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Abstract 

Large-scale hydrogen storage is crucial for advancing  
liquid hydrogen technology. Due to liquid hydrogen's ultra-
low boiling point and low heat of  vaporization, effective  
insulation is necessary  to minimize boil-off loss. Larger  
storage vessels use bulk-fill insulation like perlite and hollow  
glass microspheres (glass bubbles) operating at moderate  
vacuum (MV) levels. The choice of insulation material affects  
the construction schedule, capital cost, and operating costs  
of storage tanks. Therefore, studying evacuation properties  
of bulk-fill insulation materials is essential to advance  
hydrogen-based energy infrastructure. This study aimed to  
quantify and compare the pump-down times for 3M™ Glass  
Bubbles K1 and cryo-insulation grade perlite and to identify  
physical properties influencing pump-down times. Perlite,  
with its porous structure and low bulk density, was expected  
to enable faster gas evacuation, while glass bubbles were  
thought to hinder it. However, our research shows that dry  
3M™ Glass Bubbles K1 have faster nitrogen evacuation rates. 

1. Introduction 

Renewable energy production varies by region. To achieve 
carbon neutrality goals, countries lacking renewable 
resources can consider importing them from countries 
with abundant renewables [1–8]. Hydrogen, with its high 
energy density, is recognized as a versatile energy carrier  
and efficient storage medium for achieving a decarbonized 
global energy system [9–20]. 

To successfully advance liquid hydrogen (LH2) technology  
and its application in different sectors, the establishment 
of large-scale hydrogen storage (ranging from 20,000 to 
100,000 m3) is crucial [21–25]. This storage capacity plays 
a vital role in the global hydrogen supply chain, serving 
not only onshore storage needs but also offshore storage, 
particularly  for shipping and maritime applications [26,27]. 

Ensuring the widespread commercial use and feasibility of  
hydrogen technology requires the development of cost-
effective and safe storage and transportation technologies 
for LH2 [9, , , , ,3029282113 ]. These technologies are 

essential for both stationary applications and offshore 
transportation [ , ]3126 . Due to liquid hydrogen’s ultra-low  
boiling point (20 K) and low heat of  vaporization, effective 
insulation is necessary  for storage tanks to minimize 
boil-off loss [ , , , ,3433323113 ]. Additionally, proper safety  
measures must be implemented to handle the vent gas 
[35], as hydrogen has a wide flammability range when 
mixed with air [26]. 

Insulation systems play a crucial role in ensuring the 
performance of liquid hydrogen storage tanks [ , ,363431 ]. 
Smaller  tanks with capacities ranging from 100 to 1000 m3 
typically utilize high-vacuum (HV) multi-layer insulation 
(MLI), while larger storage vessels employ bulk fill 
insulation operating at moderate vacuum (MV) levels [37]. 
Commonly used bulk fill insulation materials include perlite 
and hollow glass microspheres (glass bubbles) [ , ,393831 ]. 
However, according to conventional wisdom the choice 
of insulation material affects the construction schedule, 
capital cost, and operating costs of storage tanks through 
heat leak and long-term maintenance [31]. 

Hollow glass microspheres offer a cryogenic insulation 
system that is lightweight, durable, and requires minimal 
maintenance [40]. 3M™ Glass Bubbles K1 outperform 
perlite by reducing stored LH2 (liquid hydrogen) boil-off  
by 46% in evacuated cryo-insulation [41]. In fact, “glass 
bubbles are superior  to perlite powder across the entire 
pressure range.” This improved performance is primarily  
attributed to the additional radiation scattering provided by  
the walls of  the glass bubbles, along with the low  thermal 
conduction resulting from the point contacts between 
adjacent spheres [42]. These factors contribute to better  
insulation properties and reduced heat transfer, resulting in 
lower LH2 boil-off rates 

However, while thermal performance advantages are 
significant, they come with associated material and 
construction costs [31]. For example, a recent study in the 
literature highlights a 2x to 4x increase in the time required 
to achieve the desired vacuum in the insulation annulus for  
a vessel filled with glass bubbles compared to one filled 
with perlite [37]. 



