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Qualification of Driver Section
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Driver Qualification campaign

High-pressure combustion
Driver performance

ESTHER operational mixtures

Expected shock wave speed

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 241 April 2024



Qualification of Driver Section ESTHER Vacuum Systems e Concluding R
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Driver Qualification - Combustion Chamber
A
e 50 L He/N2:H2:02
® Filling pressure up to 100 bar
® Laser ignition (1 of its kind)
® He:H,:0, ~ 8:2:1.2
® N,:H>:0, ~ 10:2:1.4

Optical
Ports
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Qualification of Driver Section
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ESTHER experimental Hall
Combustion chamber and Laser Ignition System

e

‘ .l‘.z O’A.‘ il
S

|‘ S ‘\\V’ |

\

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024



Driver Qualification - Laser Ignition System

~2000 mm N 1600 mm
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® High-power Nd:YAG laser ® 452 mirror @ Bi-convex focusing lens © Gas input port
1064 nm 5 ns 200 mJ @ Half-wave plate 100 mm © Gas output port
O Red diode laser ® Beam spli .
z plitter . O Kistler gauge
© 45° mirror cube ® Combustion chamber

@ Sapphire Optical

® Diaphragm/blank Window

® 452 mirror ® Beam dump




Qualification of Driver Section
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Driver Qualification - Objectives

[ Driver Qualification ]
|

Operational
objectives

Physical

quantities

_ /) Compression
Filling ratio Flame
pressure velocity
Rati i ;
. Maximize atio - Combustion Detonation
Validate Studies ease
Laser ignition peak Inert gas
pressure dilution
- Acoustic
Consolidate Foousing waves
Deflagration lens
— results from -/

mode "bombe"

Minimize —‘
oscillations || Quantification and

systematic analysis|

Repeatability Performance
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Qualification of Driver Section
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Driver Qualification - 100 Shots

\ Helium diluted shots Nitrogen diluted shots

Number of shots 65 35
Filling pressure (bar) 5-100 10-100
Peak pressure (bar) 35-660 40-550
Inert gas dilution (%) 54-76 56-78
Air:fuel equivalence ratio 0.45-2.04 0.75-1.38
Focused ignition 58 32
Unfocused ignition 7 3
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Qualification of Driver Section
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Driver Qualification - Combustion Evolution

N

: |

Pressure signal
example

/A at constant velocit, v ransition to tulip flame

Flame front propagation inside combustion chamber. '
150 1

Pressure Signal

® Second slope t} =

® Laser firing t =0 ® Tulip flame transition gm
® Combustion start t; ® End of combustion t3 &

50
® Flame front hits wall t ® Cooldown phase
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Qualification of Driver Section
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Driver Qualification - Pressure Effects

Increasing pressure

§r——— 7
|| & Helium diluted & Nitrogen diluted
® Similar compression L >
ratio | ko2
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Compression ratio comparison for the “typical” [X:H2:02] 8:2:1.2 shot
at different filling pressures.
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Qualification of Driver Section
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Driver Qualification - Pressure Effects

Increasing pressure 450 —

: ——S076 p,=20 bar|]

400 F — 5034 p,=50 bar

350 .

® Increased acoustic %300:— E
oscillations S 250 ‘ ]

; r b

® More Detonation © 200 g
o L ]

prone Saenb ‘ } ]
150} l | ‘ l m w Mlh ‘ “ | i

i i {1

100 : m ' ” ‘w I

50 3
[0 s e S E S SR B SR
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Time (ms)

Variation in pressure signal comparison for S034 (pp=50 bar) and
S076 (pp=20 bar), Xy = 64%, A\=1.40.
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Driver and STAGG
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Driver Qualification - Dilution Effects

Increasing dilution: o No lens

11+ *
o 8 ¢ 100 mm

® | owers compression 10F 7
ratio %

15

8 ¢ 4% ]

o ‘e
| ¢ %

S ,
st @ ,
o

4 I I I I I
50 55 60 65 70 75 80

Helium %
Scatter plot of compression function of helium dilution, O2:H; equivalence ratio in
color-axis, focal lens distance in markers symbol.

