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Background @/HYS

* The consequences of oxygen enriched liquid hydrogen mixtures was
studied by NASA in the 1960’s.

* Unexpected condensed phase explosions of liquid hydrogen have been
observed in recent tests (ignited tests).
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Background @IHYS

* The consequences of oxygen enriched liquid hydrogen mixtures was
studied by NASA in the 1960’s.

* Unexpected condensed phase explosions of liquid hydrogen have been
observed in recent tests (ignited tests).
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Background @’HYS

* The only source of oxygen available during these tests was the
surrounding air.

* Oxygen enrichment must have been due to the condensation of
oxygen in air.

* These were just two tests out of around 20 tests undertaken. Repeat
tests at HSE did not produce the same result.

* The probability of formation of an oxygen enriched liquid hydrogen
mixture, where oxygen from condensed air was the only source of

oxygen available, is unknown.
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Possible oxygen enrichment during @IHYS
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Nitrogen and Oxygen
Liquid and Vapour Vapour
Binary Phase Diagram - \
N =
\\
¥ 85 -
E \\»\ Liquidand
- . Vapour
o —
@ s N
S B
S 80 - —
~— ‘\\‘\\ b \
75
Liquid
70
0 0.2 04 0.6 0.8 1

Nitrogen Concentration (mol fraction)
—Vapourus Line w—— Liquidus Line

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during

condensation of air

0.79
Equilibrium Liquefaction
Vapour
el
N
\\
< 85 S
o . Liquidand
S “~._ Vapour
o e =
@ S
= N
5 80 \“\\
— T—
e
75
Liquid
70
0 0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

Vapourus Line

e

iquidus Line

@IHYS

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during

condensation of air

0.79
Equilibrium Liquefaction
Vapour
90 |o—0
o
\\
< 85 ™~
o . Liquidand .
% \\\ Vapour 82 K
5 N=— \
3 e
5 80 \“\\
- \\\‘\\
75
Liquid
0.49
70
0 0.2 0.4 0.6 0.8

Nitrogen Concentration (mol fraction)

——Vapourus Line = Liquidu:

@IHYS

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during
condensation of air .

Equilibrium Liquefaction

90 |

85

Temperature (K)

75

70

Vapour

™ Liquid and = i
~l Va o 8
g pour 89 K

Liquid

0.79

0.2

04 0.6 0.8 1

Nitrogen Concentration (mol fraction)

——Vapourus Line = Liquidu:

@IHYS

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during

condensation of air

0.79
Fractional Liquefaction
Vapour
il
N
\\
< 85 ™
o . Liquidand
S “~._ Vapour
& ",
-+ \’\
2 S
5 80 \“\\
— —
75
Liquid
0.49
70
0 0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

Vapourus Line

e

iquidus Line

@IHYS

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during
condensation of air

Fractional Liquefaction

Temperature (K)

90

85

80

75

70

@IHYS

0.79
Vapour
e
N
-
\\
\\ e Liquid and
\\ Vapour
Oxygen enriched e TR
liquid phase
Liquid
0.49
0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

Vapourus Line w—— Liquidus Line

—> Nitrogen enriched vapour
phase moves away

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during

condensation of air -

Fractional Liquefaction

90 |

85

Temperature (K)

75

70

Vapour

. Liquidand
. Vapour

Oxygen enriched
liquid phase

Liquid

0.49

0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

——Vapourus Line = Liquidu:

@IHYS

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during @/HYS
condensation of air

0.79
Fractional Liquefaction
Vapour
90 |
¥ 85 ™
° \\\ Liquidand
- . Vapour
E e
a i
= \“\\
o 80 =~ ;
- e Y N
T
75
Liquid
0.49 0.79
70
0 0.2 0.4 0.6 0.8 1

Nitrogen Concentration (mol fraction)
—Vapourus Line w—— Liquidus Line

Curve data from: National Institute of Standards and Technology (n.d.) NIST Chemistry WebBook: Thermophysical Properties of Fluid Systems. Gaithersburg, MD.