 

  

 

 

 
 

 

Table 1 
Tank dimensions used to model the thermal performance of a 
5000 m3 tank 

Dimensions Tank 1 Tank 2 

Capacity, m3 218 5000 

Outer Diameter, m 9.3 24.6 

Insulation layer thickness, m 1 1.7 

Table 2 
Impact of 1-year of liquid hydrogen boil-off reduction in 
a 5000m3  tank when glass bubbles are used as cryogenic 
insulation instead of perlite. 

Seawater 
Reverse 
Osmosis 

900-Watt 
A/C unit 

American 
Household 

Cooling of 
1 Average 
Data 
Center 

Energy 
Requirement 

4 kWh/m3 7.2 
kWh/8-h 

10,500 
kWh/house-
hold/year 

575 MWh/ 
day 

Result of 
using 742 
MWh 1 day 

1.3 data 
centers 
cooled 

Result of 
using 742 
MWh 1 year 

185,609 m3 103,116 
8-h 
periods of 
cooling 

70.7 
households 
powered 

the time required to achieve the desired vacuum in the 
insulation annulus for a vessel filled with glass bubbles 
compared to one filled with perlite [37]. 

The question is whether  the apparent increase in 
construction time can be seen as a long-term investment 
and commitment to a decarbonized and sustainable world. 
For instance, what would be the impact of saving 1 year of  
hydrogen loss due to boil-off if glass bubbles were used to 
insulate a 5000 m3 LH2 storage tank? 

To answer this question, we modeled the thermal 
performance of a 5000 m3 tank, similar  in size to the 
world’s largest LH2 storage tank located in Florida, USA  
[43,44]. Reported LH2 boil-off rate values for glass bubbles 
and perlite for a smaller  tank [45] were adjusted for  the 
target size of 5000 m3 using the Fourier’s Law of  thermal 
conduction [46]. This analysis focused on heat leak through
the insulation material layer only, neglecting the tank wall 
thickness. Key  factors, such as structural heat loads (i.e. 
heat leak through supports, piping, etc.) were assumed 
to be constant between the two tanks, denoted by  the 
subscripts 1 and 2. Briefly, 

 

where NER is the ratio of  the normal evaporation rate 
(percentage of  the total liquid volume/mass that boils-off  
as a result of heat leak), ΔR is the insulation layer  thickness, 
and Awetted/Vwetted is the wetted surface areato-volume ratio. 
Equation (1) implies constant insulation material effective 
thermal conductivity ke and, heat of  vaporization of  the 
liquid hydrogen hfg. 

Values in the right-hand side of Equation (1) were 
calculated using the tank dimensions listed in Table 1. 
The insulation thickness for  Tank 2 matches the thickness 
of  the world largest LH2 storage tank with a capacity of  
4700 m3, with inner and outer diameters of 21.9 m and 
25.3 m, respectively [44]. An ullage of 10% was assumed to 
determine Awetted/Vwetted. 

Six years of  testing of a 218 m3 spherical tank insulated 
with glass bubbles yielded an average NER of 0.10% per  
day, or 208 l/day, resulting in 46% boil-off reduction when 
compared to 0.18% per day (386 l/day), the perlite baseline 
boil-off  for  the same time [41]. 

Calculated NER values for  Tank 2 per equation (1) are 0.02%  
per day (1033 l/day) for glass bubbles, and 0.04% per day  
(1918 l/day) for perlite. The use of glass bubbles instead of  
perlite for one year  would result in more than 322,000 l of  
liquid hydrogen saved from boil-off (884 l/day reduction),  
or 742 MWh in energy saved considering liquid hydrogen  
has a volumetric energy density of 2.3 kWh/l [47]. 

742 MWh of energy in one year can be utilized in various  
ways. For instance, it can be used to purify approximately  
185,609 m3 of seawater  through reverse osmosis [48–50].  
The same amount of energy can provide cooling for  
approximately 130,116 8-h periods using a 900-Watt air  
conditioner. Furthermore, it has the potential to power  
70.7 American households for an entire year [51]. Lastly,  
it can provide cooling for an average data center  for  
approximately 1.3 days [52,53] (Table 2). These numbers  
hold great significance, especially  when considering the  
global warming crisis and its impact on health [54–56]. 

