

Further, linear regression was applied to measured and 
simulated pressures to obtain the correlation. The predicted 

tank pressure exhibited excellent correlation (R¼ 0.9995) to 
the measured pressure (Figure 5(a)), indicating the high reli-
ability of the CFD model for the stationary open valve in 
Test 1 and Simulation 1. Although an excellent correlation 
(R¼ 0.9975) was noticed for Test 2 and Simulation 2, it was 
reduced slightly compared to Test and Simulation 1. The 
correlation coefficient decreased to R¼ 0.9893 for Test 3 
and Simulation 3, showing low model fidelity for longer 
closing times. The lower correlation with longer closing 
times is attributed to the rising tank pressure in the simula-
tions. When the valve was not fully closed, there was a 
supersonic leakage in the tank through the plunger, which 
resulted in higher pressure. Decoupling the simulations 
between valve opening and closing times is one possible 
solution to overcome the leakage, which will increase the 
model fidelity.

Figure 6 presents the relative percentage agreement 
between measured and predicted tank pressures for different 
time steps calculated from Equation (7). The CFD model 
agreed with the measurements by an average 93.73% for 
Test 1. For Tests 2 and 3, the predicted pressures agreed 
with the tests by 92.78% and 83.67%, respectively. In con-
trast to the agreement from Tests 1 and 2, the agreement in 
Test 3 dropped due to higher predicted pressures when the 
valve was closed. For stationary open valve and shorter 
switching time (Test 1 – Simulation 1 and Test 2 – 
Simulation 2), the relative agreement was lower till 20 ms 
and then increased (> 90%), which was attributed to transi-
ent developing flow till 20 ms and steady flow after that. 
However, in test and simulation 3, the flow started with the 
transient phase with low relative agreement and increased 
until the valve closed. Contrarily, leakage in the valve after 
20 ms (closing time) resulted again in the lower agreement. 
Since the valve was closed earlier than in Test 2, the inlet 
pressure was still higher than in Test 2. Hence, leakage was 
also higher.

4.2. Inlet and tank temperatures

Temperature measurement during the tests was challenging 
due to the sampling rate limitation of the commercially 
available temperature sensors and heat transfer between gas 
and sensor jacket, which records lower gas temperature 
than the actual gas temperature. Mounting one or two 

Figure 5. Correlation between measured and predicted tank pressures for the stationary and dynamic valve: (a) Correlation for Test 1 – Simulation 1; (b) 
Correlation for Test 2 – Simulation 2; (c) Correlation for Test 3 – Simulation 3.

6 N. SHIRUR ET AL.



sensors on the tank does not provide accurate average gas 
temperature; only local point temperature is measured. 
Hence, the average gas temperature was obtained from the 
simulation by validating pressure. Figure 7 shows the vol-
ume-averaged gas temperature for the inlet and the tank 
obtained from the CFD simulations. Upon opening the 
inflator, the temperature at the inlet increased to 462 K due 
to high velocity (velocity > 1800m=s) throttling and 
dropped to 150 K in the steady state due to the cooling 
effect. In all simulations, a similar inlet gas temperature 
drop was noticed (Figure 7(a)).

In contrast to the inlet, the tank gas temperature 
(Figure 7(b)) increased with the pressure rise and reached 
a maximum of 368 K between 15 and 25 ms from atmos-
pheric 291 K and started to drop after that as a result of 
cooling effect and heat transfer between gas and the tank 
surface. The recorded tank gas temperature from the lit-
erature for a pyrotechnic inflator was approximately 
500 K, which was 36% higher compared to a cold-gas 
inflator what was noticed in the present research [14]. 
The lower gas temperature has an advantage in occupant 
protection. Lowering the temperature reduces the exhaust 
velocity through the bag pores and the vent holes, which 
increases the airbag standing time, resulting in prolonged 
protection time.

4.3. Inlet pressure

In contrast to the exponentially rising tank pressure, the 
inlet pressure dropped exponentially (Figure 8). The meas-
ured initial inlet peak pressure for Test 1 was 531 bar, while 
the simulation predicted 559 bar (Figure 8(a)). Closing the 
valve in Test 2 (10 ms closed valve) resulted in 536 bar ini-
tial peak pressure while the model predicted 560 bar (Figure 
8(b)). Further, in Test 3 (30 ms closed valve), the recorded 
test bench inlet pressure was 478 bar with the model pre-
dicting 560 bar (Figure 8(c). In performed tests and simula-
tions, there was a discrepancy in the initial peak pressure. 
The sensor took 2.5 ms to record the first rise. The delay in 
pressure rise resulted from the slower response time from 
the sensor. However, higher initial pressure was predicted in 
the simulations since the volume averaged pressure is esti-
mated for every time step. In addition, there were pressure 
fluctuations and peak pressure variation in the measured 
pressure (Figure 8) until initial 5 ms and during the valve 
closing. The authors of this work speculate that these fluctu-
ations have resulted from the shock waves arising from the 
supersonic inflator flow and influenced the sensor. On the 
other hand, the tank pressure till 20 ms was the same for all 
measured tests. This finding suggested that the discrepancy 
in the inlet peak pressures has resulted from the senor 
measurement but not the physical effect or the leakage.