Possible oxygen enrichment during
condensation of air

Nitrogen and Oxygen *

Solid and Liquid 62
Binary Phase Diagram

"% Expenmental squdug
Experunental solidhus

Lagpudas hine
= = Saldus lee

Sl bime
o 8
E 5 Areas
g -L\_“\ 1) Single-phase (liquid)

| 2] Two-phase (liguid + y-02]
e a 1 3] Two-phase (liguid + B-N2)
- 1 4] Single-phase [solid y-0z)
' a | " "-, | 5) Two-phase | y-O2 # B-Nz)
48 il ka4 oo | 6) Single-phase (solid B-Nz)
G0 o) 0 03 04 05 O0& 07 OB 0% 10
Mole fracton N,

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

T p—
i * Eﬁrﬂmm Lsqum chws,
62 ¢ Experumental soludus
[ — Lagendias hue
o0 4 - - Solidus lne
I oo Sobors bine
o 28 b
% %6 Areas
EH 1) Single-phase [liquid)

2) Two-phase (liquid + y-02)
LY 4 3] Two-phase (liquid + B-Nz)
[ L% 4) Single-phase [solid y-0z)
s | . E | 5) Two-phase [ y-02 + B-N2)
48 il - ok Loaa o b . | 6)Single-phase (solid B-Nz)
00 o1 02 03 04 05 06 07 08 0% 10
Mole faction N, 0.9

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

H T W 1 ¥ 1 ¥

0.79
) : ) ' ) ' I | ) ) L : | - - . - - &
i - ¢  Expenmental lsqusdis
o Oxygen enriched el | o Experunental soludus
. ||C]U|d phase . 1 Lagpudas hine

=

= = Saldus lee

Sl bime
u B
E Areas
g 1) Single-phase (liquid]

2) Two-phase (liquid + y-02]
52 a 1 3] Two-phase (liguid + B-N2)
- 1 4] Single-phase [solid y-0z)
' a | " "-, | 5) Two-phase | y-O2 # B-Nz)
48 il ok Loaa o b . | 6)Single-phase (solid B-Nz)
G0 o) 0 03 04 05 O0& 07 OB 0% 10
Mole fracton N, 0.9

Nitrogen enriched
solid phase

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

0.49 0.79

H [ L I w 1 r 1 :r I- I o r 1 L u ) ) ) ) )
- . . o ¢  Experumental lsqusdis
&2 Oxyge.n enriched : &7 | ¢ Experimentl soiidum
||C]U|d phase . . | Lagsndias hee
. ) . 1 == Solphs lme
- E -~ ¢ Solvus bine
o a
. 1 .
g . Areas
; . . 3
% 1) Single-phase [liquid)

2) Two-phase (liquid + y-02]
3] Two-phase (lguid + B-N2)
4) Single-phase [solid y-0z)

#1
e
._I_H_I_H_H,_‘f_i_u_'_u_
o

g | " "-, | 5) Two-phase | y-O2 # B-Nz)
48 il ok oo a o b . | 6)Single-phase (solid B-Nz)
G0 o) 0 03 04 05 O0& 07 OB 0% 10
Mole facton M. 0.9

Nitrogen enriched
solid phase

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

0.49
e L B s ma T w ] T _ _ ] ]
| & Expenementsl lsquadisd
[, Experumental sl
Laqgamdias hine

&0 - - Soldus lme

-~ o Soduwg bine
] ’
y 1 d Areas

1) Single-phase (liquid)

2) Two-phase (liquid + y-02]
3] Two-phase (lguid + B-N2)
4) Single-phase [solid y-0z)

| emperaiure Kk

g | 5 "-, | 5] Two-phase [ y-0z + B-Nz2)
48 il ok 1o b o . | 6)Single-phase (solid B-Nz)
00 o1 902 03 04 05 06 OF O 09 10

Mole facton M.