Nonetheless, efforts to minimize construction time should 
be prioritized. Rigorous characterization of different bulk-
fill materials can help to identify "clear and standardized 
work procedures for material injection and vacuum 
formation that can greatly reduce the construction period 
of LH2 storage tanks” [57]. 

Bulk-fill insulation materials have varying properties that 
can impact the efficiency of  the evacuation process [31]. 
By studying and comparing these properties, cryogenic 
storage tank designers and researchers can make informed 
decisions regarding the selection of bulk-fill insulation 
materials, ultimately leading to improved evacuation 



rates and enhanced overall system performance. 
This knowledge is essential for  the development and 
optimization of efficient and reliable hydrogen-based 
energy systems. 

Our primary objectives were twofold: (1) Quantify and 
compare the pump-down times for 3M™ Glass Bubbles 
K1 and cryo-insulation grade perlite; and (2) Identify  
the physical properties and other parameters that may  
influence the pump-down times. By  focusing on these 
aspects, we aimed to shed light on the factors that 
contribute to the observed variations in evacuation times 
between the two bulk-fill insulation materials. In the 
subsequent sections, we will outline the experimental 
methodology, present the results of our investigation, and 
discuss the implications of our  findings. 

2. Materials and methods 

2.1. Experimental setup 

To create a variable vacuum environment ranging from 
ambient to 10 mTorr (1.33 Pa), a rotary  vacuum pump 
(Edwards, model E2M40) was fitted to a 10L  stainless-steel 
cylinder (Fig. 1). 

The cylinder  was equipped with a sintered HDPE porous  
tube (POREX™) and a high vacuum puppet valve (ANCORP,  
AV150-QF-EAS). During the evacuation process, the  
pressure was measured using a pressure transducer  
(Grandville-Phillips, 275 Convectron, catalog 275071). 

The pressure transducer  was positioned between the  
pump and the cylinder, and its readings were monitored by  
laboratory personnel throughout the entire desired range.  
This allowed for accurate measurement and tracking of  the  
evacuation process. 

The stainless-steel cylinder can be heated with a heating 
belt partially insulated by an external insulation grey  
jacket. The temperature is controlled using two rheostats 
(not shown) connected to thermocouples located on the 
external wall of  the cylinder 

Other equipment includes an analytical balance (Mettler-
Toledo, XPE64001L), a gas pycnometer (Micromeritics, 
Accupyc II 1345) and a Particle Size Distribution (PSD) 
Analyzer (Microtrac, S3500 in water, in air). 

Fig. 1. Experimental Set Up. (a) Schematic illustrating the gas 
evacuation path and position of a single pressure gauge; and 
(b) Photograph of stainless-steel cylinder interior where the filter  
(sintered HDPE porous tube) can be seen. 



 

2.2. Procedure 

The insulating material is carefully poured from a pre-
weighed bag into the stainless-steel cylinder. The material is  
gently compacted by periodically pulling a vacuum every  few
minutes until the cylinder is completely  filled. To determine  
the total powder mass in the cylinder, the bag is re-weighed,  
and the net mass is calculated by  taking the difference.  

 

Once the cylinder is filled and sealed, the initial conditions 
inside the chamber, such as internal pressure and exterior  
wall temperature, are recorded. Additionally, the room 
conditions (temperature and relative humidity) are logged 
for reference. The vacuum pump is then started, and the air  
inside the chamber is gradually evacuated until a minimum 
pressure of 10 mTorr (1.33 Pa) is achieved. Pressure as 
a function of  time (monitored using a digital timer), is 
manually logged. 

Once the desired vacuum pressure of 10 mTorr (1.33 Pa) 
has been achieved the system can be re-pressurized back 
to ambient pressure by  venting it with nitrogen, and a 
second pump-down test can be run as described earlier. 

In addition to hollow glass microspheres and cryo-insulation  
grade perlite, other particles evaluated in this study include  
glass marbles (16 mm dia.) and ceramic spheres (390 μm dia.) 

2.3. Insulating materials characterization 

Hollow glass microspheres, specifically 3M™ Glass 
Bubbles K1, and cryo-insulation grade perlite obtained 
from three different sources (A, B and C) were subjected to 
thorough characterization in this study. 

