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Preface  

The biggest cost factor in the PRESLHY-experiments with LH2 turned out to be the rent for 

the trailer needed to store the LH2 on site for the experiments. To keep these costs in an 

acceptable range it was decided to perform all experiments in which LH2 is needed within a 

time frame that had to be kept as short as possible. Due to this decision these experiments had 

to be postponed with respect to the initial project plan, since the experiments with LH2 were 

not started before most of the LH2 experimental facilities and the free-field test site, where 

these experiments had to be performed, were ready to be completed within few days. 

Unfortunately, the time frame for the LH2-experiments coincided almost exactly with the 1st 

lockdown imposed by the COVID-19 pandemic in Germany and so all experiments with LH2 

were carried out under difficult conditions and under strict hygiene and health precautions in 

the 11 weeks from 12th March to 27th May 2020.  

The test program for liquid hydrogen releases comprised three experimental series. One series 

was the so-called CRYOSTAT-experiments of WP3.1b, where LH2 was released from a 

pressurized reservoir, while the other two series concentrated on liquid spills with pool 

formation (POOL-facility). In the unignited POOL-experiments of WP3.4 reported here, liquid 

hydrogen was spilled into a box that was filled up to half the height with different substrates to 

see how and under which circumstances a LH2-pool forms and how fast this pool then 

evaporates. In the second series of POOL-experiments (WP4.4) the atmosphere above the 

LH2-pools was ignited at different positions and points in time to see the consequences of the 

ignition of LH2-pools above different substrates.  
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Disclaimer  

The data management in the PRESLHY project follows the principle of data management, 

which shall make data Findable, Accessible, Interoperable and Re-usable (FAIR). The plan for 

FAIR data management as described in this document is based on the corresponding template 

for open research data management plan (DMP) of the European Research Council (ERC).  

This report contains the “meta data” of the ignited POOL-experiments on the ignition in the gas 

phase above a pool of liquid hydrogen (Task E4.4), providing detailed description of the 

experimental set-up, sensors, result data structure and access (sub-set of the result data is 

provided via KITopen). Detailed evaluation of the results, e.g. determining the evaporation rate 

above the different substrates, as well as any modelling work is excluded here and left for 

subsequent work. 

Despite the care that was taken while preparing this document the following disclaimer applies: 

The information in this document is provided as is and no guarantee or warranty is given that 

the information is fit for any particular purpose. The user thereof employs the information at 

his/her sole risk and liability. 

The document reflects only the authors’ views. The FCH JU and the European Union are not 

liable for any use that may be made of the information contained therein. 
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Cryogenic release, substrate, pool formation, pool evaporation 
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Publishable Short Summary 

In the frame WP3.4 of the PRESLHY project 10 experiments on LH2-pool formation above 

different substrates have been performed with the POOL-facility on a free field-test site located 

a few kilometers to the north of KIT Campus North. Substrates to be investigated comprised 

concrete, sand, water and gravel. Four of the experiments were made with artificial side wind 

of known direction and known velocity to investigate the influence of side wind on the 

formation and evaporation of the LH2-pools.  

The POOL-facility mainly consists of an insulated stainless-steel box with the dimensions 0.5 x 

0.5 x 0.2 m³ that is filled up to half the height (0.1 m) with the respective substrate. The height 

of the LH2-pool that forms above the substrate can be determined using the weight of the 

complete facility, since it is positioned on a scale, but also 6 thermocouples that are located in 

different heights above the substrate surface clearly show a stable signal as soon as they are 

covered with LH2. Further measurement equipment used in the tests comprise temperature 

measurements inside the substrate and in the unconfined space above the pool, where also H2-

concentration measurements are performed.  

Using the sensor information, pool formation and evaporation rates for the different substrates 

could be determined. Furthermore, the temperature and concentration measurements above the 

pool were used to define promising ignition positions for the experiments of WP4.4, where the 

LH2-spills above the different substrates should also be ignited.  
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1 Purpose of the Tests – Knowledge Gap Addressed  

In the work package WP3.4 of the PRESLHY project the formation and evaporation 

behavior of liquid hydrogen (LH2) pools above different substrates is investigated by the 

project partners Karlsruhe Institute of Technology (KIT) and Pro-Science (PS). In the 

subsequent work package WP4.4 the ignition and combustion behavior of these pools 

above the different substrates is analyzed. 

 

2 General Description of the POOL-facility 

For the experiments on LH2-spills the POOL-facility was built on the free-field test site 

owned by the Institute for Technology and Management in Construction (TMB) of KIT 

Campus South, which was loaned by KIT/PS for all tests with LH2. This remote free field 

test site is located approx. 3.5 km north of KIT Campus North at the edge of the northern 

part of the Hardtwald forest. (see Figure 1). 

 

Figure 1: Location (left) and aerial view from the north (right) of the free-field test site north of KIT 

Campus North with later positions of the LH2-trailer (blue) experimental area (red circle), tent for 

data acquisition (yellow) and shelter for remote control (magenta circle). 

 

The biggest cost factor in the procurement of LH2 for the experiments turned out to be 

the rental of the super-insulated trailer needed to store the LH2 for the duration of all 

experiments with LH2 at the test site. To keep these costs as low as possible it was 

decided to perform all experiments with LH2 within a time frame that had to be held as 

short as possible. So the facilities for all experiments with LH2 done by KIT/PS were 

prepared and stored at the free field test site north of KIT-Campus North before the LH2-

campaign began with the delivery of the LH2-trailer.  

The tests with the POOL-facility were performed on the standard location for the LH2-

tests on the free-field test site with the LH2-trailer parked close to it besides a massive 

steel container and with its rear end pointing towards the experimental area. Behind the 

rear door of the trailer, the control panel with all valves and joint points is located and 

thus this door has to remain opened during the withdrawal of LH2 from the trailer. For 

protection of this vulnerable part of the trailer a protective wall of concrete bricks 
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(M = 500 kg/brick) was constructed between trailer and experiment. This rather crowded 

layout of the components was necessary due to the fact that the POOL-facility had to be 

filled with LH2 from the trailer through the rather short (L ≈ 5 m) super insulated hose 

that was provided by Air-Liquide together with the trailer (see Figure 2). Opposite the 

wall with BOS background pattern another protective wall of concrete bricks was erected, 

in front of which usually all cameras for optical observation of the experiments were 

positioned. 

