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ARTICLE INFO ABSTRACT
Keywords: The number of vehicles using or transporting cryogenic fuels such as Liquefied Hydrogen (LH2) or Liquefied
Liquefied hydrogen Natural Gas (LNG) increases fast in the land transportation sector. Does this also entail new risks? The storage of

Liquefied natural gas
Cryogenic storage tank
Fire

cryogenic fuels requires tanks with Thermal Super Insulations (TSI) to keep the fluid cold and limit the formation
of boil-off gas. TSI has proven itself in some applications since the middle of the 20th century, but in the land
transport sector they are still quite new, where accidents involving fires, collisions, and their combination are to
be expected. This work focuses on investigating the behavior of different types of TSI while exposed to a heat

Thermal insulation
Multi-Layer Insulation

Perlite source representing a fire. To this aim, a High-Temperature Thermal Vacuum Chamber (HTTVC) was applied,
Rock wool which allows the thermal loading of a thermal insulation material in a vacuum and measuring the heat flow
Microspheres transported through the TSI in parallel. In this study, the results of 6 samples are presented regarding 3 types of

MLI, rock wool, perlites, and microspheres. The thermal exposure caused different effects on the samples. In
practice, this can be connected to the rapid release of flammable gases as well as to a Boiling Liquid Expanding
Vapour Explosion (BLEVE). These results are relevant for reducing the risks to people and infrastructures in the
progressive establishment of tanks for cryogenic fluids in our industry and society. The data presented in the
study can be used to improve the design of tanks and TSIs, the assessment of accident scenarios, and the
development of measures for first responders.

All fluids transported under cryogenic conditions must be kept at
very low temperatures for a prolonged time. Hence heat flows into the
fluid must be minimized. Thermal Super Insulations (TSI) based on e. g.
Multilayer Insulations (MLI), perlites, microspheres, and vacuum are
utilized for this purpose and have already proven themselves suitable in
some applications (Peschka, 1992; Lisowski and Lisowski, 2018).
However, each sector, such as land transport, has its challenges. In this
context, car accidents with collisions, fires, and their combination are
typical scenarios for which there is insufficient knowledge today about
the course and consequences of real scenarios with tanks for cryogenic
fluids. Reasons for this are the still short period of use in the land
transport, the still low transport volumes, as well as the still few

1. Introduction

The importance of tanks for storing cryogenic fluids is increasing in
the energy industry because of the implementation of more environ-
mentally friendly energy sources (IEA, 2022). Key representatives for
the application of cryogenic tanks are natural gas in the form of Lique-
fied Natural Gas (LNG) and hydrogen, e. g. in the form of Liquefied
Hydrogen (LH2), for which significantly higher transport capacities can
be achieved with the same transport volume using cryogenic storage
than with storage based solely on overpressure (Adler and Martins,
2023).
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Nomenclature
A Surface area
N Total number of layers of an MLI
QA s Ql, Qz, Qf Heat flow
, T1, Tz, Tp, Ty Temperature
< Specific heat capacity
e Mass flow
n Index of a layer in an MLI
€, €1, €2,Ef,Enl, En2 Emissivity
o Stefan-Boltzmann constant

Outer wall Inner wall
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Fig. 1. Scheme of a double-walled tank, typically used for the storage of
cryogenic fluids in land transport.
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Fig. 2. HTTVC in a sectional view.

documented incidents, and their still low number of losses (Planas,
2004; Planas, 2015; Vollmacher, 2018, Konersmann et al., 2014).
However, as the number of transports increases, so does the absolute
number of incidents and the risk for higher losses.

The reduction of risks is based on the continuous improvement of
codes and standards for design, operation, and handling procedures for
first responders, and requires knowledge about the process of the inci-
dent (Bradley et al., 2021; Pehr, 1996a; Scarponi et al., 2017; Tugnoli
et al., 2012), and wide knowledge about the individual properties of the
fluid, as the para-ortho transformation of hydrogen, that can affect an
incident (Salzano et al., 2020).

From the research point of view, several papers deal with the effects
of vacuum loss in the insulation of tanks for the storage of liquid helium
(LHe) (Lehmann and Zahn, 1978; Cavallari et al., 1989; Wiseman et al.,
1994) and Liquid Hydrogen (LH2) (Xu et al., 2023). During the
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Table 1
Names and details of the tests.