Table 3 presents the typical average true density, bulk 
density, and volatiles (assumed to be entirely  water) of  the 
bulk-fill insulation materials under study. These properties 
are essential for understanding the overall density and 
moisture content of  the materials, which can impact their  
insulation performance. 

Table 3 
Typical average properties of 3M™ Glass Bubbles K1 and 
cryo-insulation grade perlite. 

Typical Physical Property 3M™ Glass 
Bubbles K1 

Cryo-
insulation 
grade 
perlite 

Isostatic Crush Strength 
(80% survival) 

250 psi 
(1.72 MPa) 

True density (gas pycnometry) 125 kg/m3 

Bulk density (closed packed) 78 kg/m3 88 kg/m3 

Volatile content (water) 0.3 wt% 0.6 wt% 
Mean Sizea 56 μm 671 μm 

Additionally, Table 4 provides a comprehensive summary of  
the measured particle size distributions (PSD) of  the materials,  
as depicted in Fig. 2. Analyzing the particle size distributions  
is crucial for assessing the size range and distribution of  the  
particles, which can influence their  thermal and mechanical  
properties as cryogenic insulation materials. 

Table 4 
Measured Particle Size Distribution (μm) of 3M™ Glass Bubbles 
K1 and cryo-insulation grade perlite by  volume. 

Product 3M™ Glass 
Bubbles K1 

Cryo-
insulation 
grade perlite 

Mean 56 671 

Median 55 607 

Mode 66 751 

SD 24 451 
<5th% 19 92 

<10th% 25 98 

<50th% 55 607 

<90th% 89 1322 

<95th% 134 1550 

Fig. 2. Measured Particle Size Distribution of 3M™ Glass Bubbles 
K1 and cryo-insulation grade perlite. 

Fig. 3. Scanning Electron Micrographs (SEM) of materials used in 
the study: 3M™ Glass Bubbles K1 (left) and cryo-insulation grade 
perlite (right). 

a measured. 



 

 

In addition to size, particle size distribution (PSD), and 
surface area, other  physical properties of  bulk-fill insulation
materials may have an impact on pump-down times. To 
further investigate these properties, additional material 
characterization tests were conducted using a universal 
powder rheometer (Micromeritics, FT4). The additional 
tests include permeability, shear cell, and flowability  tests. 

 

Permeability  testing assesses how  well gases or  fluids can 
pass through a powder bed. Shear cell tests measure the 
shear stress at the point where the powder starts to flow  
[58]. Flowability  testing evaluates how easily materials 
can flow under specific conditions. By conducting 
these comprehensive powder-rheology  tests, a deeper  
understanding of  the physical properties of  the bulk-fill 
insulation materials and their potential impact on pump-
down times can be gained. 

2.3.1 FT4 permeability  tests 

Fig. 4 depicts plots of nitrogen flux as a function of  
pressure drop for pre-consolidated 3M™ Glass Bubbles 
K1 and cryo-insulation grade Perlite B. The data was 
obtained per  ASTM D6539-13. Linear regressions we used
to calculate permeability  values according to Darcy's Law  
(Table 5). 

 

Fig. 4. Nitrogen flux vs pressure drop for pre-consolidated 3M™ 
Glass Bubbles K1 (left), and cryo-insulation grade Perlite B (right). 
Pre-consolidating Normal Stresses (NS) include 6 and 15 kPa. 

Table 5 
Measured permeability at different pre-consolidating normal 
stresses for 3M™ Glass Bubbles K1 and cryo-insulation grade 
perlite. 

Product 3M™ Glass 
Bubbles K1 Perlite B 

True Density (Kg/m3) 125 725 

k @ 6 kPa (Darcy) 2.53 32.6 

k @ 9 kPa (Darcy) 2.45 29.1 

k @ 15 kPa (Darcy) 2.35 24.2 

Compared to Perlite B, 3M™ Glass Bubbles K1 are less 
sensitive to the pre-consolidating normal stresses. They 
also show permeability k values 10x smaller, which could 
possibly impact pump-down times. 