 

Figure 2: Setup for the POOL-experiments with main parts of the facility (left) and sketch of the 

facility with dimensions (right). 

 

The POOL-facility was controlled via a computer that was located in a tent in a distance 

of approx. 10 m behind the wall with the BOS-background pattern, but after the initiation 

of an experiment this computer was controlled remotely from a shelter in a distance of 

approx. 100 m to the facility (see Figure 1 and Figure 2). The control computer was also 

used to display and save all sensor records (temperatures, H2-concentrations, ambient 

wind conditions) with a measuring frequency of 10 Hz via LabView. 

The POOL-facility itself mainly consists of a stainless-steel box (dimensions 0.5 x 0.5 x 

0.2 m³) that is filled up to half the height (0.1 m) with different substrates that can be 

found in, or are feasible for various real LH2-applications. The substrates used in the tests 

were concrete, sand, water and gravel, with the concrete pool being prepared already 

more than 1 month prior to the first experiment to allow sufficient hardening and drying. 

Three boxes were fabricated for the experiments, so one of these boxes had to be used for 

the experiments with two substrates (water and gravel, gravel was kept in separate box 

when not used, so in all experiments with gravel the same stones were used as substrate). 

For thermal protection the outside of the boxes was insulated by Styrofoam plates on its 

ground face and the sides. Inside the substrate layer 8 thermocouples were positioned via 

holders prior to the filling of the box with the respective substrate. The substrate filled 

box was then positioned on a scale on a table and the super insulated hose from the LH2-

trailer was then fixed to a rack on the top of the table that positioned its open end above 

the box. Photographs of the complete assembly and the empty as well as the substrate 

filled boxes are shown in Figure 3. 
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Figure 3: Photo of the setup of the POOL-experiments with LH2 on the free-field test site north of 

KIT-Campus North (top left) and photos of the empty stainless-steel box with in-substrate sensor 

holders (top right) as well as boxes filled with the different substrates (lower row). 

 

For the LH2-release a hand valve at the rear end of the trailer had to be opened manually 

(always to the same degree of valve opening), but due to safety restrictions the closure of 

the release valve had to be done remotely using a safety mechanism of the trailer. In the 

experiments on LH2-pool formation the substrate filled box was usually filled three times 

to cover different degrees of pre-cooling of the substrate. Furthermore, it turned out that 

all sensor records showed less fluctuations when the pool was generated above a per-

cooled substrate. This data was needed to estimate the concentration in the ignition 

position for the ignited POOL-experiments of WP4.4.  

 

3 Instrumentation of the facility 

3.1 Sensors and Methods used 

The insulated steel box of the POOL-facility was mounted on a scale (Mettler-Toledo, 

Type: PBA430x, 0 - 150 kg) to monitor the mass of LH2 accumulated in the pool during 

the filling and evaporation periods of an experiment. Special care was taken to eliminate 

influences of wires and hoses connected to the facility. The filling level of the pool was 

also monitored using 6 thermocouples that were installed above the substrate surface 

inside the box in different heights. Further 8 thermocouples were distributed on holders 

inside the substrate. 12 thermocouples and 3 thin tubes for continuous sample extraction 

were positioned via wires in a rack above the box. Through the 3 thin tubes gas samples 

were transported from the sampling position to 3 H2-sensors that continuously analyzed 

the samples. All thermocouples used in the experiments were of the same type (sheathed 

thermocouples type K, d = 1.00 mm) manufactured at KIT-workshop from the same 

batch. The various thermocouple and sample taking positions used are sketched together 

with their names in the data records in Figure 4. 
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Figure 4: Names and positions of the thermocouples and cH2-measurement positions in and above 

the substrate (dimensions in cm) 

 

Hydrogen concentration measurements were performed using 3 thermal conductivity 

hydrogen sensors (Messkonzept, Model FTC300, 0 - 100 Vol% H2). The sensors are 

rather bulky, have to be constantly fed with a sample gas flow and should not be operated 

at temperatures lower than -20°C. Due to these reasons it was not possible to install the 

sensors in the positions above the pool, since they will then be exposed to much lower 

temperatures. To protect the sensors from the cold gas clouds and potential combustions 

events it was decided to install them behind the wall with the BOS-background and to 

connect them with the sampling position via a thin cannula (di = 2.5 mm, l = 10 m, 

warmed on its way to the sensor in a water bath) and a pump (at the recommended flow 

rate of approx. 70 l/h). Due to this spatial separation of sensor and measuring position a 

time delay occurs in between H2 exposition at the measurement position and the first 

reaction of the H2-sensor. This time delay was determined in separate tests, where a H2-

balloon was connected with the cannula at the measurement position by a remote-

controlled valve. The time that elapsed in between valve opening and the detection of a 

measured value of 98 vol% H2 by the sensor was measured to be approx. 35 s for all 

three H2 sensors. 

In four experiments “artificial” wind from a large fan was used to investigate the 

influence of side wind on the LH2-pool formation and evaporation. For this purpose, the 

fan was positioned in front of the wall of concrete blocks behind the trailer, to produce 

side wind of constant velocity and direction. In pre-experiments with an ultrasonic 

anemometer (Young, Model 81000) the rotation speed of the fan was tuned in a way that 

it produces wind with a velocity of approx. 4 m/s in the position of the center of the pool 

from the direction where the super insulated hose is fastened to the rack above the pool 

(Figure 5, center). 
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Figure 5: Photos of an experiment without artificial wind (left), the experimental setup with fan 

(center) and an experiment with artificial wind (right).  

 

3.2 Estimate of Measurement Errors  

The accuracy of the sensors used in the experiments is given in the table below. The 

values were taken from the respective manuals for ambient temperature conditions. For 

cryogenic temperatures no data is available. The thermocouples were calibrated on three 

temperatures (ambience, boiling temperature of LN2 and boiling temperature of LH2), 

the value in the table is the value given for ambient temperature by the supplier of the raw 

material. 

 

Table 1: Accuracy of scale, thermocouples, cH2-sensors and anemometer used in the 

unignited POOL-experiments. 