Compression Ratio
0,:H, Equivalence Ratio

0.5
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Driver and STAGG
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Driver Qualification - Dilution Effects

Increasing dilution:

® \Weaker acoustic
oscillations

® | ess Detonation
prone

R. Grosso Ferreira
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Time (ms)
Pressure signals for different diluent molar fractions, S034 64% (blue) and S035
67% (red). pp=>50 bar, A=1.40 and lens focal distance 100
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Driver and STAGG
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Driver Qualification - Dilution Effects

——S081 XN2:72%
—SO31XH=72%
3

Increasing dilution:

400

350

w
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Pressure (bar)
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® N, shots lower
compression ratio

al
o
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0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400

Time (ms)
Pressure signal comparison for different diluent gases, helium in S031 (blue) and
nitrogen in S081 (red). pp=60 bar, A=1.20 and lens focal distance 100 mm.

® N, combustion is
more unstable
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Driver and STAGG

008000000
Driver Qualification - Air:Fuel Ratio

Leaner mixtures:

550
500
® Slight reduction in 450; E
compression ratio E 1
400 g
® | ower acoustic 350 “"““ (T IeAN
- 8| i
oscillations g ! ‘””
o 300° ””"”
> [
® More stable @250 !
combustion T 00k A ]
£ [ ]
150 F ‘ =
100; // é
n n ; :
)\ o (ﬂ) woF 1
NH2 NH2 stoichiometric OEH‘H‘“HH“"“HH‘HH‘HH‘HH‘H H"‘H‘HH‘HH‘HH‘HH‘HHE

P
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (ms)
Pressure signal comparison of shots at pg=70 bar, Xy.=71%, S032 (blue) and S033
(red) and lens focal distance 100 mm
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Driver and STAGG
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Driver Qualification - Focal Lens Effects

Unfocused ignition

800 \

— S046 unfocused
S047 focused |4

® Only for pp > 30 bar 700;

® Irrad. ~ 10° < 10%° 600 |
W/cm? (min in literature)

3]
o
o

® Similar compression ratio

® |ncreased turbulence

Pressure (bar)
iy
o
o

w
o
o

® Shorter combustion

200 |

® Slightly higher detonation [
prone 100k

O: n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n
0 25 50 75 100 125 150
Time (ms)
Shots S047 and S046 pressure signal comparison, pp=80 bar, A=1.39 and
XHe=70%
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Qualification of Driver Section
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Driver Qualification - Resume

Compression Flame Acoustic Detonation

ratio speed wave ease
Po T o~ 4 ) )
XHe T 4 {
He — N> 4 4 )
No Focus lens T 0
ESTHER Driver operational parameters:
Filling pressure py (bar) | 10 50 60 70 80 100
Mixture He:H,:0, 8:2:1.2 8:2:1.2 8:2:1.2 8:2:1.3 8:2:14 8:2:1.4
Peak Pressure p,..« (bar) 61.5 334 400.5 425 528 660
Mixture N,:H,:0, 10:2:1.4 10:2:1.4 - - - -
Peak Pressure pp... (bar) 38 190 - - - -

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24 April 2024 13 /37



R. Grosso Ferreira

ESTHER Vacuum Systems
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ESTHER Vacuum Systems

ESTHER vacuum requirements
Vacuum equipment

Vacuum test campaign

PhD Defense - Development and Qualification of the ESTHER
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Vacuum overview

ESTHER vacuum pressure and overpressure requirements:

Dump Tank

Shock Tube/
Test Section

Compression Tube Qﬁ

as collection and
erodynamic test:

>

Driver/
Combustion Chamber

10"2 mbar
(6 bar)

~1076 mbar
(20 bar)

Adjust shock velocity:

N 1072 - 10*3 mbar
Withstand detonation: (70 bar)

1 - 1000 bar

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024



ESTHER Vacuum Systems
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Shock Tube - Vacuum System
Shock Tube / Test Section
Binder Mechanical Binder Mechanical
Arm Plug Arm Plug
LP Sensor LP Sensor
Gate Valve! o Gas Filling System Gate Valve
Edwards STP603 Edwards STP603
Turbomolecular Pump' 'Turbomolecular Pump
Edwards GX600L
Primary Pump
Shock Tube vacuum system -
PID Scheme for Shock Tube vacuum system partial photo
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Shock Tube - Leakage Test