2.3.2. FT4 standard shear cell test 

The flow initiation properties of 3M™ Glass Bubbles 
K1 and cryo-insulation grade Perlite A, B and C were 
evaluated using the ASTM D7891–15 standard. Fig. 5 
depicts curves of incipient shear stress as a function of  
applied normal stress for  various pre-consolidating normal 
stresses. It is evident from the graph that K1 glass bubbles 
show lower sensitivity  to the pre-consolidating normal 
stress when compared to cryo-insulation grade Perlite B. 

Fig. 5. Incipient Shear Stress vs. Applied Normal Stress (NS) for 3M™ 
Glass Bubbles K1 (left), and cryo-insulation grade Perlite B (right). 

Fig. 6 displays curves of Incipient Shear Stress vs. Applied 
Normal Stress for 3M™ Glass Bubbles K1 and Perlite A, B, 
and C, all under a pre-consolidating normal stress of 6 KPa. 
Mohr's circle principles were applied to calculate shear  
parameters that are commonly employed in the design 
of storage hoppers and bins, following industry-standard 
calculation procedures. Only  two of  these parameters are 
reported in Table 6: Cohesion (y-axis intercept) and Angle 
of Internal Friction (slope). 

Fig. 6. Incipient Shear Stress vs. Applied Normal Stress for 3M™ 
Glass Bubbles K1 and cryo-insulation grade perlites. 



 

 

 

 

Table 6 
Cohesion and Angle of Internal Friction for 3M™ Glass Bubbles 
K1, and cryo-insulation grade perlites. 

Product Cohesion (kPa) AIF (⁰) 

3M™ Glass Bubbles K1 0.0341 18.1 

Perlite A 0.829 34.6 
Perlite B 0.569 32.9 

Perlite C 0.908 36.7 

In comparison to Perlite A, B, and C, 3M™ Glass Bubbles 
K1 exhibit lower Cohesion by one order of magnitude. 
Additionally, they have an Angle of Internal Friction that is 
half of that observed in the perlite samples. 

The bulk-fill insulation material's cohesion and other shear  
properties can potentially influence the pump-down time. 
For instance, it could have an effect on the packing factor  
of  the material as it is being placed (by gravity) in the 
annulus of a cryogenics vessel. More cohesion could result 
in less efficient packing, impacting permeability. 

2.3.3. FT4 basic flow test 

Flowability is not an inherent property of powder but rather  
a function of its ability  to flow as required in a specific 
application [59]. In fact, powder  flowability significantly  
impacts transportation, mixing, and processing, thereby  
affecting manufacturing, storage, and application 
efficiency [60]. For instance, when aerated, glass bubbles 
flow like a liquid, facilitating the complete filling of annular  
spaces and conforming to complex geometries formed by  
structural supports and piping. Preventing insulation voids 
is crucial, as they affect the thermal performance of  the 
vessel insulation system [37]. 

3M™ Glass Bubbles K1 and cryo-insulation grade Perlite 
B were characterized in terms of  Basic Flowability Energy  
(BFE), Stability Index (SI), Flow Rate Index (FRI), Specific 
Energy  (SE), and Conditioned Bulk Density (CBD), by  
applying “a unique Dynamic Methodology for  measuring 
the resistance of a powder  to flow, while the powder is in 
motion” [61]. 

Although bulk properties are not a direct measurement 
of  flowability, they can influence process performance 
and product attributes. To remove any stress history or  
excess air prior  to testing, an automatic conditioned step is 
completed before every  flow  test. Gentle displacement of  
the whole sample loosens and slightly aerates the powder  
conditioning it to produce a homogeneously packed 
powder bed. Conditioning also reduces operator-to-
operator  variability and ensures reproducibility [61]. 

Flowability  test results are summarized in Table 7. 
Compared to Perlite B, 3M™ Glass Bubbles K1 require 

less than half  the energy  to be displaced during downward 
testing (BFE) and require less energy per gram to be 
displaced during upward testing (SE); all of  this in spite of  
packing more efficiently (CBD). 

Table 7 
Basic Flow Energy and other parameters. 