Name Description

MLI type 1 10 layers of polyester foil, 12 pm thick, double-sided aluminized
with 400 A, perforated with an open area of 0.075%, interleaved
with 9 layers of polyester-fleece material. Overall nominal area-
specific weight of 0.308 kg/m?

MLI type 2 10 layers of pure aluminium foil, 9 pym thick, interleaved with 9
layers of glass-fleece material. Overall nominal area-specific weight
of 0.526 kg/m?.

MLI type 3 10 layers of pure aluminium foil, 9 ym thick, interleaved with 9
layers of glass-paper material. Overall nominal area-specific weight
of 0.390 kg/m?.

Rock wool 120 mm overall thickness. Overall nominal area-specific weight of
12.1 kg/m?

Perlite 120 mm overall thickness. Overall nominal area-specific weight of
14.4 kg/mz.

Microspheres 120 mm overall thickness of microscopic hollow spheres from
borosilicate glass, with particle diameters between 44 um and
200 um. Overall nominal area-specific weight of 15 kg/m>

Pretest No filling material in the HTTVC. For more details see Eberwein

et al. (2023).

development of vehicles fueled with LH2 in the passenger car segment,
BMW carried out crash tests, vacuum fracture tests, and fire tests (Pehr,
1996b; Bartlok, 2006), of which only a few details have been published.
Further research was done in the LNG Safety Program from the Dutch
National LNG Platform, in which, among emergency response, the ef-
fects of fires on a vacuum/perlites and a rock wool insulated tank
designed for LNG was researched (Kamperveen et al., 2016). Similarly,
three tanks for LH2 were tested in the SH2IFT Project (van Wingerden,
2022): two tanks equipped with vacuum/perlites TSI and one equipped
with a vacuum/MLI TSI. Based on some of these experiments empirical
and numerical studies were published, addressing the time to failure
estimation (Ustolin et al., 2021), the behavior of the cryogenic fluid
inside the tank as a consequence of fire (Iannaccone et al., 2021), an
explosion (Ustolin et al., 2022a,b) and its consequence (Ustolin et al.,
2023), the consequences of releases of cryogenic fluids in the environ-
ment (Eberwein, 2021; Horvat, 2018; Jakel, 2018; Luan et al., 2023).
Furthermore, some studies are dealing with the behavior of insulation
material under heat exposure. Here, Camplese et al. (2023) investigated
the effect of heat on parts of MLI under atmospheric conditions, and
Eberwein et al. (2023) presented a methodology for the thermal expo-
sure of TSI samples at industrial conditions, which was based on a hy-
drocarbon fire, and applied to polyester-based MLI.

The focus of this study is to compare the behavior of different types
of TSI under industrial conditions as a result of their exposure to a heat
source reproducing a fire. This can lead to an increase of the heat flow
into a tank by several orders of magnitude, permanent damage of the
TSI, and a release of flammable gas, as well as a Boiling Liquid
Expanding Vapour Explosion (BLEVE). For this purpose, a High-
Temperature Thermal Vacuum Chamber (HTTVC) was used as pre-
sented in detail in Eberwein et al. (2023), that enables thermal loading
of TSI under vacuum conditions and simultaneous measurement of heat
flow through the TSI itself. Within the study, different TSIs are tested:
three types of MLI, perlites, rockwool, and microspheres.

The results are relevant for the evaluation of accident scenarios
involving full-scale cryogenic tanks for LH2 or LNG for instance, and can
thus contribute to the improvement of TSI, the development of safer
tank designs, as well as the development and definition of emergency
measures for the protection of persons and infrastructures.

2. Tank design and heat flux

Land transport comes typically with limited volumetric space and the
aim to maximize the payload. The double-walled tank design is partic-
ularly suitable to meet these requirements (Peschka, 1992; Mital et al.,
2006), which is schematically presented in Fig. 1.
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Fig. 3. Bottom temperature, calculated heat flow between bottom and heat exchanger, and measured absolute pressure within the HTTVC, over time.

