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Publishable summary 

This report summarises the ‘rainout’ experiments undertaken by HSE, which was an 
experimental investigation into the release characteristics and dispersion of elevated spills of 
LH2, including the propensity for rainout to form.  

A series of 25 LH2 releases from a tanker delivery hose at elevated positions were carried out 
through 6 mm, 12 mm and 25.4 mm nozzles with an indicated tanker pressure of 1 or 5 barg. 
The dispersion from these releases was measured using hydrogen concentration and 
temperature measurements. Other attributes such as pressure, mass flow rate and temperature 
were measured in the pipework to provide an understanding of the release characteristics. The 
experiments were carried out at the LH2 release facility, which was located on a 32 m diameter 
concrete pad at the Frith Valley site at the HSE Science and Research Centre in Buxton. 

While no evidence of rainout was found during these releases, evidence of rainout immediately 
after a release was observed. Further to this, condensed components of air formed around the 
release point and on impingements. Pools were only formed with low, vertically downward 
releases. These pools potentially comprised of LH2, condensed components of air, or a mixture 
of the two. It is possible that with different initial conditions or obstruction geometries, rainout 
and pool formation could still occur. 

The phase of hydrogen at the release point was indicated by the pipework measurements. For 
the majority of the trials a two-phase flow developed within the release pipework. This has 
been attributed predominantly to the heat transfer into the fluid in the final 3 m of pipework, 
which contained the instrumentation and therefore was not vacuum insulated. The mass flow 
rate for each source configuration was measured and is reported including the methodology. 

The development and dispersion of the gaseous H2 cloud that forms from a release of LH2 was 
captured by the instrumentation and video footage. The jet is typically momentum dominated 
for the initial section, which ranges between 1.5 m and 6 m depending on the release pressure 
and nozzle size, but then becomes extremely dependent on the wind, including transient 
localised gusts.  

The video and data output of these experiments will be provided for model validation, which is 
due to take place in upcoming stages of the PRESLHY project. 
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Keywords 
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Abbreviations 

HSE – Health and Safety Executive 

LEL – Lower Explosive Limit 

LFL – Lower Flammability Limit 

LH2 – Liquid Hydrogen 

LN2 – Liquid Nitrogen 

PC – Personal Computer 

Definitions 

Bara: Absolute pressure in bar. 

Barg: Gauge pressure in bar. 

Cold junction: The reference junction of a thermocouple.  

Cryogenic: For this report, the term cryogenic refers to temperatures below 100 K. 

High pressure: For this report, high pressure is considered to be nominal 5 barg tanker pressure. 

Low pressure: For this report, low pressure is considered to be nominal 1 barg tanker pressure. 

Rainout: A fraction of a liquid jet that forms droplets and falls to the ground. 
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1 Introduction 

1.1 Background 

This report outlines a series of experiments undertaken at the HSE Science and Research 
Centre investigating the release and dispersion properties of releases of LH2. The 
experiments form part of Work Package 3 of the PRESLHY project, to investigate release 
and mixing phenomena. 

1.2 Objectives 

The main objective of this series of experiments was to investigate the propensity for 
rainout to occur when LH2 is released from elevated positions. This included 
vaporisation, the characterisation of the flow at the point of release and the subsequent 
dispersion of the gaseous hydrogen cloud. The capacity for these releases to form pools 
was also explored.  

To meet these objectives, a series of 25 unignited LH2 releases was carried out through 6 
mm, 12 mm, and 25.4 mm nozzles with an indicated tanker delivery pressure of 1 bar or 5 
bar and release heights of 0.5 m or 1.5 m. The dispersion from these releases was 
measured in terms of hydrogen concentration and temperature. Other attributes such as 
pressure, mass flow rate and temperature were measured in the pipework to provide an 
understanding of the source term. As well as these measurements, multiple videos were 
taken of each release including; thermal, high speed and drone footage. 

The testing was carried out using the LH2 release facility, located on a 32 m diameter 
concrete pad at the Frith Valley site at the HSE Science and Research Centre in Buxton. 

1.3 Theory 

As described in D3.1 Theory and Analysis of Cryogenic Hydrogen Release and 
Dispersion (Venetsanos, 2019) [1], there are several factors of LH2 that make dispersion 
modelling challenging, which are mostly introduced by the extreme low temperature – 
approximately 20 K. 

An LH2 release can be characterised by two distinct regions; the “near-field” where the 
air is subjected to cryogenic temperatures and the hydrogen behaves as a momentum 
dominated jet, and the “far-field” where the hydrogen has been warmed, therefore 
behaving as a buoyancy/wind dominated gas cloud.  

In the near-field region, the hydrogen exists in multiple phases and interacts with the air; 
any water vapour present condenses and freezes and the air can also undergo phase 
changes. There is also the potential for the formation of rainout, which is droplets of LH2 
or condensed components of air falling from the main stream onto the ground. This 
results in a complicated multiphase multi-component mixture.  

The far-field is characterised by gaseous hydrogen interacting with the water vapour in 
the air forming a visible mist. While still cold, the temperature is typically above 
cryogenic conditions, so phase changes of the air are unlikely.  
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2 Method 

This section contains a brief description of the test facility, data acquisition and 
experiment procedure. The details needed to fully interpret the results are found in 
Appendix A in the form of figures and tables. The dimensions of the equipment, locations 
of instrumentation and the format of the output data are included. 

2.1 Test facility 

The experiments were conducted using the LH2 release facility, which was located on a 
32 m diameter concrete pad at the Frith Valley site at the HSE Science and Research 
Centre in Buxton. 

2.1.1 Layout 

The experiments relied on four main components, shown in Figure 1: the LH2 release 
station in the centre, the tanker and vent stack in the bottom right, the near-field array just 
on the left of the centre, and the far-field stands on the far left of the concrete pad. 

Fig. 1: Still image from drone footage. 
  

N 
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2.1.2 Release station 

The release station encompassed the pipework and valves required to operate the system 
remotely as well as instrumentation to characterise the flow of LH2. For these tests this 
consisted of an electrically isolated pipe section, a valve section and a flexible hose. The 
nominal bore of the pipework was a constant 25.4 mm. The instrumentation consisted of 
two 10 bar Wika IS-3 pressure transducers, four type T thermocouples and a Micro 
Motion Coriolis mass flow meter with an Elite 5700 transmitter. A PCE-FWS-20 weather 
station was mounted nearby. The mass flow meter was modified by the manufacturer to 
help facilitate operation at temperatures below 70 K. A 20 m, 25.4 mm nominal bore 
vacuum insulated hose connected the release station to the tanker and a mixture of foam, 
aluminium tape and insulation tape covered the remaining parts. Figure 2 shows the 
release station after a trial. 

Fig. 2: Photo of release station. 

The distances from each sensor in the pipework to the release point and dimensions of the 
pipe sections, including the approximate R values for the insulation, are available in 
tables A1 and A2 respectively in Appendix A. 
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2.1.3 Tanker and vent stack 

The LH2 was supplied by Air Liquide in a vacuum insulated tanker, which could hold up 
to 2.5 tonnes. Control of the pressure and conditioning of the LH2 inside the tanker was 
achieved through venting the ullage of hydrogen gas to lower the pressure, or allowing 
LH2 into a heat exchanger underneath the tanker to raise the pressure. A 12 barg bursting 
disk protected the tanker against over pressurisation.  

The tanker was connected to the release pipework, 3 m vent stack and valve control 
system. The instrumentation on the tanker was not logged, but the pressure was recorded 
for each trial from the dial gauge on the tanker. One type T thermocouple was installed on 
the lower face of the vent stack exit. Figure 3 shows the tanker connected to the vent 
stack. The N2 and H2 gas cylinders shown in the photo were used to purge the pipework 
of air prior to each release. 

 

Fig. 3: Photo of tanker, vent stack, and purging station. 
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2.1.4 Near-field array 

To capture the hydrogen concentration of the jet formed by a release of LH2, an array 
supporting 31 sampling tube lines and 24 type T thermocouples was placed downstream 
of the release point. Each thermocouple was collocated with a sampling line. The 
sampling lines were 1/8” diameter and 30 m long, which resulted in a delay of 
approximately 18 s for the sampled gas to reach the hydrogen sensors. The sensors, which 
were Xensor thermal conductivity sensors, were supplied by the National Renewable 
Energy Laboratory (NREL) for these tests. The release station and near-field array were 
oriented with the prevailing wind direction. For these tests the nozzle was pointing 
approximately eastwards as the dominant wind direction came from the West (270° from 
North). Figure 4 shows the near-field array ready for a release at 1.5 m. Releases were 
carried out at 0.5 m and 1.5 m above the ground and varied in orientation, i.e. upward, 
downward and horizontally. 

In Appendix A, Figure A3 and Table A3 have the location and IDs of the gas 
concentration sensors and thermocouples within the array. 

Fig. 4: Photo of near-field array configured for releases at 1.5 m height. 
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2.1.5 Far-field stands 

Further downstream of a release of LH2, the jet develops into a cloud. To observe this 
downstream behavior 10 mobile stands, each with three Dräger Xam 5000 personal gas 
detection devices and collocated type T thermocouples, were arranged in the expected 
dispersion path. The Dräger devices each contained four sensors: hydrogen ppm, 
hydrogen %Vol, hydrogen %LEL and oxygen depletion. The release station was 
orientated in line with the dominant wind direction. Due to varying wind conditions, 
some trials were carried out with an alternate stand layout. Both are shown in in 
Appendix A Figure A4, with Table A3 showing the ID numbers of the gas concentration 
sensors and thermocouples. Figure 5 shows a photograph of the sensors in the standard 
positions. 

 

Fig. 5: Photo of far-field stands. 