Sensor Manufacturer Type (Range) Non-linearity @ 290 K 

Scale Mettler-Toledo PBA430x (0 - 150 kg) < 0.006% FS 

Temperature KIT-Workshop Type K, d = 1.00 mm 1.66 °C 

H2-concentration Messkonzept FTC300 (0 - 100% H2) ≤ 1% FS 

Anemometer Young Model 8100  
(0 – 40 m/s and  
-50 - +50 °C) 

 
±0.05 m/s and 
± 2 °C 

 

Prior to the experiments the thermocouples were tested at ambient temperature in ice 

water and in a bath of LN2. All thermocouples showed very similar values for Tice = 273 

K (+/- 1 K) and TLN2 = 97 K (+/- 1 K), which correspond to a precise measurement for ice 

water and a deviation of approx. 20 K for LN2. As third point for the correction of all 

thermocouple signals the temperature measured by the thermocouples in the pool, which 

were exposed to LH2 in the experiments, was used. A LH2-temperature of 63.5 K (+/- 1 

K) was measured by all these thermocouples, resulting in a deviation of approx. 43.5 K at 

this temperature level. Unfortunately, the calibration curve for these three temperature 

levels is not linear, which offers three options for correction (Figure 6): 

I. polynomial fit through the three temperature levels (red dotted line) 

II. linear fit through the three temperature levels (orange dotted line) or 

III. linear fit through values of LH2 and ambient temperature (black dotted line) 
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Figure 6: Calibration curve for the thermocouples used in the POOL-experiments.  

 

Although option I leads to a perfect fit it seems to be worst since it produces a local 

maximum at approx. 300 K and all temperatures higher than this level do not lead to an 

increase of the corrected temperature. Option II shows the lowest deviations between 

measured and corrected temperatures for the three temperature levels, but for the boiling 

temperature of LH2 a value of 28 K is found. Finally, the third option displays an 

accurate value for the two extremal values (TLH2 and 273 K) but produces a deviation of -

17 K for the boiling temperature of LN2 (T(corr.)LN2 = 60 K). Nevertheless, this option 

was chosen since it facilitates interpreting the temperature records and so during data 

processing all temperature values were corrected using the black calibration line shown in 

Figure 6.  

 

4 Test Matrix and Experimental Data 

4.1 Test Matrix and Data Structure  

Table 2 shows the test-matrix for the 10 experiments on unignited LH2-spills that were 

performed with the POOL-facility and all four substrates available.  

 

Table 2: Test matrix for the unignited POOL-experiments 

Date  Substrate Procedure Conditions Comments 

20.03.2020 Concrete01 2 Fillings Natural No scales data (Not used) 

24.03.2020 Concrete02 4 Fillings Natural  

08.04.2020 Gravel01 3 Fillings Natural  

09.04.2020 Sand01 3 Fillings Natural  

15.04.2020 Sand02 3 Fillings Wind No natural wind data 

16.04.2020 Sand03 3 Fillings Wind  

17.04.2020 Concrete03 3 Fillings Wind  

22.04.2020 Gravel02 3 Fillings Natural Gas-Samples 

23.04.2020 Gravel03 3 Fillings Wind Gas-Samples 

23.04.2020 Water01 3 Fillings Natural  
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Apart from the substrate mainly the wind conditions were varied in the tests. So apart 

from starting date and time the experiments the names of the 10 Excel-files with the 

sensor records of the unignited POOL-experiments also contain information on these 

variables. All filenames have the form: 

2020MMDD_substrateXXWind 

with MM for month, DD for day of the start of the experiment. Substrate indicates the 

nature of the substrate (either concrete, sand, water or gravel) and XX represents the total 

number of tests so far performed with the respective substrate. If an experiment was 

carried out with artificial wind the extension “Wind” is added to the name.  

In the name of the first sheet of the Excel-file “TE-WG” is added to the filename (e.g. 

“2020MMDD_substrateXX-TE-WG”). This sheet contains the data of all thermocouples 

and the weight record (see Figure 7). All temperatures in this sheet are corrected values 

according to the black calibration curve given in Figure 6 (using the formula given in cell 

H1) with the exception of the thermocouple in column Q (highlighted red). The 

thermocouple initially planned for this column was not working properly in the first 

experiments and so it was replaced by one of the in-vessel-thermocouples of the DisCha-

experiments (T1 – T3, see Deliverables D3.4 and 5.4) to calibrate them also for LH2-

temperature. In the course of the experiments with the POOL-facility all three DisCha-in-

vessel-thermocouples were used in positions close to the substrate surface and the records 

are given in this column. The values of this column are already corrected with the 

calibration curve described in the DisCha-Deliverables (using the formula given in cell 

Q1). In the columns B to G the temperatures inside the LH2-pool are listed, the columns 

H to S (ex. column Q, see above) contain the temperatures above the pool and the 

columns T to AA give the temperatures measured inside the substrate. The last column 

AB of this block corresponds to a virtual-thermocouple that was planned to be used as a 

trigger, but was not necessary.  

In the right part of the first Excel-sheet the scales-data is listed. This data had to be saved 

in a separate file due to the output settings of the scales, but, since this signal is very 

important for the evaluation of the experiment, it is added to the first sheet with the 

temperature records. The time scale of the scales-record is synchronized using the time 

the respective files were generated (Line 2 and 3 in the records, this data is not visible in 

Figure 7 due to size reasons, in the data files it is displayed correctly). In the column AE 

the total mass of the facility is given, while column AF lists the LH2-mass, which is 

calculated by subtracting the initial mass of the facility from the total mass. 

In the left column of diagrams all thermocouples of the facility are plotted over time, with 

a summarizing plot at the top and details of the different fillings below. The second 

column of graphs shows the same signals separated for thermocouples in the substrate, in 

the LH2-pool and above the LH2-pool. The lowest graph in the second column shows 

details of the DisCha-thermocouple signal for LH2-temperature. The single graph in the 

third column shows the transients of selected in-pool-thermocouples together with the 

original weight-record (total mass of facility) while in the fourth column similarly a 

summarizing and three detail plots for the different filling procedures are given together 

with the LH2-mass. The two graphs in the right column summarize total mass (top) and 

LH2-mass (bottom) for the experiment.  
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Figure 7: Example for structure of first datasheet on the basis of sheet “20200416-Sand03Wind-TE-WG”.  
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In the second data sheet of the Excel-file the measured hydrogen concentrations and the 

wind data of the experiment are given and thus the extension “cH2-Wind” is added to the 

sheet-name (e.g. “2020MMDD_substrateXX-cH2-Wind”). An example for the structure 

of this sheet is given in Figure 8. 