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

5
Fractional Crystallisation "% Experumenml byudug
[, Experumental sl
Lagunchas hoe
&0 == Soluius lme
+ Sodows b
o 8
é_ ” Areas
£ 54 'L\.W\ 1) Single-phase [liquid)

| 2] Two-phase (liguid + y-02]
e a 1 3] Two-phase (liguid + B-N2)
- 1 4] Single-phase [solid y-0z)
' a | " "-, | 5) Two-phase | y-O2 # B-Nz)
48 il ka4 oo | 6) Single-phase (solid B-Nz)
G0 o) 0 03 04 05 O0& 07 OB 0% 10
Mole fracton N,

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

5
Fractional Crystallisation "% Experumenml byudug
[, Experumental sl
Lagunchas hoe
&0 == Soluius lme
+ Sodows b
o 8
é_ ” Areas
£ 54 'L\.W\ 1) Single-phase [liquid)

| 2] Two-phase (liguid + y-02]
e a 1 3] Two-phase (liguid + B-N2)
- 1 4] Single-phase [solid y-0z)
' a | " "-, | 5) Two-phase | y-O2 # B-Nz)
48 il ka4 oo | 6) Single-phase (solid B-Nz)
G0 o) 0 03 04 05 O0& 07 OB 0% 10
Mole fracton N,

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during
condensation of air

5
Fractional Crystallisation "% Experumenml byudug
[, Experumental sl
Lagunchas hoe
&0 == Soluius lme
+ Sodows b
o 8
é_ ” Areas
£ 54 'L\.W\ 1) Single-phase [liquid)

2) Two-phase (liquid + y-02]
3] Two-phase (lguid + B-N2)
4) Single-phase [solid y-0z)

. 5) Two-phase [ y-0: + B-Nz)
48 ka4 oo | 6) Single-phase (solid B-Nz)
00 o1 902 03 04 05 06 OF O 09 10

Mole facton M.

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Possible oxygen enrichment during —
condensation of air

0.49 0.79
. . . L L L L e o . i . i

Fractional Crystallisation "% Expenmenml bysds

[, Experunental solidhus

. Laqgamdias hine
&0 ) == Soldus lime
o ¢ Sohos bine
] o
1 -
S Areas

1) Single-phase (liquid)

2) Two-phase (liguid + y-0z)
3] Two-phase (lguid + B-N2)

4) Single-phase [solid y-0z)

| 5] Two-phase [ y-0z + B-Nz2)

. ] « &) Single-phase (solid B-Nz)
k0 01 02 903 04 05 068 07 O 0% 10
0.12 Mole fracnon N,

| emperaiure Kk

IIIIIIIIIIIIIIIIIIIIIIIIII#

e
-

-9
E
F
’

o
©

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.



Vaporisation of nitrogen and @/HYS

oxygen

Air

Gas
Sampling

Temperature
Conditioning
Bath

Condensed
Air

Co-funded by - A—— UK Research
the European Union | Partnership and Innovation

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems. ELVHYS Project Report D 4.4.




Oxygen enrichment observed during &
melting of oxygen and nitrogen

e ]'_tprfm-mﬂ lsquadhs
Experumental solsdus
Ligpndas hine
- - Salidus lisme

+ Soboug bie

LS

1) Single-phase (liquid)

2) Two-phase (liquid + y-02]
3] Two-phase (lguid + B-N2)
4) Single-phase [solid y-0z)

5) Two-phase [ y-02 + B-Nz)

lemperaiure [k

. o .| B)Single-phase [solid B-Nz)
g0 01 0} 03 04 085 O0& 07 08 0% 14
0.12 Mide fraton N, 0.9

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.
Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems. ELVHYS Project Report D 4.4.