2.1.6 Weather stations 

Weather data was collected at two locations: on a 3 m high stand on the downwind edge 
of the concrete pad approximately 20 m from the release point, and locally to the release 
station at 1.5 m height. The exact locations of the weather stations are shown in Appendix 
Table A5. 
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2.2 Data acquisition 

Video footage was recorded for each trial by a selection of the following cameras: three 
Sony FDR-AX53 handy cams recording at 50 fps provided standard footage with three 
views; a high speed Phantom Mira LC320 recording at 3600 fps captured detailed footage 
of the release point; a FLIR X8400sc thermal camera indicated the extent of the cold gas; 
and a drone-mounted DJI X5R recording at 25 fps showed the direction of the gas cloud, 
including the effect of the wind on the downstream plume. 

Various acquisition systems were used to collect the data from the instruments. The 
primary system not only logged but also controlled the remotely operated valves. Each 
logging PC was networked and therefore shared a common time-base. Tables A6 to A9 in 
Appendix A contain the channel headings and units that can be used to interpret the 
output of the data acquisition systems. 

2.2.1 Primary acquisition system 

The primary method of acquisition and valve control was running on a dedicated PC with 
Flexlogger. Various National Instruments chassis and logging cards were used to collect 
data from the range of sensors. Each thermocouple and pressure transducer was logged 
through this system, as was the far-field weather station, which recorded humidity, wind 
speed and wind direction. The mass flow meter was also connected to the primary 
acquisition system. Logging was enabled before each test at a rate of 1 Hz. Full details of 
the primary acquisition system can be found in Appendix A. 

2.2.2 Near-field array 

The near-field gas sensors were connected to two PCs via USB hubs and continuously 
logged at 4 Hz in a bespoke LabVIEW program, written by NREL. Pumps drew gas 
through approximately 30 m of tubing, giving a delay of approximately 18 seconds. Each 
sensor produced its own output text file, which were then compiled into a single table for 
each test. 

2.2.3 Far-field stands 

Each far-field gas concentration measurement device (Dräger Xam 5000) was a 
standalone logger and sensor, logging at 1 Hz. The far-field concentration sensors were 
logged continuously during each test day. Each sensor was synchronised onto a common 
timebase and collated into a single table for each test. 

2.2.4 Mass flow meter 

As well as being connected to the primary logging system, the mass flow meter was 
connected directly to a secondary PC running the manufacturer’s logging software. The 
mass flow meter was logged continuously during each test day. The data was downloaded 
as a table and synchronised to the common timebase. 

2.2.5 Near-field weather station 

The average weather conditions at the release point were logged once per 5 minutes on a 
separate system. The local weather station on the release point logged for the duration of 
each test day. 
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2.3 Estimate of measurement errors 

The accuracy of the sensors used in the experiment are summarised below in Table 1. The 
information is taken from the respective manuals for the equipment. There are additional 
uncertainties in the use of the thermocouples and the flow meter at cryogenic 
temperatures that are discussed further in Section 4. The inherent variability in 
conducting experiments outdoors needs to be taken into consideration when interpreting 
the results.  

Table	1:	Accuracies	of	sensors.	

Sensor  Manufacturer  Model  Range  Accuracy 

Pipework 
thermocouples 

TC Direct  1.5 mm Type T 
Mineral insulated 

–200 to 350°C  ±1.5% of Reading 

Near‐field 
thermocouples 

TC Direct  1.5 mm Type T 
Mineral insulated  

–200 to 350°C  ±1.5% of Reading 

Far‐field 
thermocouples 

TC Direct  1.5 mm Type T 
Grounded 

Chamfered tip 

–200 to 350°C  ±1.5% of Reading 

Pressure  Wika  IS‐3  0‐10 barg  ±0.5% of Full Scale 

Tank Pressure  N/A  Dial gauge  0‐15 barg  Visual  

Mass flow  Emerson  Micro Motion 
Coriolis meter 

0‐7.5 kg/s  ±3% of Reading* 

H2 
concentration 

Xensor  XEN‐5320  0‐100 Vol %  ±3% of Full Scale 

H2 
concentration 

Dräger  Xam 5000 

XXSH2 HC 

0‐4 Vol %  ±2% of Reading 

H2 
concentration 

Dräger  Xam 5000 

Cat‐Ex 125  

0‐100% LEL  ±1% of Reading 

H2 PPM  Dräger  Xam 5000 

XXS H2  

0‐2000 ppm  ±1% of Reading 

O2 depletion  Dräger  Xam 5000 

XXS O2  

0‐25 Vol %  ±1% of Reading 

Near‐field 
weather station 

PCE 
Instruments 

PCE‐FWS‐20  0‐240 km/h 

10‐90 % 
humidity 

Indicator 

Far‐field wind 
sensor 

Gill Instruments  Windsonic   0‐60 m/s  

0‐359° 

±3% of Reading 

±2° 

Far‐field 
humidity sensor 

Skye 
Instruments 

SKH 2053  0‐100 % 

‐20 to 70°C 

±2% 

±0.05° 

* Typical accuracy of 0.1 % for liquid flow at ambient temperature, estimated accuracy 
of 3% at cryogenic temperatures. 
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2.4 Test programme  

The test programme was designed to look for the occurrence of LH2 rainout and in its 
absence to provide data on the release and dispersion. To achieve this, a series of 
experiments changing the release height, release orientation, tanker pressure and nozzle 
size were planned. Table 2 shows the resulting experimental plan. 

Table	2:	Planned	experiments.	

Test 
No 

Release 
Orientation 

Release Height Above 
Ground (m) 

Orifice Diameter 
(mm) 

Pressure 
(barg) 

3.5.1  Horizontal  0.5  25.4  1 

3.5.2  Horizontal  0.5  12  1 

3.5.3  Horizontal  0.5  6  1 

3.5.4  Horizontal  1.5  25.4  1 

3.5.5  Horizontal  1.5  12  1 

3.5.6  Horizontal  1.5  6  1 

3.5.7  Vertical Up  0.5  12  1 

3.5.8  Vertical Down  0.5  12  1 

3.5.9  Horizontal + 
obstruction 

0.5  12  1 

3.5.10  Horizontal  0.5  25.4  5 

3.5.11  Horizontal  0.5  12  5 

3.5.12  Horizontal  0.5  6  5 

3.5.13  Horizontal  1.5  25.4  5 

3.5.14  Horizontal  1.5  12  5 

3.5.15  Horizontal  1.5  6  5 

3.5.16  Vertical Up  0.5  12  5 

3.5.17  Vertical Down  0.5  12  5 

3.5.18  Horizontal + 
obstruction 

0.5  12  5 

 

2.5 Procedure 

2.5.1 Condition LH2 in tanker 

Over time, a portion of the LH2 vaporises in the tank and a head of gaseous hydrogen 
forms, building the pressure. This subsequently increases the boiling point of the fluid in 
the tanker, increasing the likelihood of flashing in the pipework. Prior to each day of 
testing, the pressure was reduced to atmospheric pressure by releasing some of the 
hydrogen gas. It was then raised to the pressure required in the trials. This was completed 
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by allowing LH2 from the bottom of the tank into the heat exchanger, where vaporisation 
occurs. The gas was then fed back into the top of the tank.  

2.5.2 Purge pipework 

Air in pipework with LH2 poses significant hazards, as there is the potential to form both 
blockages and flammable mixtures. As such, immediately before each set of releases the 
pipework was purged; firstly with nitrogen, then with ambient hydrogen gas. Once the 
purge was complete, LH2 could be introduced to the pipework. 

2.5.3 Conduct experiment 

Recording was initiated and the main release valves opened. Each experimental release 
lasted between 2-10 minutes with the aim of achieving a steady state output from the 
temperature sensors within the pipework and the flow meter. If the wind speed or 
direction proved unfavourable, the test was stopped. Upon completion, the main release 
valves were closed and the vent line opened, allowing any LH2 remaining in the pipework 
to vaporise and disperse safely. 
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3 Results 

A series of 25 unignited LH2 releases were carried out through 6 mm, 12 mm, and 25.4 
mm nozzles with an indicated tanker pressure of 1 barg or 5 barg and release heights of 
0.5 m or 1.5 m. Table 3 shows the trials and data gathered. Standard and high-speed 
footage was captured for each trial. 

Table	3:	Instrumentation	notes	and	cameras	per	trial.	

Trial 
No 

Test 
No 

Initial 
conditions 

Footage  Notes 

1  3.5.3  6 mm,  
1 barg 

Standard, drone & 
thermal 

Scoping trial. 

2  3.5.1  25.4 mm,  
1 barg 

Standard, drone & 
thermal 

Scoping trial. 

3  3.5.1  25.4 mm,  
1 barg 

Standard, drone, thermal 
& high‐speed 

1 Dräger device non‐functional.1 Stand 9 
medium TC non‐functional. 

4  3.5.2  12 mm,  
1 barg 

Standard, drone, thermal 
& high‐speed 

11 Dräger devices non‐functional. Stand 
9 medium TC non‐functional. 

5  3.5.3  6 mm,  
1 barg 

Standard, thermal & high‐
speed 

1 Dräger device non‐functional, Stand 9 
medium TC non‐functional. 

6  3.5.7  12 mm,  
1 barg 

Standard  1 Dräger device non‐functional. Stand 9 
medium TC non‐functional. 

7  3.5.8  12 mm,  
1 barg 

Standard & thermal  1 Dräger device non‐functional. Stand 9 
medium TC non‐functional. 

8  3.5.8  12 mm,  
1 barg 

Standard, thermal & high‐
speed  

All functional. 

9  3.5.9  12 mm,  
1 barg 

Standard, drone, thermal, 
high‐speed 

All functional. 