Product 
BFE 
(mJ) 

SI FRI 
SE 
(mJ/g) 

CBD 
(Kg/m3) 

3M™ Glass 
Bubbles K1 37.6 1.04 1.45 3.00 68 

Perlite B 82.9 0.90 1.32 4.95 45 

Values of SI (factor by  which the measured flow energy  
changes during repeated testing or processing) show  
that 3M™ Glass Bubbles K1 are slightly more stable than 
Perlite B. In the other hand, values of FRI (factor by  which 
the measured flow energy is changed when the flow rate 
is reduced by a factor of 10) suggest that K1 glass bubbles 
more sensitive to changes in flow rate. 

3. Results and discussion 

The evacuation properties of a stainless-steel cylinder  
filled with 3M™ Glass Bubbles K1 and cryo-insulation 
perlite were studied to assess the rates of evacuation and 
identify  the factors that influence these rates. 

3.1. Vacuum formation for “as is” 3M™ Glass 
Bubbles K1 and “as is” (packaged) cryo-
insulation grade perlite 

Fig. 7 illustrates the pressure versus time curves for  
both bulk-fill insulation materials as air is evacuated 
from the stainless-steel cylinder at room temperature 
(RT). The evacuation process down to 100 mTorr (13.33 
Pa) is comparable for both materials. However, beyond 
that point, a noticeable decrease in the rate of  vacuum 
formation is observed for  the 3M™ Glass Bubbles K1. 

Fig. 7. Plot of pressure vs. time as air is evacuated at room 
temperature. 



 

 

 

In comparison to cryo-insulation grade perlite, it takes twice
as long to reach 10 mTorr (1.33 Pa) when evacuating the  
chamber  filled with 3M™ Glass Bubbles K1(Table 8). This  
finding aligns with the generalized estimates for  vacuum  
pump-down recently reported by Swanger et al. [37]. 

 

Table 8 
Pump-down time when air is evacuated at RT (stage 1), 
followed by re-pressurizing of  the system with nitrogen, and 
nitrogen evacuation at RT (stage 2). 

Evacuated gas air (stage 1) 

Material Moisture 
Level 

Time to 100 
mTorra 

Time to 10 
mTorr 

3M™ Glass Bubbles 
K1 As received 5 min 125 min 

Cryo-insulation 
grade perlite As received 2 min 60 min 

a 1 Torr = 133.32 Pa. 

Evacuated gas air (stage 2) 

Material Moisture 
Level 

Time to 100 
mTorra 

Time to 10 
mTorr 

3M™ Glass Bubbles 
K1 

Vacuum 
dried at RT 90 s 

Cryo-insulation 
grade perlite 

Vacuum 
dried at RT 42 s 146 s 

Following the evacuation of air at room temperature (RT) 
and subsequent re-pressurization to ambient pressure with 
nitrogen, the glass bubble-filled cylinder exhibits a notably  
faster  vacuum formation rate compared to the perlite-filled 
cylinder, as illustrated in Fig. 8. This finding suggests that 
the presence of moisture in the bulk-fill insulation materials 
could have a substantial effect on the pump-down times. 
Once the moisture is eliminated, other  factors are likely  to 
come into play and influence the rate at which the vacuum 
is formed. 

Fig. 8. Pump-down time to 10 mTorr (1.33 Pa) when air is 
evacuated (Stage 1), followed by re-pressurizing of  the system 
with nitrogen, and nitrogen evacuation (Stage 2). 

3.2. Effect of moisture on 3M™ Glass Bubbles K1 

Fig. 9 presents the pressure versus time curves for K1 glass 
bubbles under  two conditions: “as is” and conditioned 
(subjected to 40 °C/90%rh for 3 days). The graph reveals 
that the evacuation process down to 30 mTorr (4.0 Pa) 
remains largely unaffected by  the moisture level. However, 
beyond this threshold, a distinct decrease in the rate of  
vacuum formation becomes evident, suggesting significant 
impact of moisture on the process. 

Fig. 9. Plot of pressure vs time as air is evacuated from the 
stainless-steel cylinder filled with 3M™ K1 Glass Bubbles under  
two conditions: “as is” and conditioned (subjected 40 °C/90%rh 
for 3 days). 