 

Figure 8: Example for structure of second datasheet on the basis of sheet “20200416-Sand03Wind-

TE-WG”. 

 

The main time scale used in this sheet is also synchronized with the records of the 

thermocouples using the time when the respective record was started (line 3). In the 

columns C to E the H2-concentration records of the three measurement positions above 

the pool (CH35, CH45 and CH55, see Figure 4) are listed. In some of the experiments the 

measurement in position CH35 was not working properly and thus in this case the 

corresponding column C is highlighted red. For the plot of the H2-concentrations over 

time (top left graph) a corrected time is used which is calculated in column K by 

subtracting the transportation time of the gas sample from the sampling position to the 

sensor from the synchronized time given in column B. This transportation time was 

measured in separate tests to be approx. 35 s (see section 3.1, page 4).  

In the right graph of the second sheet the wind conditions and the sonic temperature 

measured by the anemometer are plotted over time. In some few experiments the 

connection of the anemometer to the data acquisition was interrupted and thus in this case 

the corresponding columns G – I are highlighted red. 

In the lower graph of the second sheet an additional trigger signal is plotted, which was 

added to the data acquisition for the case of synchronization problems. Unfortunately, this 

signal is very noisy and only shows very slight changes and so it is of limited use for the 

evaluations. 
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4.2 Explanations and Notes for Data-Interpretation  

4.2.1 General behavior  

The experimental data on the unignited POOL-experiments contains an enormous amount 

of individual sensor records, especially thermocouples. To facilitate the work with the 

data one example and several exceptional observations shall be discussed and explained 

in this section. For this purpose, experiment 20200416-Sand03Wind is used as an 

example, since almost no exceptional events occurred in this test. Figure 9 shows the 

summarizing plot of this experiment (uppermost graph in fourth column of first data 

sheet, compare Figure 7).  

 

Figure 9: Summarizing plot of selected temperatures and the LH2-mass of experiment 20200416-

Sand03Wind.  

 

In the summarizing graph of Figure 9 the LH2-weight (red line, right ordinate) and the 

temperatures in three heights above the substrate surface are plotted. The slight weight 

increase and the fast temperature decreases at t ≈ 200 s indicate that the LH2-release into 

the box was initiated at this point in time. In the initial phase of the release a flow of cold 

gaseous hydrogen is directed into the box, since the super insulated hose has to be cooled 

down to approx. 20 K before LH2-reaches its open end. When LH2 starts to reach the 

substrate in the box it immediately evaporates until the substrate surface is also cooled 

down to this temperature. As soon as a LH2-pool starts to form above the substrate 

surface (t ≈ 300 s) the signal of TA000-00 (light blue curve in Figure 9), which measures 

the temperature in the height of the substrate surface, remains stable at the temperature of 

boiling LH2 (20 K) and the weight signal starts to increase. During the following 100 s 

the mass of LH2 in the pool increases constantly, as the increasing weight signal 

indicates, until the thermocouple in a height of 7 cm above the substrate surface (TA000-

07, green curve in Figure 9) is also reached by the LH2-level (t ≈ 400 s), as the stable 

value of 20 K measured by this sensor shows. Approx. 35 s later the LH2-release is 

stopped at a LH2-weight of approx. 1700 g, as the beginning decrease of the weight 

signal and the fast temperature increase in a height of 25 cm above the substrate surface 

(TA000-25, dark blue curve in Figure 9) indicate. The LH2-pool then evaporates 

constantly and reaches the filling level of 7 cm height at t ≈ 465 s, as the temperature 
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increase measured by TA000-07 at this point in time shows. At t ≈ 580 s the temperature 

at the substrate surface starts to increase and thus the complete LH2-pool above the upper 

substrate level has evaporated. The remaining inventory of approx. 300 g at this time 

might be due to LH2 still existing in gaps between steel box and substrate as well as in 

between steel box and surrounding insulation material, or in pits that were formed by the 

fast flow of gaseous H2 in the initial phase of the H2-release. When the complete box had 

warmed to approx. ambient temperature in most measuring positions (t ≈ 740 s) the 

second filling was initiated. This time the pre-cooled substrate allowed a much faster 

filling of the box with LH2, as the quick temperature decay in both pool-thermocouples 

(TA000-00 and TA000-07) indicates. The pool was then filled to the upper rim 

(mLH2 ≈ 1900 g) and showed an overflow (t ≈ 835 s, stagnating weight) before the LH2-

release was stopped (t ≈ 875 s). After this the LH2-pool evaporated to the same residual 

weight as after the first filling (mLH2 ≈ 300 g) until the temperature at the substrate surface 

starts to rise (t ≈ 1040 s). The third filling begins at t ≈ 1200 s and ends at t ≈ 1290 s and 

shows a course very similar to the second one (mLH2max ≈ 2000 g). When the third LH2-

pool had evaporated (t ≈ 1470 s, mLH2 ≈ 350 g) it was left to warm up to ambient 

temperature before the data acquisition was stopped.  

4.2.2 Exceptional behavior  

Gaps and ditches 

The records explained in the above example allow to interpret the course of events that 

occurred during all experiments, but some phenomena cannot be explained without 

further knowledge on the execution of the experiments. The only such phenomenon that 

occurred during the above discussion is connected with the residual weight that remains 

in the signal of the scale although the LH2 pool had completely evaporated (as shown by 

the signal of TA000-00 at the upper substrate surface). The explanations given above can 

be supported by the upper photos of Figure 10, where the gaps and the ditch in the sand 

are shown. Frozen humidity or air components are also feasible, but the temperature 

records show no hints on the evaporation of significant amounts of these compounds (no 

temperature stagnation at the respective boiling point). 

 

Figure 10: Gaps in between steel box and insulating material and ditches observed after experiments 

with the sand and the water pool. 

 

The gaps occurred due to the thermal stress to the metal walls of the box. The gaps were 

closed with tape prior to each experiment after they were realized for the first time (after 

experiment Concrete02). Unfortunately, they could not be closed hermetically for various 

reasons (e.g. grounding of box, thermal stress in tape), and were unavoidable in the 
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experiments with the substrate concrete, since they also occurred in between the concrete 

and the metal of the box walls.  

