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Abstract
Hydrogen has the potential to be a very attractive alternative energy carrier. Successful development of

sorption storage technologies for hydrogen assumes an active temperature control and special properties of the
materials, capable to adsorb hydrogen in a reversible way. Improvements of hydrogen storage involve design of
the sectional vessel with heat pipes, using novel carbon materials and cooling of carbon sorbents down to the
liquid nitrogen temperature.

The objective of this work is to propose perspective activated carbons (carbon fibres) and metal hydrides
compositions for high performance hydrogen storage system. Another interrelated work objective is
development of thermally regulated storage system for hydrogen gas accumulation. Such vessels are interesting
to be applied in fuel cells vehicle or dual-fuel engine car (hydrogen/gasoline, hydrogen/methane). A two-
dimensional transient model was developed to analyse discharge/charge process of a flat rectangular vessel with
sorbent and hydrogen. The suggested sorbent bed for the storage system is based on compressed carbon fibre as
a host material which includes the micro- and nanoparticles of different metal hydrides
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INTRODUCTION
Hydrogen technology will be able to revolutionize the transport and energy market. Several

factors have led to growing interest in a hydrogen energy economy, especially for transportation. The
global warming has indicated an importance of adsorption science which is one of fundamental
sciences supporting energy, resources and environmental technologies. Using hydrogen as an energy
carrier in transportation applications may contribute to a decrease of carbon-dioxide emissions and
possibly reduce the world’s dependence on fossil fuels.

Realization of any scheme of hydrogen usage in national economics depends on making a cost-
effective system of gas storage. Sorption storage is free of necessity for bulky and metal-consuming
tanks, for large energy expenses on compression up to high pressures (20–60 MPa) or liquefaction of
gas, so it cuts down expenses for the compressor and cryogenic equipment. Successful development of
a getter system of hydrogen storage presumes a presence of an active thermal regulation and special
properties of materials capable to store up hydrogen efficiently. The inexpensive microporous carbon
obtained by thermal treatment of raw material (wood, sawdust, cellulose, straw, paper for recycling,
peat etc.) after impregnation is especially attractive [1]. In this way a number of perspective sorbents
were created in Belarus: the activated carbon fibre “Busofit-M8” (a product of pyrolysis of the
impregnated cellulose) and the activated carbon made of waste products of wood "WAC 3-00" [2]. A
heat pipe, a thermosyphon, a single-phase heat exchanger or an electric element can be used as the
heat exchange element.

This work is devoted to development and research of the thermally regulated system of hydrogen
storage. SSSG is intended for gas storage by combined adsorption and compression at moderates
pressures (3–6 MPa) and cryogenic temperatures (the temperature of liquid nitrogen about 77 K).
Modeling of thermodynamic process of charge/discharge of hydrogen from the flat rectangular vessel
with heat pipes (HP) was carried out to choose the best performance. A new sorbent bed (composite
sorbent –”metal-hydride particles on the fibre”) for hydrogen storage and transportation vessels was
suggested. Experimental verification of the efficiency of the composite sorbent was validated.



VII Minsk International Seminar “Heat Pipes, Heat Pumps, Refrigerators, Power Sources”

Vasiliev L. et al.297

HEAT AND MASS TRANSFER IN THE SORBENT BED
Modeling of thermodynamic process of gas charge/discharge from sorption storage system was

carried out to choose the best performance. The efficient system to perform a sorbent bed thermal
control during its sorption/desorption is heat pipe heat exchanger. Figure 1 shows the sectional vessel
with heat pipes for hydrogen sorption storage at average pressure 3.5–6 MPa. Every separate section
has the case made from an aluminum (or reinforced plastics) and filled with briquette sorbent where
hydrogen is situated in adsorbed and compressed states. Heat pipes can easily be implemented inside
sorption storage vessel due to its flexibility, high heat transfer efficiency, cost-effectiveness, reliability,
long operating life, and simple manufacturing technology. Heat pipe metal fins serve for
intensification of heat transfer in sorbent bed. A flat rectangular, rather than cylindrical form is
convenient for gas vessel location in the automobile. The collector channels for gas supply and release
were manufactured by extrusion inside of aluminum case. Longitudinal grooves in the case can be
replaced with cylindrical channels in a sorbent body at the center of each section in parallel to the axis
of HP. The thin perforated pipes which are connected then to the common gas collector can be entered
into them.

