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https://www.sciencedirect.com/book/9780081008706/dynamic-deformation-damage-and-fracture-in-composite-materials-and-structures

Introduction
Objectives

= The scope of this work is to study the efficiency of water spray/mist of different
volumetric density and different absorbing materials with different thickness to
attenuate the strength of a blast or shock wave generated by an explosion.

» The tests are designed by KIT and PS and performed inside the HYKA A2 vessel
of 220 m3 volume (6 m diameter, 9 m height).

= Shock wave source: H,-combustion unit

Water spray:

rate, kg/min
[Spray | 0 2
. 2 2

Spray

Absorbing materials:
e e =
materlal pol urethane glass wool
20 mm XXX
X X X Acoustic foam
120 mm Thickness,50 mm X
Th|ckness, X XX X
200 mm
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Test schematic

reflected SW reflected SW
steel wall Ke soft materials
/ !
-/ @
. , Incident SW Wall I !
H,/air detonation

High-Pressure Water Mist Full cone spray nozzle

Mist dominated
spray

Droplet
dominated

Pressure sensors

. Incident SW Wall

- H,/air detonation is used as SW source.

- Incident SW history and the reflected SW history are measured with a traverse of
pressure sensors.

- The difference of the reflected SW from the steel vessel wall to the reflected SW
from absorbing (soft) materials is used to quantify the shock wave attenuation effect
of the absorbing materials.

- The shock wave attenuation due to water spray is quantified by the comparison of
shock wave histories with and without spray.
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Shock wave source
W
Combustion unit 30 % H, in air @] p [z gasanalyser
BN

-The hydrogen combustion units are i
designed for the strongest possible
(unconfined) combustion with low H, A IR covered with
amount (%2 g H,up to 16 g H,) thin ol

Used model =4 g H,

Cube size: (30% H, in air) = face length of 0.55 m
Obstacles were grids (6.5 x 0.65 mm; 48 layers)

feed line spark ignition

exhaust line

N
L

HyTunnel-CS dissemination conference 14-15 July 2022, Brussels, Belgium



Experimental setup

Co_mbustion
4 g H, -detonation (5000 f/s)  Shape of the shock wave: 40000 fis ~ Unit l

P02 P01
~1m
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Experimental setup esor T/ Nommer b

Traverse of 7 pressure sensors ( P01 to PO7) POt 1362 21613 14
P02 112A22 25826 3,5
Data Sample rate 1 MS. P03 113B28 21677 3,5
P04 112A22 25827 3,5
PO5 113B28 21624 3,5
P06 113B28 21621 3,5
PO7 112A22 25820 3,5
Top view side view Distance: Ground to

spray nozzle =4 m

PO1

1 1 ) [ B
i

PO

po1 P02 pg3 P04 posPU6po7
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Sprinkler Systems

Mist-dominated

Pressure: 100 bar

Nozzle: Danfoss (SEM-SAFE®)
Type: HNMP-5-10-1.19-00

Hzo(loo bar): 9 l/min (per nozzle head)

Droplet size: 10 — 50 pm (20 — 100 pm)

Two nozzle head:

Three nozzle head:

18 kg/min;
1-1.8 kg/min/m?

27 kg/min;
1.5-3 kg/min/m?

Droplet-dominated

tu Y )el

Stainless steel spiral full
cone spray nozzle

Pressure: H,O grid
Droplet size: large

40 kg/min
~4 kg/min/m?

Two nozzle head

0,4

0,2
E 0,0
>

0,2

0,4

0,5 1,0 1,5 2,0 2,5 3,0

Three nozzle head

0,5 1,0 1,5 2,0 25 3,0
mm/ min (H20)

70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Water charging on the ground
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Sprinkler System “mist”: Three nozzle head
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Sprinkler System “droplet”: Full cone spray nozzle

!!!!lll L3

Test side
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Pressure histories: Water sprays and mist systems