To avoid the phenomenon of ditches in the sand pool a baffle plate was used. This plate 

helped, but could not prevent the formation of a ditch especially during the first LH2-

release, where a strong flow of gaseous H2 was directed into the bed of dry sand. Ditch 

formation was also observed in all experiments with the water pool, where no baffle plate 

could be installed. So in these experiments the effect is even stronger (also in first 

experiment with sand pool), which leads to an initial weight decrease of the pool due to 

the substrate that is blown out of the box before it is stabilized due to freezing.  

 

Temperatures below 20 K and pool inventories of >> 2 kg 

Another amazing phenomenon is the occurrence of temperatures below 20 K in some 

experiments when the pool is completely filled and is overflowing. An example is shown 

in the graph of Figure 11, where a magenta arrow indicates the temperature 

mismeasurements. As reason for these erroneous measurements the thermocouple 

connectors were identified, which were initially located unprotected on the outside of the 

pool insulation. When exposed to very cold temperatures the contacts in the connectors 

generate a second temperature sensitive element in the measuring chain and thus falsify 

the temperature signal. In later tests this influence was avoided by shielding and 

insulating the connectors.  

Another phenomenon that can be observed in the graph of Figure 11 is the weight 

increase to values higher than 2 kg that coincides with the erroneous temperature 

measurements. Since the pool was massively overflowing at this time the additional 

increase might be due to LH2 entraining all gaps also in between palette and pool or by 

accumulating on the surface of the scale. This additional weight mostly vanishes 

immediately as soon as the LH2-supply is stopped at t ≈ 1400 s, but partly shows an 

evaporation rate similar to the “regular” pool above the substrate.  

 

Figure 11: Unrealistic temperatures of less than 20 K observed after overflowing pool in experiment 

Sand01 and unprotected thermocouple connectors as identified reason. 
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Even more pronounced weight increases were observed in the experiments with the 

substrate gravel, where, for instance, maximum mass increases of close to 10 kg were 

observed in experiment Gravel01 (see Figure 12). In this case only the last fast increase 

around t ≈ 2400 s is related to LH2 accumulating in gaps during overflowing (blue 

arrow), while the main weight increase (orange dashed line) is due to another reason.  

 

Figure 12: Constant weight increase (dashed orange line) observed during experiment Gravel01 and 

fast weight increase due to overflowing (blue arrow) with possible reason for fast weight reduction at 

t ≈ 2500 s. 

 

The weight increase connected with the blue arrow in Figure 12 is related to a massive 

accumulation of LH2 in the gaps in between the steel box and the insulation material 

(compare Figure 10). But in this case the accumulated LH2 is suddenly released from 

within the gaps since the tape that was used to fasten the insulation material around the 

box and thereby closed the bottom of these gaps had opened, as the right part of Figure 12 

shows.  

In case of the dashed orange line the high porosity of the substrate is responsible for the 

weight increase. In contrast to the other substrates used the gravel bed has a huge amount 

of unblocked volume in between the more or less spherically shaped stones. So already 

the initial filling takes much longer (approx. 200 s) than for the other substrates (approx. 

100 s) and leads to a much higher weight increase (approx. 2700 g compared to approx. 

1800 g). In the densest packing of equal spheres approx. 74% of the space is occupied by 

the spheres, but the gravel used was not equally sized and not densely packed, so a 

volume fraction of only 50% for the gravel seems reasonable and thus a weight increase 

due to 50% more free space in the substrate is also reasonable. During the first filling the 

complete substrate bed is cooled down to cryogenic temperatures around 20 K, and thus, 

after the filling level has decreased below the upper surface of the substrate during 

evaporation, the cold material gets into contact with the ambient atmosphere, which is 

able to solidify all main components (N2, O2, H2O) of the atmosphere that then 

accumulate inside the substrate bed. So the weight signal does not approach the initial 

weight measured prior to the first filling, but it even increases with time when the main 

evaporation process above the substrate is over (e.g. t ≈ 900 to 1200 s). With the second 

filling (t ≈ 1200 to 1300 s) further 2.5 to 3 kg of H2 are stored in the box with the pre-

cooled gravel, and again frozen air components cause a weight increase after pool 

evaporation. With the last filling a maximum inventory of approx. 8 kg is reached, if the 
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influence of the filled gaps (blue arrow) discussed above is not considered. The final 

evaporation phase that again approaches the initial weight of the facility takes several 

hours and shows stagnating temperatures around 60 K inside the substrate bed (orange to 

brown curves in graphs of Figure 13), which are close to the boiling temperatures for LN2 

and LO2 as mentioned in the above chapter on thermocouple calibration (page 6).  

 

Figure 13: Final evaporation processes after third filling in the experiments with gravel (top left and 

bottom) and results of analyses of gas samples taken from within the substrate bed in the experiments 

Gravel02 and Gravel03Wind (top right). 

 

To gain information on the nature of the frozen compounds within the substrate bed 

samples were taken using sample taking cylinders. For a safe withdrawal of the samples 

the POOL-facility was approached with a hand-held hydrogen sensor and samples were 

only taken when no hydrogen could be detected any more around the pool and above the 

substrate. In experiment Gravel03Wind one valve of the second sample taking cylinder 

was not closing tightly and thus it was already filled with ambient air prior to the sample 

taking process. So the value determined for this sample gives the reference value for the 

other measurements (red dot in top right graph of Figure 13, arbitrarily set to t = 7500 s).  

The O2-concentrations measured in the samples show no oxygen enrichment in the 

atmosphere inside the gravel bed. The samples taken in the beginning of the evaporation 

process at the highest weight values (G02-1 and G02-2, see bottom left graph of 

Figure 13) rather show oxygen depletion with respect to ambient air and the samples 

taken at later points in time.  
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5 Preliminary Evaluation on the Basis of Experiment   
20200423-Concrete02 

A preliminary evaluation of potential results that can be gained from the data of the 

Unignited Pool Experiments is briefly explained in this chapter on the basis of experiment 

20200423-Concrete02. The summarizing plot with two temperatures and the mass of LH2 

in the pool is shown in Figure 14. 

 

Figure 14: Summarizing plot of experiment 20200423-Concrete02 with two temperatures and the 

mass of LH2 in the pool. The yellow highlighted part of the weight curve is used for the 

determination of the weight-loss velocity. 