Figure 2 illustrates a calculation domain of cylinder with breakdown to the two calculation areas:
S1 (the cylinder case, the body of HP, fins/partitions), and S2 (sorbent) with indication of boundaries
between them. The calculation domain is bounded by external surface of the case 2, the internal wall
of HP (boundary 5), the symmetry planes at the middle of fins (boundaries 1 and 4) and at the middle
of sorbent layer (boundary 3).

Fig. 1. The flat sectional vessel for hydrogen sorption storage:
1 – vessel case, 2 – HP, 3 – sorbent, 4 – channel for gas removal,
5 – longitudinal fins/partitions
Fig. 2. Scheme of calculation domain: S1 – metal, S2 – sorbent;
1, 3, 4 – symmetry planes; 2, 8 – external and internal surfaces
of cylinder case, 5, 6 – internal and external surfaces of HP
body; 7, 9 – boundaries between sorbent and metal
fins/partitions; 10  channel for gas supply/release

The mathematical model of heat transfer and gas sorption processes in the reactor is based on the
following assumptions: 1) the gas in the cylinder is ideal; 2) the temperature of the solid phase is equal
to the temperature of the gas phase at each point, because of the high coefficient of the volumetric heat
transfer between them; 3) heating and cooling of the sorbent is carried out by heat pipe (HP) with
inner heat transfer coefficient 3 410 10HPα = −  W/(m2·K). This coefficient is uniform along the
surface and large in comparison with the thermal resistance of interface HP-sorbent bed.

The dynamic model of the sorbent bed has the components [3–5]:
1) Dubinin – Radushkevich equation of the state of gas

x
z

y
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2) the equation of sorption kinetic
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where 2
0 015 /s s pK D R= , Ds0  – phenomenological constant, pR  – the average radius of particle;

3) energy conservation equation
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4) mass balance
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5) momentum balance
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For the ideal gas ( gz =1, Va << Vg), the isosteric heat is calculated from the relation
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In the case of a nonideal gas, the estimation obtained with (7) should be considered as being
approximate. Equation system (1)–(7) defines four variables , , ,T P a u , dependent from space
coordinates and time.

Initial conditions for them are set as:

0 0 0 0( ) , ( ) ,T T P Pτ = τ = ( )0 0 0 0 0 0 0 0( ) , ( ) , ( ) 0, ( ) ,eqT T P P a a T Pτ = τ = τ = τ =u .     (8)

Basic boundary conditions are those. At the external side of the case (boundary 2) the conditions
of convective heat exchange with environment are considered which are characterized by the resulted
heat transfer coefficient:

( ),env envT T T⋅ = α − = −λ∇n q q ,                                            (9)

where n  is the unit vector of exterior surface normal.
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Depending on the conditions at the internal surface of the HP body (boundary 5) the temperature
HPT  or density of heat acting from fins and sorbent is set:

( ), ,HP HP HP HPq T q T T⋅ = = −λ∇ = α −n q q ,                               (10)

where HPα  is the heat transfer coefficient from HP working fluid (steam) to the internal surface of HP
body.

The heat-flux density is equal to zero at symmetry planes. For boundary 10 where the cylindrical
aperture for gas supply is located, the heat flux is ordered which is caused by the receipt of gas with
the temperature iT

0 0nq , q u, (u n)g p g p iq T C q C T− = = λ∇ − ρ = −ρ ⋅ .                                 (11)

In the case of the presence of axial channel for gas supply at the center of calculation cell (boundary
10), the supply pressure is set, which is equal to hydrogen storage pressure for charge process

i chP P P= = .                                                                 (12)

Discharge process usually occurs at a constant mass rate outward the cylinder at the opening

b c

G
NL dl

⋅
=

ρ∫
0

nu = u .                                                     (13)

To solve the set of equations (1)–(7) the method of finite elements for fixed mesh was used [6].
Convergence precision was equal to 10-6. The system of equations with a sorption source is stiff and
allows integration only with a small time step. For achievement of required accuracy and numerical
stability the integration step did not exceed 2 s.