Oxygen enrichment observed during @/HYS
melting of oxygen and nitrogen

Eutectic melting

M ————rreT T T T T _ _
1 | ¢ Experumental lsqusdug
6z p Experumental soludus
— Laquudas hoe
80 b - = = Salidus loe
I  Sodows e
o 38 |
E ” Areas
- | 1) Single-phase (liquid)
E ' H\ 2) Two-phase (liquid + y-02]
B Y 3] Two-phase (lguid + B-N2)
. - 4) Single-phase [solid y-0z)
. 4 | 5] Two-phase | y-0Oz + B-Nz)
T | - st B) Single-phase (solid B-Nz)

o0 01 02 03 04 05 08 07 0% 09 10
Mole Facton N,
Eutectic point
51 K and 0.23 mole fraction nitrogen
Inversion point

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.
Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems. ELVHYS Project Report D 4.4.



Oxygen enrichment observed during &
melting of oxygen and nitrogen

Eutectic melting

&4 = 1 1 LI L L L I LA ) )
¢ . Oxygen enriched * gt hynde

Experumental solsdus

- liquid phase —lal.:_l.;-.!l.l'; e
- = = Soldus e
- I  Sodows e
i 1 --'.
g ” 1 i Areas
B | A3 _ -
'_%H \ s 1) Single-phase (liquid)

2] Two-phase [liguid + v-02)

Nitrogen
3] Two-phase (lguid + B-N2)

. L) er_]rIChed 4] Single-phase [solid y-0z)
) 4 solid phase | 5) Two-phase | y-Oz + B-Nz)
T | b Ao s 6] Single-phase [solid B-Nz)

o0 01 02 03 04 05 08 07 0% 09 10
Mole Facton N,
Eutectic point
51 K and 0.23 mole fraction nitrogen
Inversion point

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.
Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems. ELVHYS Project Report D 4.4.



Oxygen enrichment observed during @IHYS
melting of oxygen and nitrogen

Eutectic melting

B ! L T O L B L ] ) 0 Hvd Th lel Th le 2
i ~gy - T —y xygen ydrogen ermocouple ermocouple
62 | Experumental solsdus 70 100
Ligpndas hine
&0 - - Salpdis leoe - =
58 .- a0 Sy bme = 50 0
. E Thermal =
Fl r - Q
5 5 | Aress 5§40 Arrest 05
%“ \ 1) Single-phase (liquid) E 30 ‘ I - 60 g
L 2] Two-phase (liguid + y-03) § 2 Thermal 0 '
52 H 3] Two-phase (lguid + B-N2) Arrest
! 4) Single-phase [solid y-0z) . b
= '
) 4 | 5] Two-phase | y-0Oz + B-Nz) 0 30
45 L 1 bead o .| 6)Single-phase (solid B-Nz) o 1 2 3 4 5 6 7 8 9 10 1

00 o1 o0} 03 04 05 06 O7 08 0% 10

Time Interval (Minutes)
Muole Fracton N,

Eutectic point
51 K and 0.23 mole fraction nitrogen
Inversion point

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.
Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems. ELVHYS Project Report D 4.4.



Oxygen enrichment observed during @IHYS
melting of oxygen and nitrogen

0.79
——
. e ]'-.‘l:pﬂl:'nhmu.'l |.-H:||.'n|.’n.'| T ——Oxygen ——Hydrogen ——Thermocouple1 Thermocouple 2
i i | » Experunental soluhs 70 100
1 Ligpndas hine
- - Soludus line 60 30
b Baduieg bine = 50 0
e - E Thermal X
i - [
5 . Areas §% Arrest 05
% 1) Single-phase (liquid) € 30 I - 6o 2
: I F = 7]
L 2] Two-phase (liguid + y-03) § 2 Thermal 0 '
3] Two-phase (lguid + B-N2) Arrest
4) Single-phase [solid y-0z) . b
| 5] Two-phase | y-0Oz + B-Nz) 0 30
" ] ] .t . 6)Single-phase [solid B-Nz) o 1 2 3 4 5 6 7 & 9 10 1
g0 01 0} 03 04 085 O0& 07 08 0% 14 Time Interval (Minutes)
0.12 Mole fraction N, 0.9

Kochenburger T.M., Oellrich L.R. (2015) Evaluation of a two-stage mixed refrigerant cascade for HTS cooling below 60 K. Phys. Procedia, 67:227-232.
Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems. ELVHYS Project Report D 4.4.