Sensor P1
4 1,20
35 Test01 Test02 Test03 1,00
3 Test0d —Test0S — Test06
N est04 est05 estO! 0,80
' —Test07 —Test08 —T
g est0 est08 est09 0,60
3 —Test10 3
: 15 2 040
[-S 1 o
0,20
0,5
M—Qﬂ
0,5 " -0,20
-1 -0,40
-0,0005 0 0,0005 0,001 0,0015 0,002 0,0025 -0,001
t/s
Sensor P7
0,5
3500
04
Test0l Test02 Test03 3000
03 TestO4 —Test0S — Test06
Test07 ~—Test08 —Test09 2500
2 Test10 é 2000
- €
i S 1500
1000
500
0,2 0
-0,001 [ 0,001 0,002 0,003 0,004 0,005 0,006
t/s

0,001

Sensor P3
TestO1 — Test02 — Test03  Test04
Test0S —Test06 —Test07 —Test08

~—Test09

Test10

0,003 0,005

t/s

0,007

Pressure amplitude reference tests

1000

Reference Droplet (Test 01)
Reference Droplet (Test 04)

Reference Mist 3 nozzle (Test 06)

@ ¢ 0O »p

Reference Mist 2 nozzle (Test 09)

= == Poly. (average)

vessel wall

0,009

e |

Reference
01 no spray
02 droplet
03 droplet

Reference
04 no spray

05 mist high

Reference
06 no spray
07 mist high
08 mist low

Reference
09 no spray
10 mist low

Shock wave amplitude and impulse+ of reference test are normalized to one.

t%el
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Shock wave attenuation by water spray

The attenuation is
qguantified by the
comparison of shock wave
amplitude and impulse+
with and without spray.

Shock wave amplitude

Droplet spray =10~ 15 %
Mist spray =10~ 30 %

Shock wave impulse+

Droplet spray = slight effect
Mist water spray = 10~ 20 %

Amplitude: Mist two nozzle head

1,2
RPN S — -
g ° ®
g 08 ® L]
g ® o @ )
e . %
= 0.6 [ ]
=
=
ful .
s 0,4 @ Mist 2 nozzle (Test 08)
a 02 ® Reference Mist 2 nozzle (Test 09)
@® Mist 2 nozzle (Test10)
0
0 1000 2000 3000 4000 5000
x/m
Amplitude: Mist three nozzle head
1,2
g [ ] o
3 0,8 © 0 g ¢ (o]
e L] H 1)
@
=0,6 o L ]
=
5
504 © Mist 3 nozzle (Test 05)
:u ; —e—Reference Mist 3 nozzle (Test 06)
@ Mist 3 nozzle (Test 07)
0
] 1000 2000 3000 4000 5000
x/m
12 Amplitude: Droplet full cone
o
1 98200 —pof —e—
g g ° p . ® o
@ 08 ® ® L ]
2 [
@
Zo06 L4
]
=
o4 @ Droplet (Test02)
a
o ~@-Reference Droplet ( average Test 01 and 04))
0,2 @ Droplet (Test03)
0
0 1000 2000 3000 4000 5000

w/m

12

1+{sprey)/1+{reference)
=]
(2]

1,2

0,8

I+(sprey)/I+{reference)
o
(2]

=
- Y]

e
%

£
-

I+(sprey)/1+{reference)
o
-

e
%]
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Impulse+: Mist two nozzle head

© Mist 2 nozzle {Test 08)
® Reference Mist 2 nozzle (Test 09)

® Mist 2 nozzle (Test10)

1000 2000 3000 4000 5000
x/m

Impulse+: Mist three nozzle head

© Mist 3 nozzle (Test 05)
@ Reference Mist 3 nozzle (Test 06)

@ Mist 3 nozzle (Test 07)

1000 2000 3000 4000 5000
x/m

Impulse +: Droplet full cone

,"’g"’.‘ ........ ...a ..................... @9

® 0
e L L ]

© Droplet (Test 02)
® Reference Droplet (Test01)
@ Droplet (Test 03)

1000 2000 3000 4000 5000

x/m



Simulation of shockwave attenuation by water spray/ mist

Geometry model — HYKA A2 vessel
Droplet breakup model in COM3D simulates interaction between shock front and droplets