10  3.5.10  25.4 mm,  
5 barg 

Standard, drone, thermal, 
high‐speed 

First 4 near‐field centreline sampling 
lines become blocked during the test. 

11  3.5.11  12 mm,  
5 barg 

Standard, drone, thermal, 
high‐speed 

1 Dräger device non‐functional. First 3 
near‐field centreline sampling lines 
become blocked during the test. 

12  3.5.12  6 mm,  
5 barg 

Standard, drone & 
thermal 

2 Dräger devices non‐functional. 

13  3.5.17  12 mm,  
5 barg 

Standard, drone, thermal, 
high‐speed 

2 Dräger devices non‐functional. 

14  3.5.16  12 mm,  
5 barg 

Standard, drone & 
thermal 

2 Dräger devices non‐functional. 

                                                 
1 The Dräger devices were non-functional for some tests due to the battery running out. This was primarily 
caused by the non-standard use of the devices for these trials resulting in extended alarming periods. 
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Trial 
No 

Test 
No 

Initial 
conditions 

Footage  Notes 

15  3.5.18  12 mm,  
5 barg 

Standard, drone, thermal, 
high‐speed 

3 Dräger devices non‐functional. 

16  3.5.4  25.4 mm,  
1 barg 

Standard, drone & high‐
speed 

Far‐field weather station non‐functional. 

17  3.5.5  12 mm,  
1 barg 

Standard, drone & high‐
speed 

Far‐field weather station non‐functional. 

18  3.5.6  6 mm,  
1 barg 

Standard, drone & high‐
speed 

Far‐field weather station non‐functional. 

19  3.5.4  25.4 mm,  
1 barg 

Standard & drone  Far‐field weather station non‐functional. 

20  3.5.5  12 mm,  
1 barg 

Standard & drone  Far‐field weather station non‐functional. 

21  3.5.6  6 mm,  
1 barg 

Standard & drone  1 Dräger device non‐functional. Far‐field 
weather station non‐functional. 

22  3.5.13  25.4 mm,  
5 barg 

Standard & drone  1 Dräger device non‐functional. Far‐field 
weather station non‐functional. First 4 
near‐field centreline sampling lines 
become blocked during the test. 

23  3.5.14  12 mm,  
5 barg 

Standard & drone  2 Dräger devices non‐functional. Far‐
field weather station non‐functional. 
First 3 near‐field centreline sampling 
lines become blocked during the test. 

24  3.5.15  6 mm,  
5 barg 

Standard & drone  2 Dräger devices non‐functional. 

25  3.5.13  25.4 mm,  
5 barg 

Standard & drone  3 Dräger devices non‐functional. First 4 
near‐field centreline sampling lines 
become blocked during the test. 

 

3.1 Rainout 

One of the main objectives of the trials was to establish the propensity for droplets of LH2 
to form and fall to the ground from elevated LH2 releases. However, identifying LH2 
rainout rather than liquid air remains an ever present challenge to measure with 
instrumentation. Close-up footage of the experiments provides an indication of the 
phenomenon but not its composition. 

For un-impinged elevated releases, no evidence of rainout was observed during the 
releases. However, in some circumstances condensates occurred. Droplets formed and fell 
to the ground immediately after the main release valve was closed on some trials; solid 
build-up on the nozzle at the release point was present when using the 12 mm or 6 mm 
nozzles; pools formed from low, vertically downwards releases; and solid deposits 
formed on the nearest sensors in the high-pressure streams.  
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The possibility of rainout occurring at the top of the vent stack during a venting operation 
was also explored, however the temperature did not fall below approximately -190°C 
throughout the entire experimental series.  

3.1.1 Rainout at the end of the release 

Although it is unclear if this was a consistent phenomenon due to the difficulty in 
classification, trial 10, which was a high pressure release through the 25.4 mm nozzle, 
displays rainout immediately after the main release valve is closed. No pool forms as the 
droplets hit the ground as they appear to evaporate rapidly. Figures 6 and 7 display this 
process. 
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Fig. 6: Droplets forming as the main stream loses momentum. 

Fig. 7: Droplets hitting the ground and rapidly evaporating. 
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3.1.2 Solid formations at the release point 

Throughout the series of experiments, releases through the 12 mm and 6 mm consistently 
formed white cone deposits at the release point. Evidence of the formations altering the 
jet was also observed, including an example of the jet becoming two separate streams, 
shown in Figure 8. These formations would form and break off periodically throughout a 
release. 

Fig. 8: Still of jet being split in two. 

3.1.3 Solid deposits on impingements 

When conducting the ‘high pressure’ releases, with the tanker pressure at 5 bar, the LH2 
jet interacted with the closest sampling lines of the near-field sensors. Large solid 
deposits formed, blocking the sampling tubes and distorting the jet. Periodically, part of 
this formation would dislodge and fall to the floor, where it appeared to sublime. Figures 
9 to 14 are a set of stills showing this process taken from trial 10. 
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Fig. 9 – 10: A pre-trial view (left) and the initiation of the flow (right). 

 

Fig. 11 – 12: A solid deposit on the nearest sampling line (left) and part of the solid 
deposit on the ground (right). 

 

Fig. 13 – 14: Shortly after the end of the release showing the solid deposits (left) and 
seven seconds after, showing the reduced size of the deposits (right). 
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3.1.4 Pool formation on vertical releases 

Pools did not form for the majority of the trials, but for trials 7 and 8, which were oriented 
vertically downwards, pools of approximately 1.7 m diameter formed. This was 
evidenced by frost marks on the concrete following the tests and the video captured 
during the trials, although this was heavily obscured due to the formation of mist. No 
rainout or pools were formed from vertically upwards releases and, due to the physical 
layout of experiments, the majority of the hydrogen plume did not interact with the 
sensors. 

3.2 Pipework measurements 

The pipework measurements were taken to enable characterisation of the source term. 
Each different nozzle size and pressure combination showed different characteristics in 
the pipe. 

3.2.1 Temperature measurements 

The temperature was measured at three points in the flow of the LH2 in the pipework, and 
at one point on the outer surface of the pipework. The raw data was logged in μV and was 
uncompensated for the cold junction temperature. The process of cold junction 
compensation and conversion to °C is detailed in Section 4.1. This was due to the 
temperature range being outside of the logging software’s inbuilt lookup tables. 

The results over each release showed three typical regions: the initial phase in which the 
temperature drops from ambient conditions; a phase in which the temperature continues 
to decrease but shows instability; and a final steady state. The regions of the graph 
indicate the phase state of the hydrogen. Figure 15 shows the pipework temperature 
readings for trial 5, a 1 bar release through a 6 mm nozzle. Further examples of the 
pipeline temperature outputs are in Appendix B. 

Fig. 15: Graph showing trial 5 pipework temperatures in microvolts. 
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The initial conditions of the pipework and tanker influenced the outputs of the 
temperature sensors. When the larger nozzles were used the rate of cooling was increased 
and the phase of instability shorter. When the pipework was pre-cooled by earlier tests, 
the drop from ambient conditions is, in some cases, not present due to the pipework being 
at cryogenic temperatures at the start of the trial. 

The measurements, made in microvolts, were converted to temperature using the NIST 
type T lookup tables and reference cold junction measurements. This process is further 
detailed in section 4.1. The results are displayed in Figure 16.  

Fig. 16: Graph showing trial 5 pipework temperatures. 

 

3.2.2 Mass flow measurements 

Table 4 shows flow rates measured in PRESLHY tests. 

Table	4:	Mass	flow	rates	in	the	PRESLHY	tests	

Pressure  Nozzle diameter  Mass flow 

5 bar  6mm ( ¼ ”)  90‐100 g/s 

5 bar  12mm ( ½”)  265 g/s 

5 bar  1” (open pipe)  298 g/s 

1 bar  6mm ( ¼ ”)  Unknown 

1 bar  12mm ( ½”)  104‐107 g/s 

1 bar  1” (open pipe)  135‐144 g/s 
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Some values (for smaller nozzles at high pressure) are known with confidence from the 
mass flow meter.  

In other cases (low pressure and/or open pipe) the mass flow meter saw a 2-phase flow 
with a high void fraction and did not give reliable output. The mass flows can, however, 
be derived (within a range) from pressure measurements. 

One source condition, which could not be measured directly or derived, was a driving 
pressure of 1 bar and a nozzle diameter of 6 mm. This is due to the flow being 
predominantly gaseous and the subsequent flow rate/pipework pressure drop being too 
low for the flow meter/pressure transducers to resolve. 

The mass flow in previous work on solid accumulation used much of the same equipment 
and the PRESLHY data can be used to estimate the flow rate in these experiments at 
approximately 135 g/s. 

A detailed description of the methods used to interpret flow rate and density 
measurements is given in Appendix C. 
 

3.2.3 Pressure measurements 

The pipework pressure was measured at two points, one before the main release valve and 
one at the nozzle. When conducting a trial the valves between the reservoir of LH2 and 
the open atmosphere at the release point were open, allowing the tanker pressure to drive 
flow through the pipework.  

The nozzle size had an impact on the pressures recorded in the pipework, as there is a 
balance between frictional losses in the pipework and losses introduced by the nozzle. 
Figure 17 shows example nozzle pressure readings over time for each nozzle size at 1 and 
5 barg. Trials 3-5 and 10-12 were used to illustrate the nozzle pressure behaviours.  
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Fig. 17: Recorded nozzle pressures for each nozzle at 1 and 5 barg pressure. 

3.3 Near-field measurements 

In the near-field array, concentration and temperature measurements were made. This was 
to examine the dispersion of the LH2 jet axially along the centreline and radially 
outwards. The thermocouples and sampling lines were collocated to investigate a 
potential correlation between temperature and hydrogen concentration.  