EXPERIMENTAL RESULTS AND DISCUSSION
In our experiments some samples of activated carbon “Busofit” obtained by the new technology

were investigated. Impregnated cellulose - based raw is the attractive host material for the manufacture
of special activated carbons for ammonia, methane and hydrogen storage systems with high
microporosity, specific surface area and narrow micropore size distribution. Some samples from
“Busofit” have been prepared by selective thermal processing at high temperature near 850 °C. Wood-
based carbons were produced by controlled pyrolysis of waste wood and special activation. In this
way, some of the carbon atoms are removed by gasification, which yields a very porous structure.
Numerous pores, cracks were formed in the carbon material increasing a specific surface area due to
the growth of micropore volume. Additional activation of the samples was carried out at the presence
of carbonic gas. The carbon fibre “Busofit” can be considered as a universal microporous adsorbent
with pore diameter of 1–2 nm and at the same time as a material with high gas permeability. Figure 3
shows the texture of “Busofit-M8”, which can be performed as a loose fibre bed or felt or as
monolithic blocks with binder to have a good thermal conductivity along the filament.

Porous texture of different materials was characterized using nitrogen (N2) physisorption at 77 K
and up to a pressure of 0.1 MPa. Table 1 summarizes the data, obtained with the High Speed Gas
Sorption Analyser NOVA 1200. As an example, Fig. 4 shows the experimental isotherms of the
adsorption and desorption of hydrogen on “Busofit-M8” and “WAC 3-00” (active carbon material made
from waste wood) at the liquid nitrogen temperature. Absence of an appreciable hysteresis confirms
that reversible physisorption exclusively takes place with all investigated materials. The best sorbent
in nitrogen temperature is found the activated fibre "Busofit-M8", having major effective porosity
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(0.78), bulk density of 500 kg/m3 and an advanced surface area (SBET=1935 m2/g). At pressure 6 MPa
its capacity of hydrogen storage due to a physical sorption achieves 482 ml/g.

Fig. 3. Photo of the active carbon fibre “Busofit-M8”: a) micro- and mesoporous surface structure
of additionally activated fibre, multiplied by 50000;  b) briquette  “Busofit-M8”, multiplied by 200

If we combine the carbon material with metal hydride microparticles disposed in the same volume,
we can solve the problem of efficient gas storage and transportation. The total volume V, associated
with an active carbon adsorbent may be split up into its components:

c v voidV V V V Vµ= + + + ,                                                           (14)

where Vc – the volume of the carbon atoms of which the adsorbent is composed; Vµ – micropores
volume; Vv – meso- and macropores volume; Vvoid – the space inside the vessel free from adsorbent
bed. This latter Vvoid can be eliminated by making the solid block of adsorbent.

Table 1. Textural characteristics and hydrogen-physisorption capacities
at 77 K and 0.1 MPa for the investigated active carbon materials

No. Sorbent av,
ml(STP)/g

aH,
wt%

SH,
m2/g

SBET,
m2/g

SDR,
m2/g

VDR,
ml/g

RDR·108,
m

1 Busofit-М8 252.9 2.23 571 1939 2985 1.04 51
2 WAC 3-00 221.1 1.95 575 1383 2142 0.74 50
3 207С 209.2 1.84 502 1300 1944 0.69 41
4 Norit sorbonorit-3 193.8 1.71 458 1361 2044 0.73 50
5 Sutcliff 236.6 2.08 527 1925 2864 1.02 53.6

Note: WAC – wood-based active carbon; av – volume capacity of hydrogen storage using
physisorption; a – capacity of hydrogen storage using physisorption; SH – BET surface area
determined on hydrogen; SBET – BET surface area determined on nitrogen; SDR – surface area,
determined on Dubinin-Radushkevich method; VDR – micropore volume, determined on
Dubinin – Radushkevich method; RDR – size of pore, determined on Dubinin – Radushkevich
method