 

As explained in section 4.2.1 the thermocouples (TC) records show so a fast temperature 

increase from approx. 20 K to higher gas temperatures as soon as they are no longer 

covered by LH2. When these points in time are searched in the signal of TA000-007 

(positioned 7 cm above substrate surface), the times when the LH2-level passes a height 

of 7 cm during the evaporation process can be determined (dashed vertical black lines in 

Figure 14). For the three points in time found in the signal of TA000-007 roughly the 

same LH2-mass in the pool of approx. 1240 g can be determined (horizontal black line). 

When the LH2-pool has completely evaporated (increase in signal of TA000-000 

positioned at substrate surface) a remaining additional mass of approx. 300 g due to LH2 

in gaps or other frozen compounds is still measured by the scale.  

So, the actual mass of hydrogen in the pool at the point in time when the filling level 

decreases below 7 cm is approx.  

MLH2pool@7cm = 1240 g – 300 g = 940 g  (1) 

A pool of 7 cm height above a square base area of 50 cm side length has a volume of  

VLH2pool@7cm = 5 dm · 5 dm · 0.7 dm = 17.5 dm³  (2) 

This results in a density for the LH2 in the pool of  

ρLH2pool = 940 g / 17.5 l ≈ 54 g/l  (3) 

which is low compared to a value of ρLH2 ≈ 71 g/l found in literature. This indicates that 

the pool contains an amount of approx. 76% LH2 and 24% void.  
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For the yellow highlighted part of the weight-curve in Figure 14, a weight loss velocity of  

dmH2/dt = 1301 g / 124.5 s ≈ 10.5 g/s  (4) 

can be determined.  

After the second filling (t ≈ 935 s) the pool is completely filled to 10 cm height and LH2 

begins to vaporize. When the LH2 level reaches a TC position the temperature jumps to a 

higher gas temperature, highlighted by magenta arrows in left part of Figure 15 for the 

pool-TCs from 10 to 0 cm height above the substrate surface.  

 

Figure 15: Determination of LH2-pool evaporation rate on the basis of TC-signals. 

 

When these heights of the pool are plotted over time a vaporization velocity of the boiling 

LH2 pool in the form of a height reduction velocity (dh/dt)boil can be determined. With 

the relation  

dmH2/dt = ρboil · L
2 · (dh/dt)boil  (5) 

in which dmH2/dt is the measured weight loss rate of the pool from Eq. (4), L is the side 

length of the square pool, (dh/dt)boil is the recession velocity of pool surface determined 

graphically in the right graph of Figure 15, and ρboil is the density of boiling pool. 

When Eq. (5) is solved for the density of the boiling pool a value of ρboil = 59.2 kg/m³ is 

obtained, which corresponds to 83% of the LH2 density at 1 bar pressure (71 kg/m³) and a 

GH2 void fraction of 17%, which is close to the estimated value of 24% void determined 

above. 

The thermocouple data confirm the existence of a constantly evaporating two-phase LH2 

pool which seems to be in the nucleate boiling regime. 

 

The vaporization rate of LH2 on the concrete surface is one of the most important test 

results for the extrapolation to large scale LH2 spills. Therefore, the vaporization data are 

documented here in detail.  

The pool was filled up during four time intervals with LH2, and after shutting down the 

LH2 supply, the weight loss of the pool was measured with a high precision scale. A 

linear mass reduction rate, corresponding to a constant LH2 vaporization rate, was 

observed over extended time periods, from t0 to tend, as listed in Table 3. 
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Table 3: Characteristics of the four vaporization periods of experiment  

20200423-Concrete02 

Vaporization 
period 

t0 
[s] 

tend 
[s] 

m0 
[g] 

mend 
[g] 

Δm/Δt 
[g/s] 

Heat flux 
qpool [kW] 

First 683 716 721.8 196,8 15,91 7,14 

Second 856 893 1445.8 863,8 15,73 7,06 

Third 949.5 1073.5 1560.8 253,8 10,95 4,73 

Fourth 1180.5 1295.5 1367.8 265,8 9,58 4,30 

 

The heat flux from the concrete into the LH2 pool was estimated as qpool = (Δm/Δt) Δhfg. 

The evaporation rate (Δm/Δt) and the corresponding heat flux from the concrete into the 

LH2 pool decreased with increasing time due to the decreasing temperature gradient in 

the concrete. The area of the concrete surface is A = 0.25 m² and the heat flux in W/m² is:  

Q = qpool / A = 4 qpool (6) 

The measured heat flux from the concrete Q is then in the range of 17.2 to 28.6 kW/m². 

Compared to these values, the heat flux to the pool from solar radiation is negligible, 

since, with the solar constant (1361 W/m²), a partial reflection of 25% on a clear day, and 

the solar inclination angle α for the time and location of the test (March, 49° northern 

latitude, α = 45°) Qsolar is approx. 0.72 kW/m². 

The evaporation of cryogenic fluids is governed by the heat conduction from the ground 

into the liquid pool. The solution of the one-dimensional heat conduction equation gives 

for the LH2 evaporation rate in kg/s: 

dmLH2/dt = A k ΔT / [Δhfg (π α t)1/2] (7) 

With A being the pool surface (in m²), k the thermal conductivity of the ground (W/mK), 

ΔT the temperature difference between boiling temperature of the liquid and the 

environment (K), Δhfg the heat of LH2 vaporization (J/g), α the thermal diffusivity of the 

ground (m²/s), and t the time for the coverage of the ground with the liquid pool 

(= experimental time - 500 s). 

The experimental vaporization rates were evaluated from the measured LH2 mass change 

(see above) and experiment and model agree within the uncertainties. The experimental 

data follow the t-1/2 dependence of the model quite well. Heat transfer from the solid 

ground determines LH2 vaporization rates. 

 

Thermal properties of cold concrete 

The thermal conductivity k and the thermal diffusion coefficient α of concrete in Eq. (7) 

are temperature dependent. Furthermore, k depends also significantly on the moisture 

content of the concrete, which is unknown and causes the main uncertainty (± 30%) in 

Eq. (7). The thermal diffusion coefficient of concrete is evaluated from the thermo-couple 

signals as  

α = 2.5 · 10-7 m²/s (8) 

The average temperature drop of concrete can be estimated from the mass of vaporized 

LH2 at the end of the experiment: 

ΔT = mLH2 Δhfg / (V ρ cp)concr ≈ 60 K (9) 
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Take k = 2 W/mK and α = 2.5 · 10-7 m²/s for calculation of the LH2 vaporization rate 

with Eq. (7). 