Discrete Lagrangian particle model simulates the liquid particle dynamics

Simulation result: overpressures are deducted by 15 — 20 % due to water presence

Press. Pa
1.415e5
1.329e5
1.242e5
1.155e5
1.069e5
9.822e4
8.956e4
8.091e4
7.225e4

t=5.17ms Press. Pa
1.256e5

1.211e5
1.167e5
1.122e5
1.078e5
1.034e5
9.892e4
9.448e4
9.004e4

Press. Pa
1.298e5
1.247e5
1.196e5
1.145e5
1.094e5
1.042e5
9.913e4
9.401e4
8.890e4

Overpressure, Pa

5.0x10*

4.0x10*

3.0x10*

2.0x10*

1.0x10*

0.0

-1.0x10*

= === Gaugel @1.74 m, with mist
' Gaugel @1.74 m, no mist
= === Gauge2 @2.18 m, with mist
g\ Gauge2 @2.18 m, no mist
j = === Gauge3 @2.61 m, with mist
: Gauge3 @2.61 m, no mist

\ ) [\ - - = Gauge4 @3.05 m, with mist
I Gauge4 @3.05 m, no mist

ik

S
o | ~ -

2x10°  3x10° 4x10° 5x10° 6x10°

Time, s

(c) Simulation result
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Absorbing material

Foam polyurethane (soft foam):

Density: 25 kg/m3
Open surface structure
Bubble size: ~1/3 mm

Compression hardness: 4 kPa
(40 % deformation)

Reflection by polyurethane plate (2 mx 1 mx 0. 12 m)

t (el
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Absorbing material

Absorbing materials (2 m x 1 m) is fixed on the wall of the safety vessel.

Expanded polystyrene Glass wool Acoustic structured foam 50 mm

Closed surface structure Density: 12.8 kg/m3 Design: acoustic wave attenuation
Resistance to pressure: Open surface structure Density: 28 kg/m3
(acoustic glass wool) Open surface structure

100 kPa (10 9% deformation) Compression hardness: 4 kPa

(40 % deformation)
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Shock wave propagation

Reflection on steel Reflection on acoustic foam material
X,m / l‘",\ X.m JI |
248 P\\ \‘I:‘\WAWW AVASN SO AL P07 248 P\\ ﬁ{\\w\, “W A oot L L0 1bar
225 \M}‘Mwlw e [0t POB 225 Nj%”\‘w‘w ™[0, a1
2035 Mwwm hon s oz PO5 2035 JL\'\\AMMJMW P [0 1bar

RW SW., | RW
1625 "\»‘ R | s J0200r P04 1625 P&\»\ e L Joba

M WA " = e

. ;
sauge P3 J\ . Gauge P3
1.205 o] . [0 2bar P03 1.205 ‘ oy 8 [0.2bar
0785 \\W M [osbar P2 0.785 \\W :'. [0.5bar
0.375 | ) [bar PO1 0.375 | [bar
5 10 15 20 25 tmsmr 5 10 15 20 25 tmsmr
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Pressure history gauge P3
Combustion unit produces an highly reproducible SW.

Due to the different thickness of the tested absorbed material, the
arrival time of the reflected SW differs.

09 || Gauge P3 (shock wave and reflection)

Incident SW

reflected SW

r | f -,a ' ,h!
-0-0,0002 ‘*W\,;\ 0, nnss 0,0078 u 098

— W11 Steel t/s —W 05 Steel

W 06 Steel W10 50 mm acuostic foam
—W13 20 mm foam —W12 120 mm foam
— W14 200 mm foam —W16 200 mm foam
—W17 20 mm polystyrol —W18 120 mm polystyrol
——W19 200 mm polystyrol —W?21 120 mm acoustic glas fiber

W22 200 mm acuostic glas fiber
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Reflected pressure history gauge P3: steel vs. soft material

Gauge P3 reflected SW (Steel and acuostic foam)

0,3
0,25
0,2
@ 0,15
o
o 01
0,05
! N
0 ‘\\:\‘J"‘\-\W
-0 &00003 0,00047 0,00097 0,00147 0,00197 0,00247 0O, 97
! t/s
—W11 Steel ——W 05 Steel pre test

W 06 Steel pre test —W10 50 mm acuostic foam

Gauge P3 reflected SW (Steel and acuostic foam)