95

90 |

K)
[
o

s 80
—_

75

70

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Vapour
o
\\ N
S -
. Liquid and
B Vapou
o

\‘\

——
Liquid
0.79
0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

@IHYS



95

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

0.95

Nitrogen enriched

Vapour
vapour phase

90 |

Temperature (K)

80

75

70

\‘\\ Liquidand
~._ Vapour

—
~—

~——

Oxygen enriched
liguid phase

Liquid

0.79

0.2 04 0.6

Nitrogen Concentration (mol fraction)

0.8

@IHYS



Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Equilibrium vaporisation 0.79
95
Vapour
90 |
N\ e
R -
S
\
N
\\
¥ 85
5 80
—_
75
Liquid
0.79
70
0.2 04 0.6 0.8 1

Nitrogen Concentration (mol fraction)

@IHYS



95

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Fractional vaporisation

Vapour
90 oo
\ .
N -
\
\
\
\\
¥ 85
Liquidand ™~
~._ Vapou
s 80 -
—_
75
Liquid
0.79
70
0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

@IHYS




95

90

(o)
(5

o
o

Temperature (K)

75

70

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Fractional vaporisation

0.95 —> Lost to atmosphere

@IHYS

Nitrogen Concentration (mol fraction)

—_ sl

ine w—— Liquidus Line

N itroge nen riched ——Oxygen —— Nitrogen (calculated) ——Thermocouple 1
Vapour 100
vapour phase
ﬂ)mwﬂﬁnwmew“‘ N S
- S 20 e MW 210
o Z 60
\\ é 40
\‘\\ Liquidand ™~ 5 WWWMMWWWMWW =
\\ Vapour 20 ”WMJ Wty 90
el T -
\\
ko & 1]
e 0.0 0.5 1.0 15 2.0 25 2.0 3.5
\‘\\ Time Interval (H )
—
Liquid
0.79
0.2 04 0.6 0.8 1

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.

ELVHYS Project Report D 4.4.



95

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Fractional vaporisation

90 |

(o)
(5

o
o

Temperature (K)

75

70

Nitrogen Concentration (mol fraction)

—_ sl

ine w—— Liquidus Line

Vapour
\\\ TR
. Vapour
X
Oxygen enriched S
liguid phase
Liquid
0.79
0 0.2 0.4 0.6 0.8

ol%)

ation

ntr

100

80

60

a0

20

@IHYS

——Oxygen —— Nitrogen (calculated) ——Thermocouple 1
ﬂ)mwﬂ-wme b ||“‘ L ol E—
g w g e ST
boactet MWMMJ‘M
KMM\J -
1 WWWNWWWJW NPV
Wwwwww
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.

ELVHYS Project Report D 4.4.



Oxygen enrichment observed during @/HYS
vaporisation of oxygen and nitrogen

(o)
(5

o
o

Temperature (K)

Fractional vaporisation 0.79 > Lost to atmosphere
Nitrogen enriched ——Oxygen —— Nitrogen (calculated) ——Thermocouple 1
Vapour 100 250
vapour phase
ﬂ)mwﬂnwmew“‘ s i o]
\ - 50 wr*’f \‘“wal‘ﬁ THRT ﬁh”hﬁ*q{w”'”‘w 210
\\ % 60 170 Eé'
N : . 0 &
iy Liquid and g .
T~ %]
. Vapour . B i L LT AT R
\\‘_\\ 0 50
\t = 5 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
. [ ime Interva
Oxygen enriched X e imenalitiours
liguid phase
Liquid
0.79
0.2 04 0.6 0.8 1

Nitrogen Concentration (mol fraction)

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.
ELVHYS Project Report D 4.4.