Composite sorbent bed was performed as a set of micro- and nanoparticles of metal hydrides
attached to the filament surface to increase the total sorption capacity of the sorbent bed. Activated
carbon fibre with metal-hydride particles on its surface can be considered as a promising material for
hydrogen storage, Fig. 5. We summarize the high heat of chemical reaction and sensible heat of
physical adsorption to provide high storage capacity of a sorbent bed. “Busofit”, as a fast sorbent
material starts to react with hydrogen in the early stage of heating/cooling time (up to 5 min) and
accomplishes its action after the chemical reaction of the metal hydride is finished.

a) b)
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Fig. 4. Isotherms of hydrogen adsorption and
desorption on carbon materials at temperature
77 K

Due to the high density of metal hydrides the
systems is very compact. Metal hydride applications
are best suited for systems, where power and volume
are more critical than weight. For example a
hydrogen compressor, or reservoir for hydrogen
storage based on a reversible solid sorption is
attractive if the process ensures high gas density
storage. For that, the reactor must contain a large
quantity of reactive mixture and the kinetics of the
gas-solid reaction need to be fast. Heat and mass
transfer ought to be high, which implies good
porosity and high thermal conductivity of the sorbent
bed. For this reason the metal hydride reaction beds
inside the storage vessel   are  temperature controlled
by heat pipe heat transfer devices.

The addition of metal hydride to the active carbon fibre enhances the performances of the gas storage
vessel. Inclusion of micro- and nanoparticles of metal hydride in the porous matrix formed by carbon
fibres, improves of heat transfer and kinetic in sorbent bed. Successful application in practical systems
requires particular properties of the hydride alloys. Good alloy candidates (Table 2) must have proper
temperature and pressure interval, high total uptake of hydrogen and energy density of the material.
The pressure plateau must also be in the range of the system operational conditions.

            a)

Fig. 5. Composite sorbent: a) the molecules of the hydrogen (1) adsorbed by metal-
hydride particles (2) and micropores of surface of the activated carbon fibre (3); b) photo
with the indication of scanning line of the composite formed by the activated carbon
material "Busofit-М8" and metal-hydride La0.5Ni5Ce0.5

Table 2. Metal hydride materials for the hydrogen storage and transportation

Metal hydride Technical storage
capacity, wt%

Temperature,
K

LaNi4.1Al0.52Mn0.37 0.7–0.9 430–490
LaNi4.5Al0.29Mn0.21 0.8–1.0 373–433
Ti0.9Zr0.10V0.43Fe0.09Cr0.09Mn1.5 1.0 283–323
Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn1.5 1.0 268–303

The experimental set-up is shown on Fig. 6. The cylindrical vessel of 0.023 m inner diameter and
0.3 m length was used to simulate full-scale conditions of the experiment. This experimental rig was
made from the stainless steel and served as a simulator of the real vessel in the ratio 1:100. This vessel
is filled with some porous cylindrical samples – sorbent bed, fabricated from the composite sorbent.

А

20

b)
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The vessel in disposed on the electronic balance and is connected through the valve with the hydrogen
storage container by the flexible coil made from the thin stainless steel capillary. The vessel has an
electric heater and a set of thermocouples for temperature registration of the sample during gas
adsorption/desorption. Thermocouples were attached to the sample through the sorbent bed (0.012 m
thick).

Fig. 6. Experimental apparatus and the samples of sorbents after pressing and a test reactor with
the valve: 1 – high precision electronic balances, 2 – test reactor, 3 – sorbent bed, 4, 5 –  reactor
cap screw, 6 – valve, 7 – quick-release coupling, 8 – pressure sensor, 9 – thermocouples, 10 –
 vacuum pump, 11 – reducer, 12 – cylinders with hydrogen, 13 – temperature indicator