 

Regimes in pool boiling 

Pool boiling refers to boiling under natural convection conditions, in contrast to forced 

flow boiling. Figure 16 shows how the boiling regime in pool boiling depends on the wall 

superheat*. The wall superheat ΔTsat is defined as the difference between the wall 

temperature and the saturation temperature of the liquid at the system pressure (for LH2 

Tsat is 20.7 K at 1 bar) 

ΔTsat = Twall - Tsat (10) 

 

Figure 16: Boiling regimes in pool boiling versus wall superheat [1]. 

 

The section B-C represents fully developed nucleate boiling, in which the bubbles at a 

given site begin to merge in vertical direction. The heat flux on polished surfaces varies 

according to q ~ ΔTsat
m, where m has a value of 3 to 4 [1]. At point C the maximum heat 

flux qmax (or critical heat flux CHF) sets an upper limit for heat transfer. For higher ΔTsat 

the heater surface stabilizes rapidly at point E. In this film boiling regime the heater 

surface is covered with a vapor film and the liquid does not contact the solid. Heat 

transfer is by conduction and radiation across the vapor blanket. 

 

Boiling regimes in the LH2 pool vaporization tests 

The boiling heat transfer from a flat horizontal plate in LH2 has been measured by Shirai 

and coworkers [B]. The heat transfer under saturated condition shows a nucleate boiling 

regime until the critical heat flux (CHF) of 120 kW/m² is reached for ΔTsat > 4 K.  
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In the present pool experiment the heat flux from the concrete into the LH2 pool can be 

estimated from the measured LH2 mass loss rates dmLH2/dt during the four vaporization 

phases (no feeding of LH2):  

q = (dmLH2/dt) · Δhfg/A (11) 

with Δhfg being the heat of vaporization, and A the pool surface. 

The resulting heat fluxes decrease from 27 kW/m² (≈ 200 s after begin of the experiment) 

to 17 kW/m² (at ≈ 740 s), which is in the nucleate boiling regime (see red dashed line in 

Figure 17). 

 

Figure 17: Heat transfer curve for P = 0.114 MPa under saturated condition with added red line for 

current experiments. 

 

In the present experiment ΔTsat is initially about 262 K, and the critical heat flux should 

be established at the concrete surface. It is expected that with increasing time and cooling 

of the concrete surface the heat flux follows the red line in Figure 17. After the concrete 

surface has cooled down to about 23 K a nucleate boiling regime is probably established 

for the rest of the experiment, as shown by the observed average density of the boiling 

pool calculated above. 

 

Critical heat flux in LH2 pool boiling 

The theoretical solution for the LH2 evaporation rate predicts dmLH2/dt → ∞ for t → 0, 

which is unphysical. In reality the heat transfer under saturated condition shows a 

nucleate boiling regime until the critical heat flux (CHF) of 120 kW/m² is reached for 

ΔTsat > 4 K [2]. 

In the present experiment ΔTsat is initially about 262 K, and only after the concrete 

surface has cooled down to about 23 K the nucleate boiling regime is established. The 

CHF limits the maximum possible evaporation rate to:  

(dm/dt)max = Apool · CHF/Δhfg = 66.8 g/s (12) 

Eq. (7) predicts this value for t = 24.1 s. The adapted relation for the LH2 vaporization 

rate in the pool test is then 
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dm/dt = 66.8 g/s    (t < 24.1 s) (13) 

dm/dt = A t-1/2       (t > 24.1 s) (14) 

with A = 328 g/s1/2. 

In [2] the critical heat flux in LH2 was only measured up to ΔTsat ≈ 10 K, while in the 

present concrete-LH2 pool tests ΔTsat is initially 282K – 20 K = 262 K. Interestingly, the 

CHF for such large ΔTsat was measured for horizontal platinum wires in liquid nitrogen 

[3].  

The data show: 

a) only a slight increase of the CHF (called qmax) with increasing ΔTsat,  

b) a quite similar CHF value at the end of the nucleate boiling regime compared to 

LH2 (200 vs. 120 kW/m²) 

For the pool tests with LH2 on concrete it may be expected that the CHF is initially 

somewhat larger than 120 kW/m², but it rapidly approaches this value as the concrete 

surface is cooled down to about 25 K. 

 

Calculated vaporized LH2 mass 

The total vaporized LH2 mass in the pool test mLH2(t) can be estimated from the 

integration of the vaporization rate given in Eq. 15: 

mLH2(t) = B · t              (t < 24.11 s)  with B = 66.81 g/s (15a) 

mLH2(t) = 2A t1/2 + C    (t > 24.11 s)  with A = 328 g/s1/2 and C = -1610 g (15b) 

The results are plotted in Figure 18. The plot shows  

a) the initial linear part of Eq. (15) due to the CHF limitation (valid up to 24.11 s), 

and  

b) the succeeding t1/2 dependence due to the decreasing heat transfer rate from the 

concrete, 

c) after 800 s (the end of the test = 1300 – 500 s) about 17 kg of LH2 have 

vaporized.  

 

 

Figure 18: Vaporized LH2 mass versus time. 
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Ground thermocouples 

Thermocouples (TC) were used to measure the transient heat transfer from the concrete to 

the LH2 pool. They were installed at five different distances to the concrete surface. The 

TC signals react to two short dry-out periods of the LH2 pool beginning at about 720 and 

1080 s (Figure 19). The pool dried out at 1300 s due to stop of LH2 supply. The first five 

TC in the legend (with designations -00) are installed on the central vertical axis of the 

concrete slab. At the 14 mm distance to the upper surface three thermocouples are located 

in a horizontal plane (TG86-00, TG86-05 and TG86-15). Their signals are quite close to 

each other, showing that the heat transfer is essentially one-dimensional in vertical 

direction. The measured temperatures were also plotted at four different times as function 

of the distance from the concrete surface (Figure 20). 