Figure 6. Percentage agreement (Arel) between measured and predicted tank pressure: (a) agreement between Test 1 and Simulation 1; (b) agreement between 
Test 2 and Simulation 2; (c) agreement between Test 3 and Simulation 3.

Figure 7. Inlet and tank temperature: (a) volume averaged maximum inlet temperature was 462 K and (b) volume averaged maximum tank temperature was 
368 K.
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Similar to the tank pressure, a high correlation coefficient 
for the inlet pressures was noticed (Figure 9). Test 1 and 
Simulation 1 exhibit excellent correlation (R¼ 0.9997). The 
R values for Test 2 – Simulation 2 and Test 3 – Simulation 
3 were 0.9987 and 0.9859, respectively.

Contrary to the tank pressure, the relative agreement 
between measured and estimated pressures in the transient 
phase (< 10ms) for all the tests and simulations was greater 
than 90% and the average agreement was higher than 92%. 
The predicted inlet pressure (Figure 10) was found to agree 
by 95.62% for Test 1. Similarly, 95.49% and 92.30% agree-
ment was observed for Tests 2 and 3, respectively. By 

comparing the agreement for the tank (Figure 6) and inlet 
(Figure 10), a higher agreement was observed between the 
model and measured values at the inlet than the tank pres-
sures, which suggested that leakage in the tank did not 
influence the inlet pressure modelling.

4.4. Mass flow rate

Figure 11 illustrates the mass flow rates obtained from the 
simulations. As soon as the valve was opened, the initial 
mass flow rate (MFR) was 0.08 kg/s until the full flow 

Figure 8. Inlet pressure comparison. Measured and predicted inlet pressure for research inflator with valve: (a) fully open valve; (b) valve closing for 10 ms; (c) valve 
closing for 30 ms.

Figure 9. Correlation between measured and predicted inlet pressures for the stationary and dynamic valve: (a) correlation for Test 1 – Simulation 1; (b) correlation 
for Test 2 – Simulation 2; (c) correlation for Test 3 – Simulation 3.
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development and then reached a peak 0.09 kg/s in steady 
flow condition. The MFR dropped exponentially with the 
gas expansion in the tank. All simulations exhibited the 
same mass flow behaviour until the valve was closed (Figure 
11). The MFR decreased and remained constant when the 
valve was closed. Interestingly, there was mass flow 
(< 0:01kg=s) even for a closed valve, indicating a leakage in 
the flow domain. Ideally, there should not be any mass flow 
when the valve is closed. As explained in Section 4.1, the 
leakage through the plunger was also observed in the mass 
flow rate shown in Figure 11. As expected, the stationary 
open valve resulted in a continuous drop in the MFR. 
However, when the valve was opened after closing for 
10 ms, the MFR (0.028 kg/s) was higher than Simulation 1 
(0.023 kg/s) at the same time (50 ms). Further, longer closing 
time in Simulation 3 yielded even higher MFR after open-
ing, which was 0.046 kg/s. Due to uncontrolled deployment, 
the MFR in Simulation 1 leads to faster airbag deflation 
offering shorter protection time. Simulation 2 MFR is useful 
to deploy the bag earlier and inflate again when the occu-
pant contacts the bag, while pre-crash information can be 
used to deploy the bag in the pre-crash phase and control 
the pressure for a longer standing time. The MFR results 
obtained in the present research are analogous to the find-
ings of K€astner et al. [16]. In conventional pyrotechnic 
inflators, the maximum mass flow rate of gas mixtures was 
between 1.2 and 1.6 kg/s [1]. This work used helium, which 

is a light gas. Despite lower MFR than pyrotechnic inflators, 
it offers similar filling characteristics due to its velocity 
(approximately 1800 m/s), which is higher than for nitrogen 
(approximately 800 m/s).

4.5. Controlled airbag inflation

All the test tank pressures are compared and presented in 
Figure 12 showing inflation pressure control. The baseline 
pressure was set to 1 bar and the time required to reach 
1 bar was compared, which is crucial to decide the right bag 
pressure for optimal occupant protection for different scen-
arios. When the valve was fully open, the time required was 
26 ms, whereas when the valve was fully closed (Test 3), the 
time required to reach 1 bar was 57 ms.

As mentioned in Section 1, the airbag inflation pressure 
must be controlled to optimise the restraint effect for differ-
ent percentile occupants, positions and collision time-frames 
(pre-crash and in-crash). It is evident from Figure 12 that 
the control valve developed in this work can control the 
pressure. Three pressure history curves (Figure 12) can be 
applied to the following scenarios.