3.3.1 Concentration measurements 

Each sensor output gives the concentration over time at a specific point. By averaging 
each point during the steady state of a release, the transient effect of the dynamic wind 
conditions can be mitigated and comparisons can be made between tests. Figures 18 to 23 
show the average H2 concentrations across the near-field array at 0.5 m height for 
different nozzle sizes and pressures. The maximum H2 concentrations are displayed in a 
similar format in Appendix B. 

Figures 22 and 23, marked with *, show lower than expected concentrations along the 
centrelines close to the release point. This is thought to have been caused by a solid 
formation developed on the sampling lines during high pressure trials, effectively 
blocking the sensor. 
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Fig. 18-20: Average H2 concentrations with 1 bar tanker pressure. 
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Fig. 21 – 23: Average H2 concentrations with 5 bar tanker pressure. 
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3.3.2 Temperature measurements 

The near-field H2 concentration sensors were supplemented with 24 type T 
thermocouples, which were collocated with a selection of the sampling lines. For each 
test, the minimum measured temperature and maximum measured concentration at each 
collocated point was plotted. This can be seen in Figure 24 which is a plot of the 
minimum measured temperature and the maximum measured hydrogen concentration 
across the 24 collocated pairs in each trial. This relationship will be examined as a future 
part of the PRESLHY project aimed at predicting the concentration of hydrogen based on 
temperature measurements. 

Fig. 24: Graph showing the minimum measured temperature and maximum measured 
near-field concentrations at points along the centreline coloured by trial. 

3.4 Far-field measurements 

3.4.1 H2 concentration 

The H2 sensors in the far-field had a response time of approximately 20 s. This means that 
the raw data will not show the concentration of transient pockets of H2 without 
extrapolation. What can be directly obtained, however, is whether the H2 concentration 
sensor over-ranged, which occurs at H2 concentrations above 4%.  

Table 5 shows over-ranging and estimated maximum average concentrations of transient 
H2 pockets at a distance of 14 m from the release point 1.5 m height, which is the sensor 
location furthest from the release point along the centreline. The estimation is derived 
from an extrapolation of the peak value of the sensors in relation to the response time. 
The table shows the releases from 0.5 m height for a comparison of the effect of different 
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pressures and nozzle sizes. The estimated maximum values for the 6 mm tests are 
extrapolated from the raw data by averaging the concentration of a transient H2 pocket.  

Table	5:	Estimated	maximum	H2	concentration.	

Trial 
No. 

Nozzle 
size 

Pressure 
(Bar) 

Distance (m)  Height (m)  Sensor over‐
range 

Estimated 
max (%) 

3  25.4 mm  1  14  1.5  Yes  > 4% 

4  12 mm  1  14  1.5  Yes  > 4% 

5  6 mm  1  14  1.5  No  2.15 

10  25.4 mm  5  14  1.5  Yes  > 4% 

11  12 mm  5  14  1.5  Yes  > 4% 

12  6 mm  5  14  1.5  No  3.32 

 

3.5 Weather readings 

The release direction was approximately 75°, meaning that a wind direction of 255° 
would be co-flow. The weather station in the far-field that logged at 1 Hz experienced a 
fault on trials 16-232. Five-minute average readings were taken with the local station for 
these tests. Table 6 shows the average wind direction and speed for each trial that the data 
is available. Figure 25 and 26 are example wind roses from trial 5 and 10 respectively. 
 	

                                                 
2 The fault was caused by interference from the local wildlife and resulted in ‘hanging’ values that were not 
immediately identified as incorrect. 
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Table	6:	Average	wind	speed	and	direction.	
Trial  Far‐field average 

wind direction 
Far‐field average 
wind speed (m/s) 

Near‐field average 
wind direction 

Near‐field average 
wind speed (m/s) 

3  207°  2.2  285°  3.6 

4  228°  2.1  240°  1.8 

5  214°  4.1  315°  3.5 

6  213°  3.1  225°  3.9 

7  212°  2.3  270°  2.5 

8  287°  2.5  345°  2.4 

9  287°  2.0  300°  1.8 

10  286°  2.3  338°  2.4 

11  276°  2.9  300°  2.7 

12  261°  3.4  330°  2.7 

13  275°  2.4  300°  1.5 

14  312°  2.0  315°  2.0 

15  262°  3.5  225°  2.4 

16  n/a  n/a  300°  4.2 

17  n/a  n/a  315°  2.9 

18  n/a  n/a  315°  3.5 

19  n/a  n/a  293°  1.6 

20  n/a  n/a  330°  0.6 

21  n/a  n/a  281°  0.8 

22  n/a  n/a  360°  2.0 

23  n/a  n/a  315°  1.7 

24  288°  1.8  360°  2.0 

25  310°  1.8  ‐‐  2.0 

 
 

Fig. 25: Wind rose showing wind direction, speed and proportion for trial 5. 
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Fig. 26: Wind rose showing wind direction, speed and proportion for trial 10. 
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4 Analysis 

While some of the sensors used during the experiments produced readily interpreted 
results, others require post-processing to obtain usable information. This section outlines 
the processing methods that were used on the raw data for extreme low temperature 
measurements, mass flow and density calculations and hydrogen concentration 
measurements.  

4.1 Low temperature measurement compensation 

All temperature measurements were made using T type thermocouples; those in the near-
field and pipework were logged as thermovoltages, which were not automatically cold 
junction compensated. This is due to the limitations of the data-logging software. These 
thermocouple outputs were converted to temperatures as follows. 

Two thermocouples were collocated at the cold junction of the logging system. The 
output from one was logged as temperature and the output from the other logged as 
thermovoltage. These are listed in the data files as “cold junction” (units °C) and “cold 
junction error” (units µV) respectively. The cold junction temperature was converted into 
a thermovoltage using a T type lookup Table and the cold junction error was subtracted 
from this to give a voltage offset. This voltage offset was then added to all measured 
voltages before converting them to temperature using the T type lookup table. 

On reviewing the trial data it was apparent that thermocouples that should have been 
recording temperatures near the boiling point of LH2 (-253°C) were registering 
temperatures somewhat higher than this (in the order of 30 K higher). However, the same 
thermocouples were recording ambient temperatures accurately. The minimum measured 
temperatures of the thermocouples in the pipework are shown in Figure 27. 

Fig. 27: Plot of the minimum measured temperatures for each test. 
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Based on the data shown in Figure 27, it was assumed that the temperature at the inlet to 
the mass flow meter (labelled TC1 MFM in) was at the boiling point of LH2 when the 
response is flat. The temperature at the inlet to the mass flow meter was taken as a 
reference temperature and the adjustment in equation 1 was made to the other pipework 
temperature measurements in order to complete calculations using data from the mass 
flow meter. 

 

TCcorrVolts 1 ErrorFrac	 	1
| |

| |
 (Eq. 1) 

 

Where: 
 f1 is a conversion from voltage to temperature using a T type lookup table,  
 TCorr is the adjusted temperature,  
 TCcorrVolts is the thermovoltage from the thermocouples including the cold 

junction offset,  
 TMinVolts is the minimum value of TC1_MFM_In during the test including the 

cold junction offset, 
 ErrorFrac is the ratio of T-type thermovoltage at LH2 boiling point to TMinVolts, 

shown in equation X. 

 

ErrorFrac 	  (Eq. 2) 

 

Where f2 is the conversion of temperature to voltage using a T type lookup table.  

Following the experimental series, tests were conducted on the pipework thermocouples 
using liquid nitrogen (LN2) to establish the pattern of the low temperature offset. No 
systematic microvolt offset was measured in the system, but an error that increased as the 
temperature reduced was observed. This gain error is shown in Figure 28, which displays 
the output of a selection of thermocouples when submerged in LN2.  

Six thermocouples were tested with LN2; TC1-3 were taken from the pipework along 
with an unused thermocouple from the same batch ‘ReferenceTC’, and TC2319, TC2340 
from the near field (a separate thermocouple batch). 

Some simple observations can be made: TC1 shows faulty behaviour, and the sensor 
shows visible signs of damage (this occurred during decommissioning); TC2319 and 
TC2340 (near field TCs) accurately measure the temperature while submerged in LN2; 
TC2, TC3 and the ReferenceTC show a consistent offset from the true temperature. 

This suggests that the calibration curve for the pipework batch of sensors (TC1-5) 
deviates from the standard at low temperatures. With the assumption that the pipework 
thermocouples experienced LH2 temperatures during the trials, it can be seen that the 
error increases as the temperature reduces.  
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Fig. 28: The error of the pipework thermocouples while submerged in LN2. 

4.2 Mass flow measurements and density calculations 

The mass flow meter was supplied with calibration for the anticipated flow rates with an 
accuracy specification of 0.1 % for liquid flow at ambient temperature, although it is 
predicted that the accuracy is ±3% at cryogenic temperatures. Due to the low 
temperatures, the in-built temperature measurement was disabled and the density was 
calculated independently based on measured inlet temperature and flow meter tube 
frequency. Measurement of two-phase flows is challenging because the process fluid (in 
this case LH2) is measured using oscillating flow tubes. The measurement principle 
assumes that the fluid passing through the measurement tubes oscillates at the same 
frequency as the measurement tubes. When the process fluid is a liquid or “bubbly” liquid 
flow, this is a valid assumption. When the fluid is a particle laden wet vapour, the 
assumption is less valid and error increases. The extent of the error is a function of meter 
design parameters, fluid properties, and flow conditions (Weinstein, 2010) [2]. The drive 
power needed to oscillate the flow tubes is proportional to the amount of vapour in the 
flow, because the tubes have a lower mass and therefore a higher power is needed to drive 
the tubes at their natural frequency. The power or “drive gain” is therefore indicative of 
the vapour content of the flow.  