There are two independent modes of the sorption capacity registration – by gas volume control
and by gas mass control. The hydrogen sorption capacity of the sorbent material was controlled as the
vessel mass increase/decrease in time. The final sorption capacity of the sorbent bed was controlled
volume by gas pressure change inside the vessel at the room temperature. The advantage of such
experimental set-up is a possibility to perform the control of the gas vessel mass before and after gas
adsorption. During the tests the pressure inside the vessel (up to 6 MPa) was controlled by the
precisely calibrated pressure sensor with the accuracy near 1 kPa. Such combined system of hydrogen
sorption capacity measurements (direct mass and volume control) was encompassed on the test
performance of the samples with the mass 50 – 400 g. Before the start the measurements the samples
were several times “filled” with hydrogen. Then hydrogen was removed from the vessel by its heating
up to 500 K. The system was connected to the vacuum pump to reduce the pressure down to 0.7 Pa for
some hours. After this procedure was accomplished the experimental set-up was ready for the
experiments. The results of experiments are shown in Table 3 and Fig. 7. The experiments were
performed with four different samples: metal hydride La0.5Ni5Ce0.5, active carbon fibre “Busofit-M8”
and two composite sorbents COM 10-80 (10%”Busofit-М8” + 80% La0.5Ni5Ce0.5+10% of binder) and
COM 40-50 (40%”Busofit-М8” + 50% La0.5Ni5Ce0.5+10% of binder). The cylindrical samples of the
sorbent bed were made from the compressed porous carbon fibre with its further activation to ensure a
high surface for gas adsorption. The fast adsorption of hydrogen was checked for “Busofit-M8” –
5 min (Fig. 8). The slow rate of adsorption was determined for pure metal hydride La0.5Ni5Ce0.5 – 35
min. The mean time of adsorption was noticed for the composite sorbent COM 40-50 – 15 min. It
means, that the permeability and kinetic of adsorption of “Busofit-M8” and composite sorbent is
higher to compare with La0.5Ni5Ce0.5. The maximum temperature rise of the sorbent bed was
determined for pure metal hydride La0.5Ni5Ce0.5 – 370 K. It means the isosteric heat of hydrogen
sorption for “Busofit-M8” or combination of “Busofit-M8” and La0.5Ni5Ce0.5 is lower to compare with
metal hydride. So, we obtained fast sorbent bed (compound 40% “Busofit-M8”+50% La0.5Ni5Ce0.5
+10% binder), which sorption capacity of hydrogen is near the same as pure metal hydride, but the
cycle of adsorption/desorption is three times less.
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Table 3. Results of tests of composite sorbents

Sample Sorbent  composition аmax, wt% τ , min

 MH   La0.5Ni5Ce0.5 1.32 35
 AC   “Busofit-М8” 0.58 10
 COM 10-80   10%”Busofit-М8”+80%La0.5Ni5Ce0.5

  + 10% of binder 1.3 34
 COM 40-50   40%”Busofit-М8”+50%La0.5Ni5Ce0.5

  + 10% of binder 1.1 15

RESULTS OF THE NUMERICAL INVESTIGATION
As the results of calculations 2D fields of temperature, hydrogen concentration, pressure and

velocity during discharge where obtained. They are a basis for the determination of stored or released
gas amount, volume storage density, charge /discharge time. Figure 8 shows comparison between the
total volume storage density and the density of adsorbed phase of hydrogen in the vessel for
“Busofit-M8”.
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Fig. 7. Average temperature of the sorbent bed
during hydrogen adsorption for separate
components and composites

Fig. 8. Volume storage density of hydrogen on
“Busofit-M8” vs. temperature for the sectional
vessel (1–the adsorbed and compressed gases;
2–the adsorbed gas)

The variation of these parameters is determined by the dependence of physical sorption on temperature
and pressure, and also by the vessel design. As indicated in the graphs, it is necessary to take into
account the presence of compressed gas in the vessel, which fraction can be measured up to 30–50 %
at pressures 6 MPa. At temperature below 150 K the adsorbed volume storage density of hydrogen
nearly does not vary. The increase of stored hydrogen occurs basically due to filling of meso – and
macropores with the compressed gas. Suggested design provides a hydrogen-supply of 124 nm3/m3 at
moderate pressure 6 MPa and temperature 195 K, admitting cheap thermal isolation of the vessel case
made of foamed polyurethane. The storage capability is increasing for low temperatures. The best
parameters 313 nm3/m3 correspond to the liquid nitrogen temperature admitting cheap thermal
isolation of the vessel case made of foamed polyurethane. The reduction of volume storage density
down to 44 nm3/m3 is observed at 273 K.