� Scenario 1: No pre-crash information available.
Suppose the airbag has to deploy without pre-crash 
information and optimisation. In this case, the valve can 

Figure 10. Percentage agreement (Arel) between measured and predicted inlet pressure: (a) Test 1 vs. Simulation 1; (b) Test 2 vs. Simulation 2; (c) Test 3 vs. 
Simulation 3.

Figure 11. Mass flow rate obtained from Simulations 1, 2 and 3.
Figure 12. Can pressure comparison for stationary (Test 1) and dynamic (Tests 
2 and 3) operation.
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be kept open (Test 1 in Figure 12) after the trigger, 
which is similar to igniting a pyrotechnic inflator. In this 
configuration, the control valve with a cold-gas inflator 
offers the same protection with extended time since the 
deflation is slow. However, the trigger time can be 
adjusted to control the pressure as per requirements and 
the interest of implementation.

� Scenario 2: Optimisation for in-crash phase.
In-crash pressure modulation is crucial to minimise the 
occupant rebound after the impact with the airbag. Here, 
lowering the pressure rise rate is beneficial to reduce the 
rebound velocity. Thereby, the chance of hitting the 
headrest can be mitigated. Accordingly, the pressure 
curve in Test 2 can be applied in real time to mitigate 
the injuries. From Figure 12, it can be observed that 
until 30 ms, the pressure rise is the same, which provides 
the same unfolding and inflation time. However, after 
30 ms, since the pressure rise rate is reduced, momentary 
softness is created in the bag, which allows larger dis-
placements reducing the deceleration rate. Although 
10 ms valve closing resulted in 0.031 bar peak pressure 
difference, it is beneficial in reducing the bag stiffness 
during the ride-down phase. Contrarily, if the pressure is 
decreased beyond the pre-defined threshold, then the air-
bag will bottom out, and the occupant will hit the vehicle 
structure. Hence, this application requires careful analysis 
of the requirements through occupant safety simulations 
and corresponding validation tests.

� Scenario 3: Pre-crash information with out-of-position.
Occupants’ situational awareness reduces due to belief in 
automation, which leads to out-of-position poses. In 
such cases, the airbag can be deployed and kept at a 
lower pressure until the occupant contacts the airbag. 
The pressure can be increased after contact. The control 
strategy of Test 3 can be applied to inflate the airbag 
with a minimum pressure of 0.9 bar at 25 ms. When the 
occupant impacts at 50 ms, the pressure can be increased 
again. Airbag-mounted contact sensor can be helpful in 
this context to identify the occupant contact time and 
estimate the area. In previous work of this research, a 
tactile contact sensor was developed that can be inte-
grated with the airbag [18].

The occupant’s rebound velocity increases if the bag is 
stiff (higher pressure), resulting in an injury probability 
increase arising from impact with the headrest. The pressure 
difference at 60 ms for different tests is approximately 320 
mbar. For the same scenario, the pressure curve in Test 3 
yields fewer injuries than in Tests 1 and 2, considering the 
airbag will not bottom out.

There was 31.34 ms time difference at 1 bar for different 
tests. Dt is crucial when TTC and pre-crash information are 
available. From the baseline, the pressure can be scaled for 
optimum safety in the time domain by Dt, based on pre- 
crash and occupant information, which requires crash and 
occupant safety simulations.

In summary, the standalone CFD model showed good 
fidelity with test results for the open valve. However, the 

geometric model needs improvement for closing the valve 
and avoiding leakage, which can be solved by decoupling 
the simulations. There was an excellent correlation between 
the model and the laboratory tests. However, crash and 
occupant safety simulations are required to determine the 
valve’s actuation timings, Dt, trigger times and inflator 
pressure.

5. Conclusion

The novel valve design provides an opportunity to control 
the airbag’s inflation in real-time. The valve can be actuated 
during the in-crash phase at different times with pre-crash 
information to regulate the pressure for diverse anthropo-
metries. If pre-crash information is unavailable, then the 
valve trigger time can be adjusted based on the crash sever-
ity estimation. Suppose the deployment time is not a vari-
able. In that case, the airbag still offers better protection due 
to the slower deflation of the cold gas compared to the 
faster deflation of the pyrotechnic airbag. If needed, the 
pressure can then be controlled based on occupant contact 
with the bag provided by the textile sensor mounted on the 
bag. In addition, it improves the protection for standard 
and out-of-position poses for diverse anthropometries with 
pressure modulation and addresses the limitation of present 
pyrotechnic inflators. Further, the article also presented 
inflation strategies for pre-crash detection, out-of-position 
poses and different sizes of occupants. These findings rely 
on both comprehensive simulations and experimental 
verification.
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