Helium Leakage Test Methodology:

-" [ Connection to vessel
vacuum pumping system,

Go to next

Baseline readout : < —
of He spectrometer legﬁs:)zl; o N YES
-
v
Select leak (
source to Insolate the | Inject He .| Readout s value
test test region ‘ into leak leak value good?
Apply Identify leak NO—!
correction cause
_
Common problems/limitiations:
® (Cleaning and outgassing ® Bitten O-ring
® Surface state ® |nsufficient torque Helium leak detector setup
® Copper ring ductablity ® Cross-threaded bolt

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 20 / 37



ESTHER Vacuum Systems
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ESTHER Vacuum Systems - Achievements
Date | puitimate CT side (mbar) | putimate DT side (mbar) | p (mbar/s)

12t May ‘ 3.70 x 107° ‘ 2.12x107* ‘ 9.99 x 1075
Sub-Assembly | Limitation | Correction
Diaphragm holder ‘ Clamping diaphragm ‘ Re-design
ST7-1 Plug ‘ Copper ring did not plastically deform ‘ Annealing the ring at 450 °C
Gauge DT side | Leakage at O-rings | Replace O-ring
Debris from threaded holes Re-Threading and cleaning
Tee arm DT side Surface state Polishing surface
Bitten copper ring Replacing the ring
QOils Surface cleaning

Inner tube surface .
tbe st Outgassing System held under vacuum

Date | puttimate CT side (mbar) | putimate DT side (mbar) | p (mbar/s)
25t July | 9.89 x 1077 1.33x107° | 1.31x10°°

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24 April 2024
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Vacuum
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Vacuum - Diaphragm material test

® Aluminium 0.3 mm (top right)
©® Shear cut

® Tin 0.1 mm (top left and
bottom right)

@ Shear cut
® Buckling
© Plastic deformation

® Tin 0.3 mm (bottom left)

@® Buckling
@® Plastic deformation

Test diaphragms for shock tube section

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 14 / 29



Vacuum
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Vacuum - Diaphragm holder

- %// e e ome
.

<
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Test CT-ST

diaphgram
! ) Bolted 6xM8 | = Test ST-DT
{_Sealing edge diaphragm
i Bolted 6xM8
I r -
| Diaphragm
i 0-Ring 0-Ring
|
= Diaphragm holder §7_

: b

— o

Current diaphragm holder design for the ST-DT
section, similar to CT-ST section.

CAD of the blank and shock tube assembly for the
vacuum test using O-ring sealing, based on University
of Queensland design.
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Vacuum
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Vacuum - Pressure signal

T T T T T T o
10 T
Primary pump on Shock Tube (CT Side) |1
S T 0T s
2 ]
10° L N
10 Turbo pump on
0ok Pumps turm off and ST valves open
g g
E €
v {Turbo pump on E
2 Turbo pump on) 2
2 102k 1 2
810 g
& &
104 |
ST valves close
ST valves open and close
e
106 I I I I I I I 107 . . . . .
o 50 100 150 200 250 300 350 o 100 200 300 400 500 600
Time (min) Time (min)

Pressure time evolution for vacuum tests after
correction of small leak sources (03" of July 2023).

Pressure time evolution for vacuum tests after
correction of leak sources in the tee section (25 of
July 2023)
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ESTHER Vacuum Systems
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ESTHER Vacuum Systems - Main Achievements

Operation of helium mass spectrometer leakage detector

Major leak sources identified and correct
® Copper ring annealing
® Surface state treatment

® Qutgassing
Sub-1% gas contamination rate

Reduction of leakage rate by two orders of magnitude

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER
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ESTHER Diagnostics
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ESTHER Diagnostics

Emission spectroscopy

Compact microwave diagnostic

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024



ESTHER Diagnostics
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ESTHER Spectroscopy - Requirements