This design is based on an outer tank in which an inner tank is held
by a floating and a fixed bearing. The inner tank contains the cryogenic
fluid. The fixed bearing serves as the tank periphery through which the
cryogenic fluid is loaded and unloaded. The outer and inner wall form
the double wall, whose interspace is used to host the TSI The filling
material for the interspace of the double wall can be of different nature:
foam, bulk-fill, and layered, which is often supplemented by vacuum.
The combination of a fill material with a vacuum reduces heat flows
from the environment into the stored cryogenic fluid by convection,
conduction, and radiation. Bulk materials, such as rock wool, perlite, or
microspheres are typically applied in large-scale and stationary appli-
cations. In small-scale applications, e.g. laboratory or mobile applica-
tions, layered systems with vacuum such as multilayer insulations (MLI)
have shown better performances in terms of space, thermal insulation,
and mass (Lisowski and Lisowski, 2018; Peschka, 1992; Mital et al.,
2006). Therefore, the importance of MLI-based TSI for tanks in the land
transport sector is high.
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Radiation represents the most important heat transfer mechanism in
a TSI based on a vacuum and a fill material. Radiation represents a heat
flux Q emitted by a surface to the surrounding space considering the
emissivity ¢, area A, and Temperature T in K of the surface and the
Stefan-Boltzmann constant with 5.67...x10~8 W/(m?K*) which can be
estimated by Eq. (1).

AecT?

Q = m
In a system with parallel surfaces, as it represents for instance the
double wall without fill material, the heat flux emitted or absorbed from
a surface can be estimated by Eq. (2) regarding the individual properties
of the surfaces with the indexes 1 and 2 (Christiansen, 1883).
. Ao(TH - T}
L - AemioTy

Q = @)

The surface-dependent properties can be substituted by the effective
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Bottom of te HTTVC

Fig. 4. Tests on MLI type 1: sample and HTTVC components before (left) and
after (right) the test.

emissivity e according to Eq. (3) or while regarding an MLI as fill
material in between the double wall according to Eq. (4), where 1 and 2
are the indexes of the outer walls, N is the total number of reflecting
layers of the MLI, n represents the index of a layer, and ¢, is the emis-
sivity of layer n orientated to surface 1, and ¢,, is the emissivity of the
layer n orientated to surface 2 (Howell, 2020).

1 1 1
— = + -1 3
Eoff e(Th)  e(T)

1 1 1 No/1oo1
— = —+—-1+ <—+——1) 4
Eeff & & =1 \fn1  &n2

Regarding the effective emissivity the heat flux Q; can be calculated
by Eq. (5).

o)) —Qy = Aeyyo (Tt — TH) 5)

Regarding Eq. (5), the effective emissivity e, can be also estimated

from a known heat flux Q; and the temperatures T; and T, of the wall
surfaces by Eq. (6).
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Q&
Ao(T{ = T3)
In this concern the effective emissivity can be applied as a key per-

formance indicator for vacuum-based insulations, which also enables
the evaluation of different filling materials.

(6)

Eeff

3. Test equipment

The test equipment consists of the High-Temperature Thermal Vac-
uum Chamber (HTTVC) where diverse TSI systems can be tested, a
heating and cooling system for the HTTVC, a vacuum pump, a water
supply system that is used to measure the heat flow through the TSI for
instance, and a data acquisition system.

3.1. The HTTVC

The HTTVC shown in Fig. 2 in a sectional view, has a length of
600 mm and an outer diameter of 320 mm. The bottom and the heat
exchanger in the HTTVC represent two walls in parallel with a adjust-
able space of up to 300 mm in between. This concept enables tests with
different TSIs at typical installation conditions.

The basis for the thermal loading of TSI samples is the bottom of the
HTTVC. This is 12 mm thick and has a radial hole that allows placing a
thermocouple near the center of the bottom, which is used to measure
the heated wall temperature. The bottom inside of the HTTVC is coated
with austenitic steel type 316 L. This represents a material often used in
tanks for cryogenic fluids according to ADR, (2023) or UN ECE R-110,
2018 and differs a lot in its radiative properties from other types of steel
(Paloposki and Liedquist, 2005).

With the heat exchanger the heat flow through the TSI is measured.
This is based on a 1 mm thick copper plate, which is equivalent to the
bottom of the HTTVC one side coated with austenitic steel type 316 L.
The other side is connected to a copper-spiral tube, which can be sup-
ported by a fluid for which the temperature at the inlet and outlet of the
spiral can be measured. The heat flow transported by the fluid within the
spiral (Qf) results from Eq. (7) with the temperature of the fluid at the
inlet (Ty), and the outlet (Ty,), its specific heat capacity (cf) which was
assumed at 4190 J/kg/k, and its mass flow (rir).

Q=

The heat exchanger is used to measure heat flows coming from the
bottom of the HTTVC. For this reason, all other directions of the heat
exchanger are covered with non-combustible and non-heat-sensitive
insulation material.