 

5 Discussion 

Due to the quantity of data generated during the experiments, a full analysis has not been 
completed, but sufficient interpretation of the results to assess their reliability and draw 
some conclusions has been made. The main priority has been to process the data into 
usable formats, which was presented in section 4. This section aims to suggest potential 
reasons for the behaviour that was observed. 

5.1 Rainout 

For the unobstructed, elevated releases, no evidence of rainout was found during an 
established release, however a similar phenomenon was observed after the main release 
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had ended. Pools were only formed with low, vertically downwards releases. As shown in 
section 3.4, however, some relevant behaviour was identified.  

At the end of trial 10, rainout was observed forming immediately after the main release 
valve was closed as the stream lost momentum. The composition of the substance cannot 
be determined from the footage. While the substance could be LH2 droplets, it is more 
likely that the lower momentum stream allowed a longer latency time of the cryogenic 
substance in the air, which in turn encouraged more heat transfer from the air, resulting in 
phase changes of the components of the air. 

During releases from 12 mm or 6 mm nozzles, a white cone formed around the jet at the 
release point. It is expected that the composition of the nozzle was a mixture of ice and 
solidified components of air. Observations of the nozzle at the end of an experiment 
support this assessment as rapid melting and partial sublimation takes place, suggesting 
that the boiling point of the solid is significantly lower than the ambient temperatures. 
While it can be seen during the course of the releases that the cone forms and breaks-off 
cyclically, no evidence of the solid hitting the ground was obtained.  

Rapid melting and sublimation was also observed for the accumulations on the sampling 
lines, leading to the belief that it was also composed, at least in part, of solid air. These 
formations were recorded breaking up and falling to the ground during the releases. Upon 
contact with the ground the substance appears to sublime and dissipate. No frost marks 
were evident and no pools formed. Since this accumulation gathered on relatively narrow 
instrumentation lines, other obstruction geometries could result in different behaviour. 

While the exact composition of these solids is unknown, footage of the near-field shows 
that these formations can have an effect on the jet. As the cones form they dynamically 
distort the flow, including separating it into two streams. The accumulation on the 
sampling line also acted on the flow, forming large obstruction that oscillated on the 
supporting lines. These phenomena potentially had an impact on the downstream 
dispersion of the H2 cloud. 

Even though no rainout was observed at the steady state of these releases, other 
conditions could result in LH2 rainout and pools. In this test programme, there was 
approximately 2.75 m of pipework that was not vacuum insulated leading to the release 
point. This increased the heat transfer to the fluid in the pipe and resulted in flashing in 
the pipe, causing a mode of atomisation that is known to produce little or no rainout 
(Witlox and Bowen, 2002) [6]. For LH2 releases directly from vacuum insulated sources, 
rainout could be more likely. 

5.2 Outflow properties 

The way that mass flow and void fraction are affected by line pressure losses and heat 
transfer is discussed in Appendix C. 

5.3 Dispersion and lower flammability limit 

The concentrations measured throughout the experimental series can be used to indicate 
the extent of the flammable region for similar LH2 spills. As shown in the figures 18 to 
23, the average near-field concentration increases with larger nozzles or higher pressure.  

The near-field concentration outputs can be used to compare both the exact H2 
concentration over time at a given point in the array and the average concentration over 
the entire release. The average concentration gives an indication of the flammable region 
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around the jet, while the exact values could prove more useful when comparing a 
dispersion model.  

When comparisons are made between the measurements from the near-field concentration 
sensors and the collocated thermocouples, allowing for the time delay caused by the 
sampling lines, the results shows a reasonably strong correlation.  

Due to the far-field sensors having an upper measurement limit of 4%, the exact 
concentration of the cloud in the far-field cannot be established. What can be estimated, 
however, is the presence of transient ignitable pockets. Using the model presented in 
section 4.3, a prediction of the average concentration in a cloud can be made. While not 
an entirely accurate estimate, due to the assumption of a uniform concentration across the 
pocket, the model does provide better indication than the raw data. 

5.4 Variability introduced by weather effects 

A qualitative review of the video footage, particularly the drone footage, shows how 
dependant the movements of the hydrogen gas are on the not only the wind speed and 
direction, but instantaneous, localised gusts as well. After approximately 1.5 m for the 1 
bar releases and 3 to 6 m for the 5 bar releases, the momentum of the jet appears to have a 
secondary effect on the dispersion of the hydrogen. 
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6 Conclusion 

The aim of the PRESLHY project is to address knowledge gaps with some high-risk LH2 
accident scenarios to enable the safe implementation of the widespread use of LH2. The 
‘rainout’ experiments carried out by HSE were designed to investigate the release 
characteristics and dispersion of LH2 in elevated spillage scenarios.  

A series of 25 large scale LH2 releases from elevated positions were carried out through 6 
mm, 12 mm and 25.4 mm nozzles with an indicated tanker pressure of 1 or 5 bar and 
release heights of 0.5 or 1.5 m. Pipework temperature, pressure and mass flow 
measurements enabled a characterisation of the release and downstream temperature and 
concentration sensors enabled the analysis of the subsequent dispersion. 

Rainout and deposition 
 Rainout did not occur during the established flow of these releases, but cannot be 

ruled out as a credible hazard for LH2 spills with different initial conditions. 
 Solid deposits formed around the release point and on impingements. 
 Pools can form with vertically downwards releases. 

Outflow characterisation (see Appendix C) 
 The mass flow meter, altered to operate at cryogenic temperatures, indicated the 

phase of the substance at the meter. In many cases there was additional vapour 
production between the meter and the outflow nozzle. 

 Three different flow regimes were identified from the mass flow meter output:  a 
gaseous phase, a liquid phase, and a two-phase flow.  

 The accuracy and reliability of the mass flow measurements was higher for 
gaseous or liquid flows. Two-phase flow with high void fraction caused large 
errors in mass flow measurement with the Coriolis meter. 

 In some cases the mass flow rate and density of the fluid was measured and 
corresponded with the expected values for a full liquid flow. 

 Where the flow rate could not be directly measured, the flow was derived using 
pressure, temperature and phase information. 

Dispersion 
 Higher pressures and larger nozzles increase the average hydrogen concentration 

in the near-field region, in spite of the mass flow meter under-predicting mass 
flow rates with certain initial conditions. 

 Transient ignitable pockets (average H2 concentration > LEL) were measured at 
14 m distance from LH2 releases through 12 mm holes or larger.  

 Following the initial region, approximately 1.5 m for the 1 bar releases and 3 to 6 
m for the 5 bar releases, the dispersion of the hydrogen cloud is heavily dependent 
of the wind, including transient localised gusts.  

The most valuable aspect of these experiments is the potential for the data to be used in 
model validation. Depending on the function of the model (source term or dispersion), 
different trials will prove valuable. In particular, the dispersion results will be heavily 
dependent on the weather conditions. Upcoming sections of the PRESLHY project will 
use the generated data to validate models and safety tools. 
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8 Appendix A – Experiment Documentation Sheet  

A series of 25 unignited liquid hydrogen (LH2) trials were conducted to investigate the 
vaporisation of LH2 when released from elevated positions. This included the 
characterisation of the flow at the point of release and the subsequent dispersion of the 
flammable hydrogen cloud. The capacity for these releases to form pools and rainout was 
also explored. Details of the experimental setup, instrumentation, data acquisition and 
results formats are described with the aim of providing the necessary context to fully 
interpret the results.  

8.1 Experimental Set-Up 

 

 

Fig. A1: Overhead image of test site with sensor locations highlighted: the LH2 release 
station (green), the tanker and vent stack (yellow), the near-field array (blue) and the far-

field stands (red). 
  

N 
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WS 

8.1.1 LH2 Release facility 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A2: Sketch of the LH2 release facility with instrumentation. 

 

Table	A1:	Sensor	positions	on	the	release	pipework.	

Name  Description  Distance to release point (m) 

TC1  In‐flow thermocouple  3.25 

WS  Weather station  2.75 

MFM  Mass flow meter  2.55 

TC2  In‐flow thermocouple  2.35 

PT1  Pipework pressure transducer  2.35 

PT2  Pipework pressure transducer  0.08 

TC3  In‐flow thermocouple  0.08 

TC4  Pipework wall thermocouple  0.02 
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Table	A2:	Dimensions	of	25.4	mm	nominal	bore	pipe	sections.	

Description  Length (m)  Thermal conductivity (W/m.K)* 

Vacuum insulated hose  20  2.5 W/m 

Electrically isolated pipe  0.5  0.021 

Mass flow meter  0.4  n/a 

Valve section  0.6  13‐17 

Flexible hose  1.75  0.034 

*Typical values for the insulation materials are given, taken from the datasheets of the 
manufacturers. The vacuum insulated hose had units of W/m. 

	

8.1.2 Near-field array 

Fig. A3: Sketch of near-field supporting array. 