VUV and Visible Spectrographs and IR Spectrograph and High-speed camera
Streak cameras

® 100-300 + 200-850 nm wavelength ® 1-5 um wavelength

® Spectrograph = wavelength separation ® No photocathode IR radiation

® Streak camera = time separation ® Cannot use streak camera

® Blur due to integration time

CRT TV does not have blur or lag,

works similar to a streak camera Integration time on CCD camera causes the blur

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 25/



Vacuum Systems ESTHER Diagnostics
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ESTHER Spectroscopy - Fast VUV Optics

Requirements:

Shock Tube
Center Axis

® To be mounted in ST8

® Hold a sapphire window

@

® Guarantee the 12° light cone \\\}\\\\\ I
N IOSS
(\I\

° Ensure vacuum seal
~ 1078 mbar

® Handle 3500 N of instant
force

® O-Ring to DN100 ConFlat
seals adapter

@® ST8 Plug ® O-Ring
® Window adapter @ Sapphire Window

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 26 /37



ESTHER Diagnostics
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ESTHER Spectroscopy - Fast VUV Optics

Requirements:

® To be mounted in ST8

® Hold a sapphire window
® Guarantee the 12° light cone
Shock Tube axis
® Ensure vacuum seal
~ 1078 mbar 4
2 f@
® Handle 3500 N of instant 1
force —
® O-Ring to DN100 ConFlat =S|
seals adapter
@ ST8 Plug Assembly ©® Vacuum bellow @ Spectrograph
® O-Ring to DN100CF adapter @ Optics box @ Streak Camera

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 26 /37



ESTHER

ESTHER Spectroscopy - Fast VUV Qualification

T 77§ireak camera

“Streak camera
pptical relayb

| ]

=

VUV Spectroscopy setup assembled and tested Nov 2019
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ESTHER Diagnostics
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ESTHER Spectroscopy - Fast VUV Qualification

o

600 800
Wavelength (A.U.)
T T

Wavelength Resolution:

® Center Position:

6
= 628 px
S4r . .
e ® Dispersion:
g
3 0.0128 nm/px
0 . : : : s ‘ ® Full scale range:
580 590 600 610 620 630 640 650 660 670
Wavelength (A.U.) 17.19 nm
6 T T
~ ® Resolution:
341 0.36 nm - left
2
Sof 0.23 nm - center
© 0.32 nm - right
O0 200 400 600 800 1000 1200

R. Grosso Ferreira

Wavelength (A.U.)

PhD Defense - Development and Qualification of the ESTHER

Validation tests using the 1200 gr/mm
grating and Hg 254.65 nm line

Five measurements of
peak location:

® Accuracy:
4.5 px
Peak intensity to noise

standard deviation:

® Signal-to-Noise:
3425




ESTHER Diagnostics
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ESTHER Microwave Interferometry - Principles

Principles :

® Minimum frequency for EM
wave propagation
® f > fye - Wave crosses

® f < fpe - Wave reflects back

® For non-magnetized plasmas
1 nee?
[ ] _ = e
f;’e — 27\ meeg

Equipment requirements:

® Light & compact dimensions

® Off-shelf components
® Adequate for space
environment
® Launcher shock/vibrations

® Work under vacuum
® Thermal resistant

Plasma flow

Viiidleidididediidiied

Reflectometer 2

emission antenna
CBLL :

Tx

CBL2 :

Rx
Reflectometer
receiving antenna

2zl

Interferometer

: antenna

EM Wave gains
a phase delay

Colaboration with CupidoTech and IPFN reflectometry group

R. Grosso Ferreira

PhD Defense - Development and Qualification of the ESTHER

241 April 2024

29

37



Diagnostics
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Interferometry /Reflectrometry - Working principle of interferometry

Expected result diagram

® When the plasma is on, a
slower wave propagation
in the plasma

® An amplitude (phase
shift) change is the

. . Phase
detected by the diagnostic

Shift

Amplitude Shift

Amplitude (a.u.)

® Detector measures the r
amplitude value .