Furthermore, there is a heat shield in the HTTVC, which has the
aims:

(T — Tpo) e )

e to hold and position MLI samples,

o to reduce undefined heat flow from the bottom or the wall of the
HTTVC to the heat exchanger,

o to define the geometry and surface where an MLI sample and the heat
exchanger do radiative heat exchange with the bottom of the HTTVC.

The heat shield is based on a copper pot which has an outer diameter
of 280 mm, and a flat bottom with a circular opening with a diameter of
230 mm. The inner wall of the heat shield is connected to a 6 mm tube
from copper, which can be supported by a fluid to control the temper-
ature of the heat shield.

The MLI samples are attached to a sample carrier that fits into the
bottom of the heat shield. The sample carrier is based on a ring of
stainless steel with an outer diameter of 250 mm, an inner diameter of
230 mm, which has a thickness of 1 mm. To reproduce the mounting
condition of a sample under real conditions it is attached to the sample
carrier with 12 screws and nuts with a space of some millimeters in
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Sample before the test

Sample after the test

MLI type 2

MLI type 3

Fig. 5. Samples from the MLI type 2 and MLI type 3 test before (left) and after thermal loading (right).

between. By this construction, a sample is not clamped and the heat flow
based on conductivity is low (Gilmore, 2002).

The wall of the HTTVC has a thickness of 8 mm and an outer
diameter of 320 mm. To reduce the overall heating of the HTTVC several
measures were taken, for instance, to protect gaskets from excessive
heating. First, the outer surface of the wall is coated with a high-
temperature resistant coating with a high emissivity which increases
the amount of energy that is radiated to the environment while testing.
Second, the wall-thickness is reduced to 4 mm about the circumstance of
the wall about 100 mm in length, at a distance of 100 mm to the bottom
of the HTTVC. This measure reduces the heat flow by conduction to the
top cover.

From the top cover, the support by fluids is organized (vacuum, heat
exchanger, heat shield), the pressure is monitored, samples can be
handled, the activities inside the HTTVC can be visually monitored, and
it allows cleaning the interior of the HTTVC from residuals of a test
sample. To generate a vacuum in the HTTVC a single-level vacuum
pump with a minimum absolute pressure of 2 Pa was used.

3.2. The heating system

The heating occurs electrically by an inverter heat treatment unit and
two layers of two heating mats. This setup supports the tests with a
maximum heating power of 10.5 kW. A maximum specific heat flow of
up to 100 kW/m? can be achieved, concerning the bottom area of the
HTTVC. With this concept the testing can be performed according to
different design fires, e.g. ISO 834-1, 1999 (ISO Curve), EN 1991-1-2,
2021 (Hydrocarbon Curve), RABT, 2006 (ZTV Curve), or ISO 21843,
2023. The electrical heating system has the advantage that the test
temperature can be better regulated and is much more stable compared
to a real fire. The control of the heating power is done by measuring the
temperature of the heating wire of a heating mat.

3.3. The cooling system

The HTTVC must be cooled to the initial temperature of the experi-
mental run after the thermal loading of a TSI sample, to evaluate the
pressure build-up within the test, e.g. coming from pyrolysis of the test
sample, and thermodynamics of gases. For cooling the HTTVC a water-
supplied heat exchanger is used.
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3.4. The water supply system

The heat shield, heat exchanger in the HTTVC, and also the heat
exchanger for cooling the HTTVC are supported with water as fluid. For
measuring the heat flow a constant mass flow with constant inlet tem-
perature are important. This is organized firstly by a 1 m® storage tank
for water and secondly by a balance system, which measures the amount
of water flowing through the heat exchanger. Within an experiment, the
mass flow will not be changed.

3.5. Data acquisition

For measuring temperatures type K thermocouples were used at the
following places:

at a heating wire of the heating mat,

between the heating mat layers,

in the bottom of the HTTVC,

at the inlet and outlet of the heat exchanger,

at the outlet temperature of the heat shield,

and in the environment for measuring the room temperature.

The absolute pressure was measured with a piezo-Pirani sensor type
VSR53MV from Thyracont Vacuum Instruments GmbH. For data logging
and synchronization of the sensors, an Ahlborn ALMEMO® 2890-9 was
applied.