 

Figure 19: Temperature courses of the ground thermocouples in experiment 20200423-Concrete02. 
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Figure 20: Measured temperatures versus distance from the upper concrete surface in experiment 

20200423-Concrete02. 

 

Figure 20 shows measured temperatures versus distance from the concrete surface for 

four different times. Zero point for this time scale is 500 s of the experimental time (see 

Figure 19). Added is the (ideal) initial temperature of the concrete slab (20 K at surface, 

282 K inside). The temperature data in this format show how the cooling wave progresses 

from the surface into the interior of the concrete. 

The straight lines between 0 and 4 mm are assumed extrapolated temperatures to 20 K, 

they are not measured. The wavy structure near the 9 mm position (TC TG91-00) would 

be reduced if this TC was installed at 7 mm instead of the nominal 9 mm distance to the 

surface, which is within the experimental uncertainty. 

 

Enthalpy loss from concrete due to LH2 vaporization 

The enthalpy loss from the concrete should correspond to the mass of vaporized LH2. 

The concrete enthalpy loss is  

ΔH = ρ cp A ∫(T0-T(x)) dx = ρ cp A [T0 xend – ∫T(x) dx] (16) 

The term in the square bracket corresponds to the blue area in the left drawing of 

Figure 21 (case t = 100 s). The hydrogen mass which can be evaporated with this 

enthalpy change of the concrete ΔH is  

mLH2 = ΔH / Δhfg (17) 

 

x = 0  

x = x
end

  

x = 0  

x = x
end
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Figure 21: Measured temperatures versus distance (left) and vaporized LH2 mass (right).  

 

The values for this mass are shown in the right graph of Figure 21 as red points for the 

times 100, 200, 500, and 800 s. The last three points agree within the uncertainties with 

the vaporized LH2 masses of Eq. (15). This integral energy balance shows that the TC 

data are fairly consistent with calculated masses of evaporated LH2 (the value at t = 100 s 

is too low because a stable liquid pool was not yet established for t < 100 s, the surface 

temperature of the concrete was above 20 K). 

 

Model for transient heat transfer from concrete 

The solution for transient heat loss from a semi-infinit homogeneous solid with constant 

initial temperature is [4]: 

T(x,t) = T0 + (Ts - T0) erfc [x/(4 α t)1/2] (18) 

with: 

T0 = initial temperature of solid = 282 K 

Ts = constant surface temperature of solid = 20 K (boiling temperature of LH2 at 1 bar) 

x = distance from concrete surface   

α = thermal diffusivity coefficient (m²/s)  

t = time (s) 

 

In Figure 22 the assumed initial temperature distribution of the concrete is shown in the 

plot as blue line (Model 0 s). The other colored lines show the calculated temperatures 

from Eq. (18) for 100, 200, 500, and 800 s. The colored points represent the measured TC 

data with uncertainty bands for their position (± 2 mm). Good agreement between data 

and model is obtained with α = 2.5 · 10-7 m²/s, except for t = 100 s. The measured LH2 

mass Figure 14 shows that a stable pool was not yet established at this time, therefore the 

surface of the concrete was not yet cooled to 20 K, as assumed in the model. 
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Figure 22: Comparison of calculated temperatures in the concrete using Eq. (18) with measured 

values. 

 

The general agreement of the measured TC data with the model can be tested by plotting 

data and Eq. (18) as function of the dimensionless distance ζ , defined as 

ζ = x/(4 α t)1/2  (19) 

ζ is the argument of the erfc function in Eq. (18) 

with x = distance from concrete surface (m) 

 α = thermal diffusivity coefficient (m²/s) = 2.5 · 10-7 m²/s,  

 t = time (s) 

Figure 23 shows all measured temperatures for 100, 200, 500, and 800 s as function of ζ. 

The TC data collapse to a narrow range when compared in this T- ζ format. The blue line 

shows the model prediction for 800 s, but it is the same for the other times. The general 

agreement between data and model is good. The largest deviation exists for the data of 

100 s, which is due to the still ongoing cooling of the concrete surface at this early time. 

Eq. (18) may be used to scale the present pool experiment to a real large-scale LH2 spill 

on concrete with a confined – not freely spreading – pool and similar thermal concrete 

properties. 
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Figure 23: Experimental data (dots) and values calculated using Eq. (18) as function of the 

dimensionless distance ζ. 

 

For consequence evaluation in case of large LH2 spills, the cooling rate of the concrete is 

of interest. The theoretical model allows to predict the velocity with which the heat loss 

penetrates from the LH2 pool into the concrete body. Here a mean temperature of 

Tmean = (20 K + 282 K)/2 = 151 K is taken as characteristic temperature value (red line in 

Figure 21). 

 

Figure 24: Calculated progression velocities of the mean temperature into the concrete using Eq. (18). 

Eq. (18) gives for the progression velocity of the mean temperature into the concrete:  

v = ½ (α/t)1/2 (20) 

Figure 24 shows calculated velocities using α = 2.5 · 10-7 m²/s, which was derived from 

the TC data. The cooling front from the LH2 pool progresses very slowly into the 

concrete. The velocities for the constant temperature of 151 K are in the order of 1 to 0.1 

mm/min during the first few hours. 
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Mitigation of LH2 spills by lightweight concrete 

The highest risk from a LH2 spill is the formation of a large H2-air cloud which could be 

ignited. The previously used equation for the LH2 evaporation rate dmLH2/dt can also be 

expressed as 

dmLH2/dt = A ΔT / [Δhfg (π t)1/2] (k ρ cp)
1/2 (21) 

with k = thermal conductivity, ρ = density, cp = heat capacity of concrete 

Various types of lightweight concrete have been produced in which the material factor 

(k ρ cp)1/2 can vary significantly, compared to normal concrete. Thermal conductivity 

values for different concrete densities are given in [5], resulting in the left plot of 

Figure 25. 

 

Figure 25: Thermal conductivity values (left) and material factors (right) for different concrete 

densities.  

 

Using k(ρ), and a constant concrete heat capacity of 1.3 kJ/kg/K gives the factor shown in 

the right plot of Figure 25. Compared to normal concrete, this factor and the vaporization 

rate can be up to 10 times smaller for LH2 spills on lightweight concrete. A smaller 

evaporation rate provides more time for hydrogen dilution with air and should generally 

result in lower hydrogen concentrations and slower flame velocities after an unintended 

ignition. 
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