The pump-down time increases by 70% when air is  
evacuated from cylinder  filled with conditioned glass  
bubbles compared to “as is” glass bubbles (Fig. 10). This  
indicates that moisture management should be taken  
into consideration when optimizing pump-down times.  
Managing moisture effectively can help reduce the pump-
down time and improve the overall efficiency of  the process. 

Fig. 10. Pump-down time to 10 mTorr (1.33 Pa) when air is 
evacuated from the stainless-steel cylinder filled with 3M™ 
Glass Bubbles K1 under  two conditions: “as is” and conditioned 
(subjected 40 °C/90%rh for 3 days). 



 

 

 

 

 

  

3.3. Effect of particle size/surface area (while 
maintaining packing efficiency constant) 

While the random packing density of mono-sized spheres 
is about 0.64 [62], the reported average packing factor of  
3M™ Glass Bubbles K1 averages about 60% [63]. 

Pressure vs. time curves for  various smooth surface  
spherical particles, including 3M™ Glass Bubbles K1 are  
shown in Fig. 11. Since these particles have a spherical  
shape and a narrow and/or monomodal particle size  
distribution, it is expected that they  will occupy roughly  
60% of  the stainless-steel cylinder. This means that the total  
volume of gas to be evacuated is roughly  the same for all  
these particles. In this case, the remaining independent  
parameter is the average particle size, which directly affects  
the surface area. As the average particle size decreases, the  
surface area increases. In fact, the surface area is inversely  
proportional to the square of  the particle size. 

Fig. 11. Plot of pressure vs time for smooth surface, spherical 
particles as air is evacuated at room temperature. 

As depicted, the smaller  the particle size the longer it takes 
to evacuate the system (Fig. 11); suggesting that surface 
area affects the pump-down time. 

As more surface area is available, more moisture can 
adsorb to the particles per  unit volume, increasing the total 
amount of moisture to be evacuated, as thus the air pump-
down time (Table 9). 

Table 9 
Average evacuation time for smooth spherical particles of  
different sizes, when air is evacuated at RT (stage 1), followed 
by re-pressurizing of  the system with nitrogen, and nitrogen 
evacuation at RT (stage 2). 

Evacuated 
gas air (stage 1) 

Material 
Average 
Diameter 

Moisture 
Level 

Time to 
100 mTorra 

Time to 10 
mTorr 

empty As is 1 min 14 min 
Glass 
marbles 16 mm As 

received 1 min 12 min 

Ceramic 
spheres 

0.39 mm 
As 
received 

2 min 67 min 

3M™ Glass 
Bubbles K1 56 μm As 

received 5 min 125 min 

a 1 Torr = 133.32 Pa. 

Evacuated 
gas nitrogen (stage 2) 

Material 
Average 
Diameter 

Moisture 
Level 

Time to 
100 mTorra 

Time to 10 
mTorr 

empty Vacuum 
dried at RT 47 s 103 s 

Glass 
marbles 16 mm Vacuum 

dried at RT 32 s 47 s 

Ceramic 
spheres 

0.39 mm 
Vacuum 
dried at RT 

23 s 67 s 

3M™ Glass 
Bubbles K1 56 μm Vacuum 

dried at RT 90 s 

Once air + moisture has been evacuated at RT and the 
cylinder is re-pressurized with nitrogen, pump-down times 
are significantly reduced (Fig. 12). 

Fig. 12. Pump-down time to 10 mTorr (1.33 Pa) when air is 
evacuated (Stage 1), followed by re-pressurizing of the chamber 
with nitrogen, and nitrogen evacuation (Stage 2). 

Although evacuating air down to 10 mTorr (1.33 Pa) at RT  
removes a considerable portion of  the present moisture, 
resulting in significantly shorter nitrogen evacuation 
times (compared to air), residual moisture (proportional 
to surface area) may have minor but noticeable effect on 
nitrogen pump-down times. 



 

 

 

 

Other parameters associated with particle size, PSD and 
surface area that can potentially impact pump-down times
are the permeability k of  the particle system (effect on 
gas free path) and particle surface roughness (effect on 
moisture-surface bond). 