4. Tests

Six tests were carried out with TSI based on vacuum, combined with
three different types of MLI, and the three different bulk insulation
materials: rock wool, perlite, and microspheres. Within this study, re-
sults from a pretest are used, presented with more details in the publi-
cation of Eberwein et al. (2023), in which next to vacuum no filling
material was applied. Details on the test samples are presented in
Table 1.

The heating procedure is divided into three periods. In the first,
namely the heating period, the bottom of the HTTVC was heated up with
a gradient of approximately 20 K/minute to observe the temperature-
dependent behavior of the sample. In the second one, namely the con-
stant bottom-temperature period, a temperature of about 800°C + 50 K
was maintained at the bottom of the HTTVC for 30 minutes, to observe
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Fig. 6. Samples from the Rock wool, Perlite and Microspheres test before (left) and after thermal loading (right).

the time-dependent behavior at high temperatures. The magnitude of
the temperature was defined based on the outer wall temperature
measured on a tank for a cryogenic fluid in a fully engulfing hydrocar-
bon fire test (Kamperveen et al., 2016). In the third period, namely the
cool-down period, the HTTVC was cooled down for about 40 minutes.
This was obtained by removing the HTTVC from the heating system and
placing it on the cooling system.

5. Results and discussion
The temperatures measured in the bottom of the HTTVC, the

calculated heat flow between the bottom and the heat exchanger, and
the measured absolute pressure in the HTTVC over time for the six tests
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with TSI and the Pretest are shown in Fig. 3. The bottom-temperature is
the basis for the thermal loading of the TSI samples. The heating mats
control system allowed to achieve nearly the same and constant heating
rate (20 K/min) in all tests. During the constant bottom-temperature
period, in all experiments a constant temperature could be maintained
with a tolerance of + 5 K for 30 min. The differences in the achieved
maximum temperature reported in Fig. 3, varying between 770°C to
830°C depend on the insulation performance of each TSI system: the
higher the measured heat flow, the lower the bottom temperature.

In the test with MLI type 1 and in the Pretest the lowest maximum
temperatures in the constant bottom-temperature period were achieved
(approximately 770 °C and 740 °C, respectively). However, the largest
heat flows of all tests were observed in these tests. The reason for such



R. Eberwein et al.

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Effective emissivity

Process Safety and Environmental Protection 187 (2024) 240-248

0 100

200 300

400

500

600

700 900

Temperature [°C]

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Effective emissivity

0 1000 2000

MLI type 1
— - — Rock wool

3000

6000

Time [s]

- MLI type 2
Perlite

MLI type 3
Microspheres

Pretest
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behavior can be the not existing fill-mateial in the Pretest and the
strongest degradation of all tested samples within the MLI type 1 test
represented in Fig. 4, Fig. 5, and Fig. 6, which show the test samples
before and after the tests. Of all the test samples, only the sample in the
MLI type 1 test has gaps in the thermal insulation after testing. This
allows the direct radiant heat transfer between the bottom and the heat
exchanger, a condition which is similar to the Pretest, where there was
only vacuum in the interspace of the double wall. During the MLI type 1
test, the sample lost 9.8 g in weight (i.e. 65% of its weight before the
test). The weight loss is accompanied by the release of pyrolysis products
which have a significant influence on the potential achievable heat flow
in a fire scenario. These products accumulate on cold surfaces such as
the heat exchanger surface and pyrolyze further on warm surfaces such
as the bottom surface. The deposition and pyrolysis processes are asso-
ciated with a change in the surface properties. Here, the emissivity of the
inner and outer wall increases which promotes the heat exchange by
radiation and thus increases the overall heat flow. A comparison of
components before and after the MLI type 1 test is shown in Fig. 4.
Further details on the phenomena are presented in Eberwein et al.
(2023), where it is also observed that the test scenario does not yet
represent the worst case. In consequence, up to 3.5 times higher heat
flows could be possible, which could result in a specific peak heat flow of
48 kW/m? for the polyester-based MLI, regarding the thermally loaded
surface area of the sample of 0.042 m.