—Vapourus Line w—— Liquidus Line



95

90

(o)
(5

o
o

Temperature (K)

75

70

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Fractional vaporisation

0.79

\\
™~
N

e S

Vapour

- Liquid and

Vapour

Oxygen enriched B
liguid phase
Liquid
0.79
0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

—_ sl

ine w—— Liquidus Line

ol%)

ation

ntr

100

80

60

a0

20

@IHYS

——Oxygen —— Nitrogen (calculated) ——Thermocouple 1
250
WMAMNMMWJ b I| B il —
s '\w ARSI 210
hoact™ MWMMJ‘M
=z
170 @
3
B
a
130 ¢
L1
i
WWW%MWWWWW Mud.l.
M WM‘V %
W
50
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.

ELVHYS Project Report D 4.4.



Oxygen enrichment observed during @IHYS
vaporisation of oxygen and nitrogen

(o)
(5

o
o

Temperature (K)

Fractional vaporisation 0.79 > Lost to atmosphere
Nitrogen enriched ——Oxygen —— Nitrogen (calculated) ——Thermocouple 1
Vapour 100 250
vapour phase
ﬂ)mwﬂnwmew“‘ emiater s ——————

e 80 e i rmppamA 210
\ g boactet WMM’”'““MJ‘M "llllfl{ww —
\\ % 60 170 %
\\\\ % 40 130 %
N Liquidand ™~ 5 =

™~ i L)
S Vapour N e L L T NS S O
B WwWWWMJ
- ¥ o -~ 0 50
=y Y 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
. T — ime Interva
Oxygen enriched X Timeintenval{Hours]
liguid phase
Liquid
0.79
0.2 04 0.6 0.8 1

Nitrogen Concentration (mol fraction)

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.
ELVHYS Project Report D 4.4.

—Vapourus Line w—— Liquidus Line



95

90

(o)
(5

o
o

Temperature (K)

75

70

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Fractional vaporisation 0.79
Vapour
\\
e 9 Liquidand
\\ Vapour
™ =
e
. \‘
Oxygen enriched i
liguid phase
Liquid
0.79
0.2 04 0.6 0.8

Nitrogen Concentration (mol fraction)

—_ sl

ine w—— Liquidus Line

ol%)

ation

ntr

100

80

60

a0

20

> Lost to atmosphere

@IHYS

——Oxygen —— Nitrogen (calculated) ——Thermocouple 1
ﬂ)mwﬂ-wme b ||“‘ L ol E—
g w g e ST
boactet MWMMJ‘M
KMM\J -
1 WWWNWWWJW NPV
Wwwwww
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.

ELVHYS Project Report D 4.4.



Temperature (K)

95

90 |

85

80

75

70

Oxygen enrichment observed during
vaporisation of oxygen and nitrogen

Fractional vaporisation

0.79

Oxygen enriched
vapour phase

\t\\ Vapour
o

4

Oxygen enriched
liguid phase

Liquid

- Liquid and B

Vahour

0.79

100

80

60

a0

Concentration {vol%)

20

0.2 04

0.6

0.8

Nitrogen Concentration (mol fraction)

iquidus Line

> Lost to atmosphere

——Oxygen —— Nitrogen (calculated) ——Thermocouple 1

s
|t

T )
WMWWMM

0.0

0.5 1.0 15 2.0

Time Interval (Hours)

2.5

3.0

Calculated oxygen enrichment in test

Maximum in the liquid phase (%)

119

104

103

Maximum in the vapour phase (%)

143

214

204

3.3

@IHYS

210

170

=
w
[=]
Temperature [K)

[¥e]
Q

n
[=]

Welch, J., Vizma, J. (2025) Condensed phase explosion tests from LH2 transfer systems.
ELVHYS Project Report D 4.4.



Conclusions @IHYS

* Oxygen enrichment of the condensed phase is thermodynamically possible when
air condenses into a liquid hydrogen environment.

* This process was not observed during the ELVHYS testing, this is likely to be an
artifact of the experimental set up.

* Oxygen enrichment of both the liquid and vapour phases is thermodynamically
possible when a condensed nitrogen and oxygen mixture is warmed, independent
of the concentration of oxygen in the condensed phase.