® Needs to convert from
amplitude to phase shift

Plasma off
Plasma on

Optical path (a.u.)
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Diagnostics
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Interferometry/Reflectrometry - Reflectometry vs. Interferometry

® Varying/sweeping frequency ® Fixed probing frequency

® Used on fusion tokamaks ® Used on Hall thrusters

® Suited for large devices v/ Can measure foe < f

v/ Differential signal X Signal is integrated over space

v/ Complete spatial profile X Requires a reflecting surface or two

X Probing f ~ f, face-to-face antennas

. . X Profile needs an Abel-inversion to be recreated
X Requires complex algorithms

TCV fusion reactor in Switzerland - Curdin Wiithrich/SPC/EPFL

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER



ESTHER Vacuum Systems ESTHER Diagnostics
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ESTHER Microwave Interferometry - Working Frequencies

Shock tube plasma

1024
® 1D axial-symmetric 102
® Small size (1-2 cm) 100 =
% 5
® Short time frame ;1013 >
(1-10 ps) 5 3
. . 3 10 T
® Very high peak density 2 %
=] ——Earth 5
above 10 km/s 2 04— wars 7101 3
23 -3 ~——Venus slow
(10 m ) - - = Venus fast
1012 H{—Titan 3107
® Relative low density below e
18 -3 10 T I I I I
10
6 km/s (10°° m™) 0 02 04 06 08 1 2

Distance to shock front (mm)

Electron density in shock tube for typical entry conditions in different
atmospheres
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Diagnostics
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Interferometry /Reflectrometry - Functional requirements and challenges

Requirements:

® One optical windows
® Fast acquisition system

® A priori estimation of n./fye range

Challenges:

® Needs large enough optical window

Wave reflection at
the metal plate

® Face-to-face windows work better than
reflecting at the tube wall

Shock direction

® High-speed shocks = very high n./fpe =
new tech (THz)

® Probing frequencies need to be well
suited

23 mm

® Too low = reflect back
® Too high = small phase deviation

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 241 April 2024



ESTHER Diagnostics
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ESTHER Microwave Interferometry - IPFN compact microwave diagnostic

Back-End IPEN compact interferometer/reflectometer

® Voltage controlled oscillator (70.8-112.8 GHz)

® 8-12 GHz (or 12-18 GHz) oscillator

Antennas

® Digital arbitrary waveform generator

® Controlled via a TCP/IP connection
Front-End

® Frequency multiplier (6 factor)

® 70.8-112.8 GHz (NATO W bands)

® Dedicated waveguides

® Two side-by-side horn antennas

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 31 /37



ESTHER Diagnostics
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ESTHER Microwave Interferometry - Proof-of-concept experiment

Setup for proof-of-concept experiment

ey = . =
: Data acquisition Fluorescent lamp
® Interferometer mode fixed oscilloscope S A g as plasma source

f=70.8 GHz

® Fluorescent lamps as
plasma source

® Reflection on the metal
plate

® Fast oscilloscope for data
acquisition

Interferometer

R. Grosso Ferreira PhD Defense - Development and Qualification of the ESTHER 24th April 2024 32 /37




Systems ESTHER Diagnostics
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Introduction

ESTHER Microwave Interferometry - Proof-of-concept experiment

o e,

0

e Similar results to Liu
fle =0.8—5.3x 10" m™3

R. Grosso Ferreira

MM

-0

e Partial reflection of
waves on the glass

I
0 0.1 0.2 0.3 0.
Time (s)

PhD Defense - Development and Qualification of the ESTHER

e Difficult alignment of
antennas, lamp and plate

R

e Polished plate works
better as a reflector



Testing @ VKI minitorch

* Promising results

* Frequency pulsation of the torch
measured by the interferometer

« Spatial limitations: Only one location
could be observed, question on how
much phase shift was being measured
(@?@+2n? @p+4n?)

* Probably very high electron densities,
a larger frequency multiplier (ours is
6x) would have been more adequate.

Image courtesy of D. Luis, VKI, with permission




Trigger System Testbed




VUV Streak Camera Final Setup




Test Gas Filling System




Cables!