The results from the MLI type 2 and MLI type 3 tests are significantly
different from those of the MLI type 1 test. Fig. 5 shows that the samples
only failed locally and not over the entire sample as was observed in the
MLI type 1 test. In addition, the degree of damage to a layer decreased
with its position on the layer stack, i.e. the degree of damage was higher
for the layers closer to the bottom of the HTTVC. Overall, of the 10
aluminum layers, 7 were damaged in the MLI type 2 test, while 4 were
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damaged in the MLI type 3 test. In comparison, all MLI type 1 layers
were damaged due to thermal degradation of the polyester, which oc-
curs starting from approximately 400°C (Bautista et al., 2018). MLI
types 2 and 3, on the other hand, are based on layers of pure aluminum
and spacers based on glass fibers, which have significantly higher
melting points than 400°C. This is also evident from the loss of mass of
the samples after the test, which was 0.5 g (2% of weight before the test)
for MLI Type 2 and 0.2 g (1% of weight before the test) for MLI type 3. In
both tests, no changes were observed on the heat exchanger surface
exposed to the samples. At the bottom of the HTTVC residual fragments
of the damaged MLI and annealing colors as a result of thermal stress
were observed. The latter causes a slight increase in the emissivity co-
efficient of the inner bottom surface, as shown in Eberwein et al. (2023)
for the Pretest. All these effects together result in a significantly lower
heat flow in a fire scenario compared to MLI type 1. Within the MLI type
2 test a specific peak heat flow of 3 kW/m? and in the MLI type 3 test of
2.4 kW/m? respectively were observed.

By far the lowest specific peak heat flow was observed in the Mi-
crospheres test with 0.02 kW/m?, followed by the Rock wool and Perlite
test with 0.4 kW/m? each. The measurement results and calculations
show that these insulation materials significantly reduce the heat flow in
a fire scenario compared to the MLI-based TSIs and that the time until a
significant heat flow was measured at the inner tank can be significantly
increased. This was about halfway of the constant bottom-temperature
period and thus about 60 minutes after the start of the test. These re-
sults confirm the observations published by van Wingerden et al. (2022)
from the Sh2ift project, regarding two tanks with perlite and one with
MLI, similar to the aluminium-based MLI with glass-fliess (MLI type 2)
regarded in this study. In the three fire tests, the largest heat flow from
the fire into the liquid-stored hydrogen was observed in the
MLI-insulated tank, where bursting ultimately occurred, which was not
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observed in the perlite-insulated tanks.

Within the Perlite test the insulation material, and the heat
exchanger do not show structural changes. The perlite next to the heat
exchanger was light-yellow discolored. Furthermore, there were the
typical annealing colors at the bottom of the HTTVC. After the Rock
wool test, the insulation material close to the bottom was discolored,
which is shown in Fig. 6, and the stiffness of the discolored rock wool
was increased. Within this test accumulates an oily fluid at the heat
exchanger and at the sample close to the heat exchanger. This fluid had a
light-yellow color. The bottom of the HTTVC shows annealing colors.
After the Microspheres test, the initial loose glass spheres were sintered
and formed a 10 mm to 15 mm thick plate. This plate and the insulation
material close to it were discolored within the test from initial white to
light yellow, which is shown in Fig. 6. The bottom of the HTTVC shows
annealing colors. The heat exchanger does not show any visual changes.

Within all tests the absolute pressure in the HTTVC was measured,
which shows over time Fig. 3. The initial absolute pressure in the HTTVC
was in any experiment lower than 0.2 kPa and the leakage was estimated
lower than 0.01 Pa/s during a period of 10 minutes before thermal
testing. While heating the HTTVC the absolute pressure increases in all
tests and also in the Pretest which was done without a test sample. As
reasons for the pressure increase are assumed the expansion of residual
gases with increasing temperature, and the thermal bakeout, which is
for each test similar. Within the Pretest the smallest peak pressure from
all tests was observed with 1.4 kPa, which decreases while cooling the
HTTVC to initial conditions to 0.8 kPa. The largest peak pressure of 6.6
kPa was observed in the test with MLI type 1, where the release of large
amounts of pyrolysis products is also evident from visual analysis. On
the other side the MLI type 2 and MLI type 3 test results in peak pressures
slightly higher than observed in the Pretest. An argument therefore is the
low amount of adhesives, which can pyrolyse, and which are applied in
the spacers from glass-fleece or glass-paper. The second-highest peak
pressure of 3.3 kPa was observed in the Rock wool test. In this test, the
visual comparison of the insulation before and after the thermal load
indicates pyrolysis processes in the test. In the third position was the
Perlite test which also shows a local light-yellow discoloration and re-
sults in a pressure of 2.7 kPa. A similar peak pressure with 2.5 kPa was
achieved in the Microspheres test. In this test the strongest pressure
change from the tested bulk materials was observed within the cool-
down period of the experiment.