-0,0§Qg8 0,00002 0,00007 0,00012 0,00017 0,00022 0,00027
! t/s

—W11 Steel ——W 05 Steel pre test

W 06 Steel pre test

t%lel

—\W10 50 mm acuostic foam

Gauge P3 reflected SW (Steel and polystyrene)
0,3
0,25
0,2
0,15
0,1
0,05

o
0,0003 0,0008 0,0013 0,0018

-0,.00%
t/s

P/ bar

—W11 Steel W17 20 mm polystyrene

——W18 120 mm polystyrene — W19 200 mm polystyrene

Gauge P3 reflected SW (Steel and polystyrene)
0,3
0,25

0,2 X
0,15

0,1
0,05

0
-0,00008 55 0

P/ bar

0,00005 0,0001 0,00015 0,0002 0,00025 0,0003
t/s

—W11 Steel W17 20 mm polystyrene

——W18 120 mm polystyrene — W19 200 mm polystyrene
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Reflected pressure history gauge P3: steel vs. soft material

Gauge P3 reflected SW (Steel and soft foam)

0,3
0,25
0,2
5 0,15
o
~
a 01
0,05 Ly,
0
-0,0001 | 0,0001 0,0003 0,0005 0,0007 0,0009 0,0011 0,0013 0,0015
-0,05
t
=111 Steel /s—W13 20 mm polyurethane foam
W12 120 mm polyurethane foam —W314 200 mm polyurethane foam
——W16 200 mm polyurethane foam
Gauge P3 reflected SW (Steel and soft foam)
0,3
0,25
0,2
5 0,15
o
~
a 0,1
0,05
-0,00003 0,00002 0,00007 0,00012 0,00017 0,00022 0,00027
-0,05
t
=111 Steel /s—W13 20 mm polyurethane foam

W12 120 mm polyurethane foam —W314 200 mm polyurethane foam

——W16 200 mm polyurethane foam

t%el

Gauge P3 reflected SW (Steel and acoustic glas wool)

0,3
0,25
0,2
8 0,15
o
a 01
0,05
0
_DOtEODOSO,ODO 15 0,00035 0,00055 0,00075 0,00095 0,00115 0,00135
t/s
—W11 Steel ——W21 120 mm acoustic glas wool
——W22 200 mm acuostic glas wool
Gauge P3 reflected SW (Steel and acoustic glas wool)
0,3
0,25
0,2
© 0,15
o
Py 0,1
0,05
0
-0,00003 45 0,00005 0,00015 0,00025
t/s
—W11 Steel ——W21 120 mm acoustic glas wool

——W22 200 mm acuostic glas wool
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Amplitude attenuation

' Pressure amplitude compared to steel reflection
3 120
® reflected SW
. . 2,5 - 0 O — o
incident SW N U9
s 2 = 80
= =
S r— - &
a 15 g incidentSW g0
m
1 g 40 o ;
i reflected SW ; 2 ‘*’/?5 ""50 %
0 _— s & 0
-2500 -1500 500 X/mm 500 1500 2500
&= 06 Steel pre test &= W 05 Steel pre test —lﬁﬂﬂ —600 400 lﬂﬂﬂ 2400
#— W11 Steel W10 50 mm acuostic foam x}r mm
—a—W13 20 mm polyurethane foam —a—W12 120 mm polyurethane foam
131? :gnmr::np:m:::::nﬂnm 1313 igg m: E:::tr::::rmm ©-W10 50 mm acuostic foam -8-W21 120 mm acuostic glas wool
—8—W19 200 mm polystyrene +— W21 120 mm acuostic glas wool —=W22 200 mm acuostic glas wool =e=max steel
a— W12 200 mm acuostic glas wool == max steel - B
Pressure amplitude compared to steel reflection Pressure amplitude compared to steel reflection
120 120
52 reflected SW 2 reflected SW
Sty : B 0
= <
] 80 3 80
-_D. . . 60 _n' H i 60
E incidentSW E incidentSW
m m
E 40 g 40
I ~ 0 I N 0,
o 20 40 Ai o 20 20 %
=8 j= 8
0 0
-1600 -600 400 1400 2400 -1600 -600 400 1400 2400
x / mm x / mm
-8-W13 20 mm polyurethane foam -2-W12 120 mm polyurethane foam
-8-W14 200 mm polyurethane foam -@-W16 200 mm polyurethane foam -©-W17 20 mm polystyrene ~#-W18 120 mm polystyrene
—tmmaX steel -8-W19 200 mm polystyrene =o=max steel

No clear influence of foam thickness on shock wave amplitude is observed.

t%lel
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Positive impulse attenuation

A proper evaluation of the positive
impulse of the reflected shock wave
is possible only for pressure gauge
P2 and P3.