The basic filling performances of a thermally regulated section vessel are shown in Fig. 9.
Calculations were carried out for four variants of HP power, adiabatic conditions on the external
surface of case and the activated carbon fibre “Busofit-M8”. For comparison dependences, when

HPT =77 K and HPα =1000 Wt/(m2·К), are given. Initially hydrogen and sorbent were in equilibrium
state which was characterized by the pressure 0 0.1P =  MPa, the temperature 0 273T =  K and
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sorption capacity ( )0 0 0,a f P T= . The gate was unclosed, gas moved in a cylinder throughout the
channels. Charge pressure with the help of a reducer is supported to stationary
values 6chP P= = MPa. The temperature inside sorbent is defined by power of heat pipe, heat
capacity of a design and the latent heat of sorption. Filling (account) stopped at cooling a sorbent up to
the temperature 77 K, providing the greatest reserve of the compressed and adsorbed hydrogen in the
set conditions. The capacity, volume density of hydrogen storage, and dynamic factor of filling are
directly proportional to stored gas amount. These characteristic factors of filling are chosen as
ordinates of the graph (Fig. 9 b). Note m represents the ratio of gas mass in vessel to its initial value.

а) б)
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Fig. 9. The mean temperature of the sorbent (a) and the filling characteristics (b) vs. the
time in the process of charge of the SSSG (αenv=0 W/(m2·K) for different values of heat
flux, removed by heat pipes

A peculiarity of the designed storage system is the combination of heat transfer processes and
accumulation of hydrogen in one volume. The rate of hydrogen charge (time of filling) is determined
by the reaction rate of gas adsorption and heat transfer processes in a sorbent bed. So, the increase of
the heat flux removed by heat pipes from a sorbent bed, with 2000 up to 4000 W, has provided
reduction of filling time of SSSG approximately three times. HP turn off in a constant-temperature
conditions (77 K) has resulted in fast cooling and 80 % filling during the first stage 2400 s. It is
obvious, that the sorbent temperature decreased, despite of sorption heat release, and rate of cooling
depend on heat output. The resulting course of change of temperature and amount of the reserved gas
in a cylinder was determined by these competing processes.

Numerical experiments have demonstrated, that heating factor defined by HP power and condition
of convective heat exchange with environment, affects on duration of vessel discharge, helps to extend
run of a vehicle at the expense of increasing average sorbent temperature due to reduction of gas rest.
Figure 10 shows the evolution of pressure and temperature in a sorbent bed during discharge of the
SSSG at the ambient temperature 273 K, gas flow rate G = 0.2 g/s for different values of heat flux
applied heat pipes. The results of these calculations are summarized in the Fig. 11. The counteraction
to cooling of the sorbent bed during desorption can be provided as a result of the SSSG heating by the
convective heat exchange with environment. For this analysis the no-load of a heat pipe ( 0HPQ = W)
and the six different values of ambient heat transfer coefficient [0, 3, 10, 20, 30, 100 W/(m2·K)] were
examined.

a) b)
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Fig. 10. Changes of the pressure (а), sorbent average temperature (б) in the discharge
process of SSSG for different heat flux applied by heat pipes ( 0envα =  W/(m2·K))
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Fig. 11. Sorbent bed temperature (a, 1), time of discharge (a, 2), volume release density
of hydrogen (b, 1) and the factor of hydrogen release (b, 2) vs. the heat flux applied by
heat pipes in the discharge process of SSSG ( 0envα =  W/(m2·K))