 

Table	A3:	Sensor	positions	in	the	near	field	array.*	

Serial No  ID  x (m)  y (m)  z (m)  TC ID 

10DC96  M1S1  0.35  0.00  0.50  TC2318 

10DC95  M1S2  0.53  0.00  0.50  TC2319 

04DC52  M1S3  0.79  0.00  0.50  TC2320 

04DC53  M1S4  1.19  0.00  0.50  TC2321 
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Serial No  ID  x (m)  y (m)  z (m)  TC ID 

04DC54  M1S5  1.78  0.00  0.50  TC2328 

04DC58  M1S6  2.67  0.00  0.50  TC2329 

04DC59  M1S7  4.00  0.00  0.50  TC2330 

04DC60  M1S8  6.00  0.00  0.50  TC2336 

02EC42  M2S1  0.79  0.00  0.25  TC2322 

02EC43  M2S2  1.78  0.00  0.25  TC2323 

02EC44  M2S3  4.00  0.00  0.25  TC2331 

02EC45  M2S4  6.00  0.00  0.25  TC2337 

02EC46  M2S5  0.79  0.00  0.00  N/A 

10DC100  M2S6  1.78  0.00  0.00  TC2324 

10DC101  M2S7  4.00  0.00  0.00  TC2332 

04DC51  M2S8  6.00  0.00  0.00  N/A 

02EC41  M3S1  0.79  ‐1.00  0.50  N/A 

02EC40  M3S2  1.78  ‐1.00  0.50  TC2333 

02EC39  M3S3  2.67  ‐1.00  0.50  N/A 

02EC38  M3S4  4.00  ‐1.00  0.50  TC2338 

02EC37  M3S5  0.79  1.00  0.50  N/A 

04DC61  M3S6  1.78  1.00  0.50  TC2325 

02EC35  M3S7  2.67  1.00  0.50  N/A 

02EC34  M3S8  4.00  1.00  0.50  TC2326 

02EC25  M4S1  0.79  0.00  0.75  N/A 

02EC26  M4S2  1.78  0.00  0.75  TC2334 

02EC27  M4S3  4.00  0.00  0.75  TC2339 

02EC28  M4S4  6.00  0.00  0.75  N/A 

02EC29  M4S5  0.79  0.00  1.00  TC2327 

02EC31  M4S6  1.78  0.00  1.00  TC2335 

02EC32  M4S7  4.00  0.00  1.00  TC2340 

 N/A  N/A  6.00  0.00  1.00  TC2336 

*Note that the dimensions are given relative to the array, which stood 0.05 m off the 
ground.  Some trials contained an offset in the x-direction as described in Table A11. 
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8.1.3 Far-field stands 

 

 

Fig. A4: Diagram of standard (left) and alternate (right) far-field stand locations. 

 

Table	A4:	Sensor	positions	on	far‐field	stands.	

Serial No.  HSL No  Stand  Height (m)  TC Name 

ARBC‐0893  HSL18555  1  0.5  TC1L 

ARLF‐0195  HSL18576  1  1.5  TC1M 

ARDD‐0512  HSL18569  1  2.5  TC1H 

ARFF‐0195  HSL18553  2  0.5  TC2L 

ARFK‐0515  HSL18575  2  1.5  TC2M 

ARFK‐0724  HSL18573  2  2.5  TC2H 

ARJB‐0150  HSL18562  3  0.5  TC3L 

ARFJ‐0274  HSL18556  3  1.5  TC3M 

ARFK‐0235  HSL18574  3  2.5  TC3H 

ARCC‐0390  HSL18565  4  0.5  TC4L 

AREH‐0319  HSL18577  4  1.5  TC4M 

AREL‐0225  HSL18552  4  2.5  TC4H 

AREJ‐0521  HSL18567  5  0.5  TC5L 
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Serial No.  HSL No  Stand  Height (m)  TC Name 

ARFK‐0648  HSL18551  5  1.5  TC5M 

ARAK‐0249  HSL18571  5  2.5  TC5H 

ARHK‐0084  HSL18564  6  0.5  TC6L 

ARHK‐0130  HSL18557  6  1.5  TC6M 

ARFK‐0590  HSL18550  6  2.5  TC6H 

ARAM‐0219  HSL18578  7  0.5  TC7L 

ARFJ‐0366  HSL18566  7  1.5  TC7M 

ARHM‐0237  HSL18566  7  2.5  TC7H 

ARLF‐0431  HSL18558  8  0.5  TC8L 

ARBC‐0822  HSL18568  8  1.5  TC8M 

ARBD‐0399  HSL18560  8  2.5  TC8H 

AREL‐0307  HSL18554  9  0.5  TC9L 

ARZD‐0946  HSL18559  9  1.5  TC9M 

ARLF‐0193  HSL18570  9  2.5  TC9H 

ARLF‐0465  HSL18563  10  0.5  TC10L 

ARCC‐0403  HSL18572  10  1.5  TC10M 

ARFK‐0507  HSL18549  10  2.5  TC10H 

 

Table	A5:	Locations	of	weather	stations.	

Weather 
station 

Model  Distance (m)  Height (m)  Angle from 
release point  

Angle from 
North 

Local  PCE  2.75  1.5  180°  255° 

Far‐field  Windsonic 
& Skye 

20  3  ‐15°  60° 

Note the release pointed at approximately 75° from North.  
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8.2 Data Acquisition Systems 

Table	A6:	Primary	data	acquisition	system	components.	

Chassis  Logging card  Sensors 

NI cDAQ‐9181  NI 9215  Wind and weather sensors. 

NI cDAQ‐9188  NI 9213 

 

16 Type T chamfered tip thermocouples. 

NI 9213  14 Type T chamfered tip thermocouples. 

NI 9211  Spare 

NI cDAQ‐9188XT  NI 9215  2 Pressure transducers, mass flow meter 

NI 9215  Spare 

NI 9219  Spare 

NI 9472  Valve control. 

NI 9421  Spare 

NI cDAQ‐9188  NI 9213  16 Type T mineral insualted thermocouples. 

NI 9213  13 Type T mineral insualted thermocouples. 

 

Table	A7:	Channel	settings	for	the	primary	acquisitions	system,	logged	at	1	Hz.	

Instrument  Column header  Units  Description 

Near field array 
thermocouple 

Centreline_XXX_TCSSSS  µV  Thermovoltage from 
thermocouple SSSS at XXX 
distance 

Near field array 
thermocouple 

Centreline_XXX_TCSSSSC  °C  Converted temperature 
from thermocouple SSSS at 
XXX distance 

Cold junction 
thermocouple 

Cold_junction  °C  Cold junction temperature 

Cold junction 
thermocouple 

Cold_junction_error  µV  Cold junction thermovoltage 

Isolated pipe current  EV1_Streaming_current  nA*  Current 

Flow meter  MFM1_Mass_Flow_Rate  g/s  Mass flow through meter 

Flow meter  MFM2_Drive_Gain  %  Flow meter drive gain 

Pressure transducer  PT1_Pipe_Pressure  barg  Pressure at outlet nozzle 

Pressure transducer  PT2_Nozzle_Pressure  barg  Pressure downstream from 
flowmeter 

Weather station  Relative_Humidity  %  Weather station at pad edge 
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Instrument  Column header  Units  Description 

Far field array  Stand_XX_ZZZZ  °C  Temperature on stand XX at 
ZZZZ elevation 

Pipework 
thermocouples 

TCX_abcd  µV  Thermovoltage from 
pipework thermocouple X 

Pipework 
thermocouples 

TCX_abcdC  °C  Temperature from pipework 
thermocouple X 

Weather station  Wind_Direction  °  Wind direction from N 

Weather station  Wind_Speed  m/s  Wind speed at 3 m  

*Units changed to μA for some tests due to over-ranging. 

 

Table	A8:	Channel	setting	for	the	near‐field	gas	sensors,	logged	at	4	Hz.	

Instrument  Column header  Units  Description 

Xensor 
concentration 
sensor 

XNNN_NN_NN_YYYYYYOutput  %  Percent H2 
concentration 
output from sensor 
S/N: YYYYYY 

Table	A9:	Channel	settings	for	the	far‐field	gas	sensors,	logged	at	1	Hz.	

Instrument  Column header  Units  Description 

O2 monitor  XXXXNNNN_AAAAAAAA_BBBB_dlO2percent  %  Percentage O2 
from monitor 
S/N: 
XXXXNNNN 

H2 monitor  XXXXNNNN_AAAAAAAA_BBBB_dlH2ppm  ppm  ppm H2 from 
monitor S/N: 
XXXXNNNN 

H2 monitor  XXXXNNNN_AAAAAAAA_BBBB_dlH2percent  %  Percentage H2 
from monitor 
S/N: 
XXXXNNNN 

H2 monitor  XXXXNNNN_AAAAAAAA_BBBB_dlH2percentLEL  % LEL  Percentage LEL 
H2 from 
monitor S/N: 
XXXXNNNN 

8.3 Experimental Conditions 

Table	A10:	Rainout	experiments	initial	conditions	

Test 
No 

Release Orientation  Release Height 
(m) 

Orifice Diameter 
(mm) 

Pressure 
(bar) 

3.5.1  Horizontal  0.5  25.4  1 
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Test 
No 

Release Orientation  Release Height 
(m) 

Orifice Diameter 
(mm) 

Pressure 
(bar) 

3.5.2  Horizontal  0.5  12  1 

3.5.3  Horizontal  0.5  6  1 

3.5.4  Horizontal  1.5  25.4  1 

3.5.5  Horizontal  1.5  12  1 

3.5.6  Horizontal  1.5  6  1 

3.5.7  Vertical Up  0.5  12  1 

3.5.8  Vertical Down  0.5  12  1 

3.5.9  Horizontal + 
obstruction 

0.5  12  1 

3.5.10  Horizontal  0.5  25.4  5 

3.5.11  Horizontal  0.5  12  5 

3.5.12  Horizontal  0.5  6  5 

3.5.13  Horizontal  1.5  25.4  5 

3.5.14  Horizontal  1.5  12  5 

3.5.15  Horizontal  1.5  6  5 

3.5.16  Vertical Up  0.5  12  5 

3.5.17  Vertical Down  0.5  12  5 

3.5.18  Horizontal + 
obstruction 

0.5  12  5 

 
 	



Grant Agreement No: 779613 
D3.6 Summary of experiment series E3.5 (Rainout) results 

Page 50   

 

 

Table	A11:	Rainout	experiments	

Trial 
No 

Test 
No 

Date   Time of 
start 

Array 
location 

Far Field 
locations* 

Additional Notes 

1  3.5.3  11/09/2019  15:16:54  Standard  Standard  Commissioning test. 