- A clear trend of an influence of the
thickness of the absorbing material
on impulse+ is observed.

- With increasing thickness of the
absorbing material, the impulse+
attenuation due to reflection increases.

- Exception is the acoustic polyurethane
foam, the reflected positive SW impulse
is higher than that from the steel wall.

0.02 +Impuls gauge P3 reflection
0,015 - e
bl = —
;] ¢ T
£ 0,01 “‘f.‘.;:_ <
ey “sel e
~ 0,005 =3
0
0 50 100 150 200
reflected layer / mm
- ® - polystyrene polyurethane foam
acuostic foam —@— steel
—&— thin structur foil --8-- glas wool
+Impuls gauge P2 reflection
0,01
. @
] O-2a
-E_ 0,005 B @
L o
0
0 50 100 150 200

reflected layer / mm
--®-- polystyrene
acuostic foam
—o— thin structur foil

polyurethane foam
—@—steel
- ® - glas wool
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Simulation of shockwave attenuation by soft foam layer

B Geometry model — HYKA A2 vessel
® Coupled COM3D-ABAQUS codes

B On the reflection foam surface:
«  thermal-dynamic boundary condition is determined by shockwave simulation in COM3D;

*  moving boundary condition is determined by crushable foam model calculation in ABAQUS
B Simulation results: foam can indeed mitigate the shockwave pressure amplitude

0 ' L gnition
2 & | |
e — . = (b) CFD model
S&T 4 = BH2 cube
4 |
Absorbing £ =N 0.16 : : : ; .
foam layer Q§f | l:""O "":[ ) e oual ~~ Reflected by steel 1
SRS 4 - AT Reflected by polyurethane foam
0.12 | I\ i
‘«.‘_‘-‘. N = ,~ | \.
— 0.1} Ia:: “ :
R e '
(a) Geometry 2 ooos| | N (c) Simulation result -
a 0.04 |- ‘,:f:'; \ N |
002t | |
-0.02 ' . . .
0.01 0.012 0.014 0.016 0.018 0.02

Time, s



Summary (SW absorbing materials)

« The SW attenuation due to reflection on soft materials was investigated inside a
vessel of 220 m3 volume. A cube sized (0.55 m) combustion unit filled with 4 g H,
was used to provide reproducible SW from a unconfined H,/air detonation.

» Comparing to the reflected SW amplitude from the steel wall, the reflected SW
amplitude is reduced by,

~50 % Glass wool (fiber) and acoustic (structured) polyurethane
~40 % Polyurethane foam (soft foam):
~20 % Polystyrene

« For the SW amplitude attenuation, no clear trend of an influence of the thickness of
the absorbing material was observed.

» For the SW impulse+ attenuation, an influence of the thickness of the absorbing
material was observed. The impulse+ attenuation increases with increasing thickness
of the absorbing materials.
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Sum mary (water spray)

« The SW attenuation due to propagation in water spray charged atmosphere was
investigated inside a vessel of 220 m3 volume. A cube sized (0.55 m) combustion unit
filled with 4 g H, was used to provide reproducible SW from a unconfined H./air
detonation.

« Comparing to the reference dry case, a shock wave attenuation effect was found when
water is injected.

* SWamplitudes are reduced by,  groplet water spray, 10 ~ 15 %,

mist water spray, 10 ~ 30 %.

« SW impulse+ are reduced by, droplet water spray, slightly,
mist water spray, 10~20 %.

The general conclusion is that water spray has a positive effect on SW attenuation.

The investigated water spray density, used in fire extinguisher systems shows a moderate
effect on SW attenuation. It is expected that high density water sprays, like a curtain or
waterfall, shows higher effect on SW attenuation.
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