Figure 12 presents the generalized data. We observed; that for the heat transfer coefficient, equal
20 W/(m2·К) or additional heat flux HPQ =1000 W, the factor of gas release ( 1exm m= − ) is above 1.
This is because the heat transfer intensification due to the higher convection coefficient increases the
sorbent bed temperature above the isothermal limit. The bed temperature increase causes an increase in
the cylinder pressure maintaining constant the mass flow rate at the cylinder opening. This pressure
increase can extend the discharge duration in up to 9000 s.
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Fig. 12. Sorbent bed temperature (a, 1), time of discharge (a, 2), volumetric release density of
hydrogen (b, 1) and the factor of hydrogen release (b, 2) vs. an ambient heat transfer coefficient

It can be seen that the convective heat exchange with environment and heat flux applied by heat
pipes influence of the degree and time of SSSG charge/discharge.

CONCLUSIONS
The flat sectional vessel with heat pipes and composite sorbent (”metalhydride particles on the

fibre”) are promising for vehicles with internal combustion engine (especially for the dual-fuel
automobile) and for the vehicles with fuel cells. Application of heat pipes as heat exchange element in
the SSSG enables one to control the temperature distribution in the sorbent bed providing optimum
operational conditions.

Hydrogen storage technology by combined adsorption and compression in carbon materials at
cryogenic temperatures and moderate pressures represent a potential actual solution. However
composite sorbents may be perspective materials for gas storage at room temperature.

The theoretical two-dimensional non-equilibrium model of heat and mass transfer processes in the
flat sectional vessel with sorbent and hydrogen was developed and used to analyze the influence of
power of heat pipe on the discharge/charge capacity.
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Nomenclature
a – adsorption capacity, kg/kg; av – volumetric capacity of hydrogen storage using physicsorption,

ml(STP)/g; C – solid sorbent specific heat capacity, J/(kg-K); Cg – specific heat capacity of free gas,
J/(kg-K); Ca – specific heat capacity of adsorbed gas, J/(kg-K); D – diffusivity, m2/s, E – activation
energy, J/kg; G – gas output from the cylinder, kg/sec, g/sec; gi – gas output from the elementary cell,
used for computer modeling, kg/sec; K – permeability, m2; Ks0 – pre-exponent constant in the equation of
kinetic of sorption, s-1; M – mass of the gas in the cylinder, kg; Mi – mass of the gas in the
calculated cell, kg; m – dynamic coefficient of filling the cylinder; N – number of calculated cells in
the cylinder; P – pressure, Pa; qst – latent isosteric heat of sorption, J/kg; Q – heat flux, W; r and z –
cylindrical coordinates, m; R – external radius of the cylinder shell, m; R0 – internal radius of the heat
pipe, m; r0 and r1 – internal and external radii of the annular layer of the sorbent, m; Rµ – gas constant,
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J/(kg-K); Rp – mean radius of the particles, mm; 2S – fins step, m, mm; T – temperature, K, °C; W0 –
maximum microporous specific volume, m3/kg; v – component of the velocity vector, m/sec; νа –
specific volume of adsorbed medium, m3/kg; Va – partial molar adsorption volume; Vg – molar gas-
phase volume; zg – coefficient of gas compressibility.
Greek Letters: α – heat transfer coefficient, W/(m2-K);  β –  thermal coefficient of expansion, 1/K;
ε – porosity determined as a part of the volume occupied by the free gas (not bound by adsorption);
2δ – fin thickness, m, mm; λ – effective thermal conductivity of the sorbent layer, W/(m-K); η –
  dynamic viscosity, kg/(m s); ρs – density of the solid sorbent, kg/m3; ρg – density of free gas, kg/m3;
ρ – total density of the free and adsorbed gases in the cylinder, kg/m3; ρv – volumetric density of
storage, ml(STP)/ml; τ – time, sec.
Subscript: a – adsorbate; ch – charge; cr – critical state; e – finite value; env – environment; eq – 
equilibrium conditions; ex – extractive; hp – heat pipe; 0 – initial value; s – sorbent; f – fin; t – 
transfer.
Abbreviations: SSSG – sorption storage system of gas, HP – heat pipe, STP – standard of
temperature (273 K) and pressure (0.1 MPa).
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