2  3.5.1  11/09/2019  15:58:09  Standard  Standard  Commissioning test. 

3  3.5.1  12/09/2019  11:45:31  Standard  Standard  Good conditions. 

4  3.5.2  12/09/2019  12:08:57  Standard  Standard  Solid air around 
nozzle. 

5  3.5.3  12/09/2019  14:34:20  Standard  Standard   

6  3.5.7  12/09/2019  15:35:30  0.25 m offset  Standard   

7  3.5.8  12/09/2019  16:10:18  0.25 m offset  Standard  0.7 m radius pool 
formed. 

8  3.5.8  13/09/2019  10:32:55  0.25 m offset  Standard   

9  3.5.9  13/09/2019  11:11:19  0.35 m offset  Standard  Obstruction 0.16 m 
from release. 

10  3.5.1
0 

13/09/2019  13:25:06  0.05 m offset  Standard   

11  3.5.1
1 

13/09/2019  13:43:17  0.05 m offset  Standard   

12  3.5.1
2 

13/09/2019  14:08:44  0.05 m offset  Standard   

13  3.5.1
7 

13/09/2019  14:33:43  0.25 m offset  Standard  1.2 m radius pool 
formed. 

14  3.5.1
6 

13/09/2019  14:57:14  0.25 m offset  Standard   

15  3.5.1
8 

13/09/2019  15:23:26  0.25 m offset  Standard  Obstruction 0.18 m 
from release. 

16  3.5.4  17/09/2019  11:02:07  Standard  Alternate   

17  3.5.5  17/09/2019  11:24:11  Standard  Alternate   

18  3.5.6  17/09/2019  11:41:45  Standard  Alternate   

19  3.5.4  18/09/2019  10:57:26  Standard  Standard   

20  3.5.5  18/09/2019  11:18:55  Standard  Standard   

21  3.5.6  18/09/2019  11:40:06  Standard  Standard   

22  3.5.1
3 

18/09/2019  14:57:25  Standard  Standard  Releases carried out 
at 4.5 bar. 

23  3.5.1
4 

18/09/2019  15:14:47  Standard  Standard  Releases carried out 
at 4.5 bar. 
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Trial 
No 

Test 
No 

Date   Time of 
start 

Array 
location 

Far Field 
locations* 

Additional Notes 

24  3.5.1
5 

18/09/2019  15:29:36  Standard  Standard  Releases carried out 
at 4.5 bar. 

25  3.5.1
3 

18/09/2019  15:47:58  Standard  Standard  Releases carried out 
at 4.5 bar. 

*See Figure A4 for far-field stand diagram. 
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9 Appendix B – Example temperature and concentration results 

9.1 Temperature graphs 

 

Fig. B2 – B3: In-flow temperature results for trials 3 and 4. 
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Fig. B3 – B5: In-flow temperature results for trials 10, 11 and 12. 
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9.2 Near-field maximum H2 concentration graphs 
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Fig. B6 – B11: Illustration of maximum near-field hydrogen concentrations. 
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10 Appendix C: Mass flow analysis 

For reference a close up of the PRESLHY set-up including the measurement section is 
shown in Figure C1.  

 

Fig. C1: Final section of PRESLHY delivery system (A – Nozzle, B – final release valve, 
C – Measurement section (electrostatics and mass flow/density), D – Vacuum insulated 
pipe to tanker. 

 

10.1   Tests where there was liquid flow up to the nozzle 

10.1.1 5 bar tanker pressure, 12 mm nozzle (Tests 11, 13, 14 and 15) 

Mass flow measurements in all of these tests are broadly consistent at around 265 g/s 
(Figure C2). This figure, taken with the measured pressure differences across different   
sections of the pipework, provides a useful indication the flow resistances. In other tests 
where the pressure and density are different the flow rate, pressure difference and density 
are related as: 

 
∆ .

     (Eq.C1) 

For example, Figure C3 shows the pressure measured before the final release valve. The 
difference between this and the tanker pressure (plus a small correction for the head of 
liquid in the tanker) is the pressure difference across the first part of the delivery 
pipework at the measured flow rate and a density equal to that of liquid hydrogen. 

Similarly the pressure drops across the final section of the pipework and across the nozzle 
can be derived from the measurements. 

A 

C 

B D 
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Fig. C2:  Measured mass flow in Tests 11, 13, 14 and 15 

 

Fig. C3:  Measured pipe pressure in Tests 11, 13, 14 and 15 (the pressure before the final 
release valve)  
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The pressure measurement points and derived pressure drops are shown schematically in 
Figure C4. 

 

 

 

 

 

 

 

 

 

Fig. C4: Schematic of measured pressures and derived pressure drops 

The approximate pressure drops in various sections of the delivery system for Test 11 are 
summarised in Table C1. Figures for nozzle and release valve are measured. Flow 
resistance data for the flow meter was provided by Emerson. The figure for the vacuum 
hose is estimated from the surface roughness and losses in the tanker are calculated by 
difference. 

Table	C1:	Pressure	drops	

Section  Pressure drop (bar) 

Tanker: Control valves and other fittings  2.60 

Vacuum hose and fittings  0.30 

Measurement section: mainly flow meter  0.10 

Release globe valve  0.34 

Nozzle  1.66 

Total  5.00 

The ratio of pressure drops ΔP1/ ΔP2 was 8.8 in this case.  

The vapour pressure of the released fluid was low (~200 mbar) so the extent of adiabatic 
flash would have been low (Figure C5) compared with the extent of vaporisation 
observed in low pressure or open pipe tests. This means that vaporisation was largely a 
result of heat input to the liquid as it flowed through the delivery system. The distribution 
of heat input to the liquid follows a very different pattern to the pressure loss shown in 
Table C1. 

Pipework in the tanker and main hose was vacuum insulated and downstream of the flow 
meter the pipework was foam insulated. Most of the heat input was in the partially 
insulated measurement section (Figure C6). Videos of tests also show clouds of 
condensation coming from this area.  

 

Tanker 

PT1 
Pipe pressure     

Release valve 
Nozzle 

PT2                
Nozzle pressure 

   ΔP1         ΔP2      
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Fig. C5: Low levels of density difference driven by adiabatic flash from 200 mbar 

 

      

Fig. C6: Heat losses at flanges in the measurement section and in the flow meter 

 

This distribution of heat input is significant in the analysis of flow rates in other tests 
where there was 2-phase flow in the flow meter and flow rates have to be derived from 
pressure measurements. Basically, the great majority (97%) of flow resistance of the 
pipework corresponding to ΔP1 is in well insulated section where there would have been 
flashing unless the pressure was very low. The measured pressure drop ΔP1 can be used 
to provide a first estimate of flow rate via Equation C1 and assuming the density of liquid 
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throughout. The effect of flashing on ΔP1 can be modelled and the results represent a 
small correction to the derived mass flows. This is described in detail later. 

Flow	disturbance		

Figure C2 and C3 show that in Tests 11 and 12 there were brief (15 second) departures 
from stable flow. This did not occur in Tests 13 or 14. 

Possibly the episodes of disturbed flow corresponded to the detachment of a pocket of 
vapour somewhere in the delivery system. This would expose the liquid hydrogen flow to 
a relatively warm section of pipe, which would result in enhanced heat transfer and some 
ongoing vapour production for ten seconds or so.  

 

10.1.2 5 bar tanker pressure, 6 mm nozzle (e.g. Test 12) 

The Emerson flow meter also gave reasonably reliable measurements of mass flow and 
density with the smaller nozzle. In this case the reported density (74 kg/m3) was 
somewhat closer to the true value of 71 kg/m3. The mass flow measurements were again 
apparently disturbed by more frequent detachment of gas bubbles, but between these 
episodes a flow rate of 90 - 100 g/s was indicated (Figure C7). The pressure at the nozzle 
was around 4.5 bar. 

The ratio of pressure drops ΔP1/ ΔP2 was also approximately 9 in this case but this could 
not be measured with the accuracy possible in Test 11 etc. because the low flow 
corresponds to relatively small pressure drops.  

 

Fig. C7: Flow meter and pressure data for part of Test 12 
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10.2 Tests in which there was flashing prior to the flow meter  

10.2.1 5 bar tanker pressure, 1” nozzle (e.g. Test 10) 

Data from the flow meter and pressure sensors is shown in Figures C8 and C9. 

 

Fig. C8: Flow meter data from Test 10 (1” opening, 5 bar pressure) 

 

Fig. C9: Pressure data from Test 10 (1” opening, 5 bar pressure) 
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The drive gain is saturated throughout the main release indicating 2-phase flow. However, 
the indicated density gradually increases to around 60 kg/m3, which is close to the correct 
value. This suggests the void fraction was quite low, i.e. at the flow meter the line 
pressure was roughly equal to the vapour pressure raised by heat losses.  

The gradual changes in pressure and reported density throughout the test suggest that 
cooling of the pipe with associated vaporisation was not quite complete at the end.  

If (as seems very likely in this case) there is little deviation in density in the section of 
pipe corresponding to  ΔP1 – especially at the end of the test - then the flow can be 
directly related to that in Test 11 via the ratio of the measured pressure drops. 

Test 11:   ΔP1 = 3.0 bar 

Test 10:   ΔP1 = 3.8 bar 

The ratio of the mass flow rates is 
.