Within all tests the pressure increases in the heating and in the
constant bottom-temperature period. The pressure is related to the
number of gas molecules in the HTTVC and its temperature. An increase
in the pressure increases the heat transfer by gas convection and gas
conduction (Verschoor et al., 1952). So, the pressure increase can also be
areason for the increasing heat flow in the constant bottom-temperature
period of all tests presented in Fig. 3, but especially by the tests
regarding different types of MLI, and in the Pretest.

In industrial conditions, the pressure development in the double wall
can be different. First, in the HTTVC the volume for the gasses per
heated surface area is much bigger and so the increase of pressure is
smaller compared to the industrial application. Second, under cryogenic
conditions, there is a possibility that residual gases from pyrolysis will
condense or freeze at the inner wall, and thus may not be involved in the
pressure buildup.

The heat flows calculated for the tests are strongly temperature-
dependent. To make the test results more comparable and to transfer
the findings to other conditions the effective emissivity can be used.
Other conditions may represent a lower temperature of the outer wall, as
a result of a different fire impingement and/or lower temperatures at the
inner wall e.g. due to the cryogenic transported fluid. The effective
emissivity of each tested TSI was calculated by Eq. (6) from the calcu-
lated heat flow, the measured temperatures, and the measurement area
of 0.042 m?, and is shown in Fig. 7 over time, and temperature.

The effective emissivity provides quantitative information about the
condition of the system. Since the effective emissivity depends on the
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temperature of the surfaces in the system, measurement data from three
representative thermocouples were used to determine it, which are
inherently subject to errors. This can be for instance, inhomogeneity in
the surface temperature, the uncertainty of measured heat flow through
the water system, and simplifications such as ignoring the heat ex-
changers heat capacity. In conclusion, errors occur especially in tran-
sient processes and the method can be used especially to evaluate the
state of the system when the temperature is constant, which is given in
the constant bottom-temperature period. Also, it has been mentioned
that the effective emissivity according to Eq. (6) depends on the size of
the measurement area and so also from the residuals as observed within
the MLI type 1 test. Due to this aspect, the effective emissivity is also
representative for real-life accident scenarios. The data indicates that all
MLI-based TSIs change their properties more or less when the bottom-
temperature increases above 400°C. This is a typical threshold value
for the thermal decomposition of organic materials which are polyester
or adhesives. The last ones are applied to carry glass fibers in MLI type 2
and MLI type 3.

6. Conclusion

A high-temperature thermal vacuum chamber (HTTVC) was used to
study the behavior of six samples of TSI in a fire scenario. Three different
types of MLI were tested, and the bulk insulations were based on rock
wool, perlites, and microspheres, each in combination with vacuum. The
HTTVC allows testing a TSI at high temperatures and measuring the heat
flow through the TSI while thermal loading.

The worst performance of a TSI within a fire scenario was observed
from MLI based on polyester (MLI type 1) and vacuum. The insulation
degrades when the HTTVC temperature of the bottom increases above
400°C. The pyrolysis products change TSI performance such that the
potential heat flow in the fire scenario is higher than in the same system
without the MLI. Also, it was observed that, as a consequence of the
pyrolysis, the pressure increases and reduces the vacuum. This increases
the contribution of gas conduction and convection to the overall heat
transfer.

The MLI samples which are based on aluminium layers, and glass-
fleece, or glass-paper show much better performance under the ther-
mal loading compared to the polyester-based MLI. These samples were
partially damaged in the test and the observed heat flow was much
smaller.

From the TSIs based on bulk insulation materials, the microspheres/
vacuum insulation has the best performance. This insulation showed a
minor degradation within the test, the pressure development was less
compared to the other bulk insulations, and the heat flow by the double
wall while testing and after testing was nearly unaffected by the fire
scenario. Furthermore, the Perlites and Rock wool tests show a good
performance in the simulated fire scenario with a similar heat flow,
which was 20 times that observed in the Microspheres test. In all tests
with bulk insulations, a larger delay between the start of the test and the
increase of the heat flow by the double wall was observed compared to
the tests with MLI/vacuum insulations.

The results are relevant for the evaluation of accident scenarios
involving full-scale cryogenic tanks for LH2 or LNG for instance, and can
thus contribute to the improvement of TSI, the development of safer
tank designs, as well as the development and definition of emergency
measures for the protection of persons and infrastructures.
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