* Evidence of a complicated solid to vapour phase change system for nitrogen
and oxygen mixtures was observed during the ELVHYS testing.



Conclusions @IHYS

When liguid hydrogen is released from containment the surrounding air is
subjected to temperatures that can lead to a nitrogen and oxygen condensed
phase mixture being produced.

When this mixture evaporates, due to the complex thermodynamics, oxygen
enrichment is seen in both the liquid and vapour phase.

However, most of the oxygen enrichment is seen after the hydrogen has
vapourised.

Control measures, such as prevention of secondary fuel spills and control of
ignition sources, should adequately manage this risk.



Acknowledgements @/HYS

The following people were instrumental in the completion of this work:

* Research team: Wayne Rattigan, Janni Vizma, and Greg Wray

* Photography and videos: Alex Grimes, Josh Moran, Trystan Lang, and
Keith Tremble

* The entire HSE Buxton workshop team, but especially Martin Johnson
and Stuart Buckingham.

Co-funded by % UK Research R
the European Union | Partnershij and Innovation



@/HYS

Thank you for your attention

Janet.welch@hse.gov.uk

Co-funded by s bl UK Research
the European Union i, Partnership and Innovation

ELVHYS project No. 101101381 is supported by the Clean Hydrogen Partnership and its members. UK participants in Horizon Europe Project ELVHYS are
supported by UKRI grant numbers 10063519 (University of Ulster) and 10070592 (Health and Safety Executive).
HSE participation is further supported by Lloyd’s Register Foundation

Disclaimer: Despite the care that was taken while preparing this document the following disclaimer applies: Funded by the European Union. Views and
opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or Clean Hydrogen JU. Neither

the European Union nor the granting authority can be held responsible for them.
Disclaimer: The contents of this presentation, including any opinions and/or conclusions expressed, are those of the authors alone and do not necessarily
reflect HSE policy. 45



	Slide 1
	Slide 2: Background
	Slide 3: Background
	Slide 4: Background
	Slide 5: Background
	Slide 6: The experimental rig – Hydrogen fill
	Slide 7: Condensation of air
	Slide 8: Possible oxygen enrichment during condensation of air
	Slide 9: Possible oxygen enrichment during condensation of air
	Slide 10: Possible oxygen enrichment during condensation of air
	Slide 11: Possible oxygen enrichment during condensation of air
	Slide 12: Possible oxygen enrichment during condensation of air
	Slide 13: Possible oxygen enrichment during condensation of air
	Slide 14: Possible oxygen enrichment during condensation of air
	Slide 15: Possible oxygen enrichment during condensation of air
	Slide 16: Possible oxygen enrichment during condensation of air
	Slide 17: Possible oxygen enrichment during condensation of air
	Slide 18: Possible oxygen enrichment during condensation of air
	Slide 19: Possible oxygen enrichment during condensation of air
	Slide 20: Possible oxygen enrichment during condensation of air
	Slide 21: Possible oxygen enrichment during condensation of air
	Slide 22: Possible oxygen enrichment during condensation of air
	Slide 23: Possible oxygen enrichment during condensation of air
	Slide 24: Possible oxygen enrichment during condensation of air
	Slide 25: Vaporisation of nitrogen and oxygen
	Slide 26: Oxygen enrichment observed during melting of oxygen and nitrogen
	Slide 27: Oxygen enrichment observed during melting of oxygen and nitrogen
	Slide 28: Oxygen enrichment observed during melting of oxygen and nitrogen
	Slide 29: Oxygen enrichment observed during melting of oxygen and nitrogen
	Slide 30: Oxygen enrichment observed during melting of oxygen and nitrogen
	Slide 31: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 32: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 33: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 34: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 35: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 36: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 37: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 38: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 39: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 40: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 41: Oxygen enrichment observed during vaporisation of oxygen and nitrogen
	Slide 42: Conclusions
	Slide 43: Conclusions
	Slide 44: Acknowledgements
	Slide 45