3.4. Effect of  temperature 

 

In large scale field applications perlite is expanded in-
situ, which minimizes moisture adsorption as the perlite 
is dispensed into the insulation section of double wall 
cryogenic vessels. 

In an attempt to remove as much moisture as possible 
from the “as is” (packaged) perlite, heat was applied 
to the stainless-steel cylinder  filled with perlite until a 
temperature of 90 °C of  the exterior  wall of  the cylinder  
was achieved. Only  then, the vacuum pump was started. 

Fig. 13 shows pressure vs. time curves for packaged perlite 
for  two different temperatures. The ‘pre-heated’ perlite 
(90 °C) showed a significantly longer evacuation time 
compared to the ‘as is’ (RT) perlite. A possible explanation 
is that considerably more moisture became available, 
increasing the pump-down time by 10-fold. 

Fig. 13. Plot of pressure versus time for packaged perlite as air is 
evacuated from the stainless-steel cylinder at RT and 90 °C. 

We also believe that more residual moisture remained 
trapped not only on the rough exterior surfaces of  the 
perlite particles, but also inside the internal multi-cellular  
spaces (Fig. 2). This would explain why it took longer  to 
evacuate nitrogen after  the perlite had been vacuum dried 
at 90 °C (Table 10). 

Table 10 
Average Evacuation time for packaged perlite, first air (at RT  
and 90 °C) and then nitrogen at RT immediately after air has 
been evacuated. 

Evacuated 
gas air (stage 1) 

Material Temp Moisture 
Level 

Time to 
100 mTorra 

Time to 10 
mTorr 

Cryo-
insulation 
grade 
perlite 

RT As 
received 2 min 60 min 

90 °C As 
received 4 min 610 min 

a 1 Torr = 133.32 Pa. 

Evacuated 
gas nitrogen (stage 2) 

Material Temp Moisture 
Level 

Time to 
100 mTorra 

Time to 10 
mTorr 

Cryo-
insulation 
grade 
perlite 

RT Vacuum 
dried at RT 42 s 146 s 

90 °C Vacuum 
dried at RT 44 s 128 s 

4. Conclusion 

Large-scale storage vessels use bulk fill insulation at 
moderate vacuum levels, typically employing materials like 
perlite and hollow glass microspheres. Understanding the 
evacuation properties of  these materials under different 
temperature and vacuum pressure conditions is essential 
for  the progress of hydrogen-based energy infrastructure, 
ensuring safety, thermal performance, and long-term cost 
reduction and sustainability. 

Perlite, renowned for its porous structure and low bulk 
density, was anticipated to facilitate faster evacuation due 
to larger pathways for gas molecule escape. Conversely, 
glass bubbles’ greater packing efficiency  was expected 
to hinder gas molecule pathways. The research presented 
herein demonstrates that conditioning of  the material has 
an impact on this behavior and can even lead to a reversal 
in relative performance, with dry 3M™ Glass Bubbles K1 
having faster rates of nitrogen evacuation. 

Several reasons for  this reversal of performance can be 
postulated. Firstly, Perlite's irregular shapes could keep 
residual moisture from leaving the pores of  the particles 
when evacuated from air at room temperature and at 90 
°C as well. An alternate or additional mechanism at play  
could be the relatively  fragile nature of  the perlite lamellar  
structure, once expanded, may partially collapse under its 
own weight or due to thermal cycling stresses; either of  
which could lead to reduced pathways for gas escape or  
even gas molecule and moisture entrapment. 



The relative evacuation characteristics highlighted herein 
prompt the reevaluation of  the conventional understanding 
of gas evacuation in bulk-filled insulated cryogenic storage 
systems. As discussed in the Introduction, preventing 
hydrogen loss due to boil-off has significant benefits when 
viewed in the context of societal energy use. With the 
greater  thermal efficiency of 3M™ Glass Bubbles K1 over  
cryo-insulation grade perlite, there is incentive to further  
investigate the kinetics and physical processes at play  
with these bulk-fill insulation materials. Further studies in 
our lab are underway in which we are exploring the role 
of different interstitial gases and drying process on the 
creation of  vacuum conditions in perlite and glass bubble 
insulated vessels. 
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