A Series of Unfortunate Events

« 25" July: One turbomolecular pump
destroyed due to backflow from primary
pump
- ...at least the restraint system worked and it didn’t

went flying through the experimental hall

« End of August: 5.3 magnitude Earthquake
strikes Lisbon

- Fortunately no casualties but requires safety
inspection of the driver Gas filling system

 Hiring process of an assistant researcher
responsible for diagnostics (due to start on 1%
October) fell through.

— We have a brand new opening for a specialist
on shock-tube diagnostics @ ESTHER




Beatings will continue until morale improves

« Safety Inspection scheduled for 19" September
* Replacement pump and parts being ordered. 12 weeks delivery time

* We are improving resiliency of the vacuum & control system to improve
resilience

* The “Abel” pumping side is blanked we can still work, just with reduced
vacuum performance

e Purchase of a cheaper (<1k€) - more compact laser (probably from
AlIEXpress)

* First shockwave test postponed to October (?)



Published Works on Driver Qualification

International Journal of Hydrogen Energy 58 (2024) 948-953

Contents lists available at ScienceDirect

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

Short Communication

Unfocused laser ignition of high-pressure He-H,-O, combustible mixtures

R. Grosso Ferreira®", B. Carvalho?, J. Rodrigues *", R. Rodrigues?, A. Smith ¢, L. Marraffa ¢,
M. Lino da Silva®

® Instituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001, Lishoa, Portugal

b Departamento de Fisica, Faculdade de Ciéncias e Tecnologia, Universidade do Algarve. Campus de Gambelas, 8005-139, Faro, Portugal

¢ Fluid Gravity Eng., The Old Coach House, West Street, Emsworth, Hampshire, PO10 7DX, United Kingdom

4 European Space Agency/European Space Research and Technology Centre, Aerothermodynamics Section keplerlaan 1, PO Box 299, 2200AG, Noordwijk, The
Netherlands

Check for
updates.

JoURNAL OF THERMOPHYSICS AND HEAT TRANSFER

Vol., No. |

Combustion of High-Pressure Hydrogen Diluted
Mixtures in ESTHER Shock Tube

Ricardo Grosso Ferreira,Z Bernardo Brotas Carvalho,” Rafael Rodrigues,® Luis Lemos Alves 2
Bruno Gongalves,d and Mirio Lino da SilvaZ
University of Lisbon, 1049-001 Lisbon, Portugal
Lionel Marraffal
University of Lisbon, 1049-001 Lisbon, PortugalESA, European Space Research and Technology
Centre, 2200 AG Noordwijk, Netherlands
Victor Fernandez VillaceZ
ESA, European Space Research and Technology Centre, 2200 AG Noordwijk, Netherlands
and
Arthur Smith#
Old Coach House, Emsworth, Hampshire, England PO10 7DX, United Kingdom

hups:idoiorg/ 10.25 1471 Te963

European Shock Tube for High-Enthalpy Research (ESTHER) is a new state-of-the-art combustion-driven shock
tube developed for supporting future ESA pl. v exploration missi Iis high-pressure combustion driver sports
a unigue innovative design where a mixture of He 10y or Ny TH, 10y gases, filled to pressures up to 100 bar, is
ignited by a high-power Nd:YAG laser. The qualifi wn of this facility driver has allowed lor the detailed study of
laser-ignited combustion processes at high initial pressures (in the 5-100 bar range), over a series of 100 shots carried
out for different figurations and gas miy 5. The inflluence of the air-to-fuel ratio, flling pressure, inert gas
dilution, and ignition mode have been studied and are presented in this work. The effects of nitrogen vs helium dilution
are also discussed. Filling pressure and helium/nitrogen dilutions have the strongest inflluence in peak pressure,
acoustic oscillation, and combustion velocity. The first two increase, whereas the latter strongly decreases with the
filling pressure. Nitrogen diluted shots have drastically lower compression ratios and Mame velocity when compared
to the helium ones. Acoustic perturbations/instabilities are also found to be stronger. This test campaign allowed the
deli pn of a large range of stable and reproducible firing conditions in deflagration mode, yielding pos
pressures up lo 660 bar,
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