1.125 

Since the mass flow rate in Test 11 was 265 g/s this means the rate in Test 10 was about 
298 g/s.  

It seems reasonable that some increase in flow results from removing the ½” nozzle, but 
that the effect is fairly small as it allows earlier flashing (in the pipe rather than at the 
nozzle). 

10.2.2 1 bar tanker pressure, ½” nozzle (e.g. Test 4) 

In tests with lower (1 bar) tanker pressure the flow into the flow meter had a high void 
fraction (pressure measurement indicate this was typically of order 80%). Decoupling 
between the gas and liquid phases means that the mass flow meter cannot work in such 
circumstances and the mass flow is grossly underestimated. Figure C10 shows a mass 
flow of around 15 g/s whereas the true figure is over 100 g/s. 

In this case, we have to rely on pressure measurements to determine flow.  

In Test 4: 

ΔP1 = 0.475 bar   (48%)    ΔP2= 0.152 bar  (15.3%)    Across nozzle = 0.362 bar  (36.5%) 

This can be compared with the equivalent 5 bar test (Test 11) 

ΔP1 = 3 bar  (60%)    ΔP2= 0.34 bar  (6.8%)   Across nozzle = 1.66 bar  (33%) 

As the tanker pressure is lowered, there is a substantial increase in the pressure drop 
across the final section of the pipe (before the nozzle). Presumably this is because the 
flow is flashing here whereas at high pressure it was not. The ratio of pressure drops ΔP1/ 
ΔP2 was 3.2 in this case (compared with 8.8 for an all-liquid flow). 

The proportion of the total pressure across the nozzle does not change much. Presumably 
this is because even at higher tank pressure there would have been some flashing at the 
nozzle and the density would already have been well below that of liquid at the vena 
contracta.   

To be able to interpret these measurements further and correct for the vaporisation in the 
last part of the pipework corresponding to ΔP1 requires an approximate analysis of 
pressure loss and heat input to the liquid in the supply system. 
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Fig. C10:  Flow meter measurements in Test 4 (1/2” nozzle, 1 bar pressure) 

 

 

Fig. C11: Pressure data from Test 4 (1/2” nozzle, 1 bar pressure) 
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10.2.3 Modelling 

Almost all of the flashing is as a result of heat transfer into the liquid flow and most of 
this occurs in the un-insulated parts of the measurement section. 

If the pipe pressure is high the effects of this heat transfer may not appear as vapour 
production until the flow depressurises closer to the nozzle (5 bar tests). In lower pressure 
cases, heat transfer causes immediate vaporisation. 

In the latter cases, it is no longer comfortable to assume liquid densities throughout the 
ΔP1 section. Instead, it is assumed that flashing occurs at the start of the measurement 
section and that the density decreases by a factor of X then remains constant through the 
rest of the pipe. 

If the proportion of flow resistance in the ΔP1 section that is associated with the 

measurement section is F, then the measured ratio 
∆

∆
  is related to X and F as:    

							
. 	

∆
∆

.
      (8.8 is the ratio 

∆

∆
 when there is no change in density)      (Eq. C2) 

The simple model leading to this prediction is illustrated in Figure C12. 

 

The data in Table C1 suggest F is approximately 3%. A number of values around this 
figure have been used to indicate sensitivity of the derived density reduction factors and 
flow rates to the assumptions made. 

For example in Test 4: 

If:  F = 0%,   
∆

∆
=3.2        then, X = 2.75 i.e.  = 1 / 2.75 = 0.36   

If:  F = 3%,   
∆

∆
=3.2        then, X = 2.90 i.e.  = 1 / 2.90 = 0.34 

If:  F = 6%,   
∆

∆
=3.2        then, X = 3.10 i.e.  = 1 / 3.10 = 0.32 

Because of flashing in the measurement section the effective flow resistance (to liquid 
flow) of the pipework corresponding to ΔP1 increases by a factor k where:  

 1 1 ∙           (Eq.C3) 

Results of this type of analysis for the low pressure tests are shown in Table C2.  

 

The mass flow rates are calculated from the pressure drop for (all liquid flow) at 5 bar 
using the effective resistance coefficients k and measured pressure drops in respective 
tests  

∝ ∆
      (Eq.C4) 
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Fig. C12: Simple model of vaporisation and pressure loss 
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Table	C2:	Results	of	flow	rate	analysis	

 Pressure 
drop ΔP1, 
measured 

(bar) 

Density 
reduction 
factor 

(X) 

Relative flow 
resistance 
over ∆P1 

(k) 

Flow 

(g/s) 

Test 11 (5 bar,  ½” nozzle, liq)  2.91 1.00 1.00 265 

Test 4 (1 bar,  ½” nozzle) 

F = 0 

F = 3 % 

F = 6 % 

 

0.475 

0.475 

0.475 

 

2.75 

2.90 

3.10 

 

1.00 

1.06 

1.13 

 

107 

104 

101 

Test 3 or 16 (1 bar, open pipe) 

F = 0 

F = 3 % 

 

0.86 

0.86 

 

2.85 

3.00 

 

1.00 

1.06 

 

144 

140 

 

It seems sensible that the flow through an open pipe (135-144 g/s) is somewhat greater 
than when there is a ½” nozzle (101-107 g/s). 

It also seems reasonable that the ratio of these flow rates (which is 1.34) is a little more 
than the ratio for the 5 bar tanker pressure case 298/265 = 1.125, since in the 5 bar case 
the ½” nozzle prevents flashing (in the pipe) altogether. 

 

10.3 Heat transfer and vapour pressure  

It is interesting to consider the energy input level implied by these estimates of density 
reduction. 

A value of X (density reduction) implies a fraction vaporisation rate of: 

.            (Eq.C5) 

The gas density and therefore the relationship between density ratio and vaporisation is a 
function of pressure (Figure C13). 
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Fig. C13: Relationship between observed density ratio and fractional vaporisation rate 

 

At 0.5 bar (over ambient) a density ratio of 3 (see Table C2) implies a vaporisation rate of 
about 5.5%.  

At 1.0 bar a density ratio of 3 implies a vaporisation rate of about 7.5% 

 

The heat of vaporisation is around 900 J/mole, so these levels of vaporisation imply a heat 
input of 50 – 67.5 J/mol (if the pressure was between 0.5 and 1 bar over ambient). 

If the initial vapour pressure was 200 mbar then inputs of 50 – 67.5 kJ /mole would have 
raised the saturation over-pressure to between 1.2 and 1.5 bar (Figure C14). 
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Fig. C14: Increase in vapour pressure caused by energy input of 50 J/mol 

 

This analysis broadly explains the phase composition at the flow meter and the 
consequent effectiveness of the device (Table C3). 

Table	C3:	Phase	composition	at	the	flow		meter	

Tanker 
Pressure 

Hole size   Approx 
measured 
pressure 
at flow 
meter 

(bar) 

Expected 
vapour 

pressure 

(bar) 

Expected phase 
at meter  

Observed 
phase at 

meter 

5 bar  6mm ( ¼ ”)  4.5   >1.5     liquid  liquid 

5 bar  12mm ( ½”)  2   1 - 1.5   liquid  liquid 

5 bar  1”  1.2   1.2 - 1.5   Marginal 

(small gas 
content) 

Marginal 

(small gas 
content) 

1 bar  6mm ( ¼ ”)  <1   >1.5    Gassy  Gassy 

1 bar  12mm ( ½”)  0.5   1.2-1.5   Gassy  Gassy 

1 bar  1”  0.2  1.2-1.5   Gassy  Gassy 
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10.4 Flow rates in previous tests series using Liquid Hydrogen 

Previous work (HSE Research Reports RR986 and RR987) used a very similar set up but 
without the measurement section. The releases were of “flattened” hydrogen from a 
tanker with the vapour space re-pressurised to 1 bar.  There was no restriction on the 
outlet.  The valve and final hose to the end of the pipe were not insulated (Figure C15). 

 

 

Fig. C15: Previous release configuration (RR986/RR987) 

 

The flow resistance coefficient in the stages prior to the valve would have been less than 
PRESLHY by a factor of 1-F, because of the missing measurement section. It seems 
reasonable to assume that little if any flashing occurred in this section. 

There would have been rapid flashing in the valve and final delivery pipe. Density 
reduction factors in a similar range to those observed in the equivalent PRESLHY tests 
might have been expected. 

With these assumptions the proportion of tanker pressure up to the valve, relative to the 
total pressure drop, is:  

8.8 1
8.8 1

 

The effective flow resistance up to the valve (relative to the equivalent PRESLHY test) is 
reduced by a factor of 1-F. 

 

Comparing the pressure drop and flow resistance with the values in Test 11 the flow rate 
in previous work can be calculated using the relationship: 

∝
∆

      (Eq.C6) 
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This gives an estimate of about 135 g/s for the mass flow rate in the previous work (Table 
C4). 

Table	C4:	Flow	rates	in	PRESLHY	and	previous	tests	

  Pressure 
drop ΔP1  

bar 

Density 
reduction 
factor  

X 

Relative  Flow 
resistance ‐ 
over ΔP1  

 k  

Flow 

(g/s) 

Test 11 (5 bar , ½”  nozzle) Measured 

2.91 

1 1 265 

Test 3 or 16  (1 bar,  open pipe) 

F = 0 

F = 3 % 

F = 6 % 

 

0.86 

0.86 

0.86 

 

2.85 

3.0 

3.2 

 

1 

1.06 

1.13 

 

144 

140 

135 

RR 986 (1 bar,  open pipe) 

F=0 

F=3% 

F=6% 

Calculated 

0.745 

0.74 

0.733 

Assumed 

3 

3 

3 

 

1 

0.97 

0.94 

 

134 

136 

137 

 

 


