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ABSTRACT

One of the main technical hurdles associated with adsorbent based hydrogen storage systems is
relative to their ability to discharge hydrogen effectively, as dictated by fuel cell requirements. A
new honeycomb finned heat exchanger concept was examined to evaluate its potential as a heat
transfer system for hydrogen desorption. A bench scale 0.5 L vessel was equipped with the
proposed heat exchanger, filled with MOF-5® adsorbent material. The heating power, required to
desorb hydrogen, was provided by a 100 W electric heater placed in the center of the honeycomb
structure. Two desorption tests, at room temperature and under cryogenic temperatures, were
carried out to evaluate the hydrogen desorption performance of the proposed system under
different operating conditions. The bench scale vessel performance was verified from both an
experimental and a modeling point of view, demonstrating the ability to desorb about 45% of the
adsorbed hydrogen in reduced time and applying low heating power. Further modeling analyses
were also carried out showing the potential of the proposed system to reach high hydrogen
discharging rates at cryogenic temperature conditions and operating pressures between 100 bar
and 5 bar. The proposed adsorption system also demonstrated to be able to discharge all the
available hydrogen in less than 500 s operating at cryogenic conditions and with a nominal
heating power of 100 W.

Nomenclature

c= Molar concentration of H, (mol/m?)

Cpads = Specific heat of adsorbent (J/kg-K)

E,= Characteristic free energy of adsorption from the Dubinin-Astakhov

model (J/mol). = o+ T

h = Molar enthalpy of the gas (J/mol)

I = 2" order identity tensor

k= Thermal conductivity (W/(m-K))

M2 = Molecular weight of hydrogen (0.002016 kg/g-mol)
Na = Absolute adsorption (mol of Hz/kg of adsorbent)

* Corresponding author email: bruce.hardy@srnl.doe.gov.
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Adsorbed hydrogen excess, compared to gaseous state hydrogen (mol of Hz/kg of
adsorbent)

Limiting adsorption, associated with the maximum hydrogen loading of the entire
adsorption volume (mol of H/(kg of adsorbent))
Total hydrogen stored in the bed (mol of Hz/(kg of adsorbent))

Pressure (Pa)

Pseudo-pressure for Dubinin-Astakhov model (Pa)

Gas constant = 8.314 J/(mol-K)

Mass source of hydrogen per unit of total volume (kg/m3-s)

Temperature (K)
Hexagonal cell wall thickness (m)

Molar internal energy of free gas at the system temperature T and a pressure of 1
atm (J/mol)

Adsorbed volume per mass of adsorbent (m*/(kg of adsorbent)). The void volume
within the adsorbent for which the gas concentration exceeds that given by the
equation of state, per mass of adsorbent.

Vadsorbent = Volume occupied by the adsorbent material (m?)

Void volume per mass of adsorbent (m3/(kg of adsorbent)), measured by He filling.
Mean interstitial gas velocity vector (m/s) or velocity of gas (m/s)

Superficial velocity vector (m/s)

Adsorption/Desorption heat related power (W/m?)

Hexagonal cell width, flat to flat side (m)

Compression/Expansion work related power (W/m?)

Hydrogen compressibility factor.

Enthalpic contribution to the characteristic free energy of adsorption, Ea, (J/mol)
Entropic contribution to the characteristic free energy of adsorption, Ea, (J/mol-K)

Effective porosity, volume available for flow = pcarbon (Vv-Va)

Internal energy per mass of adsorbent of the condensed phase of the gas at a
temperature T and pressure P relative to free gas at a temperature T and a pressure
of 1 atm (J/kg)
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ny = Dilatational viscosity of hydrogen (Pa-s) = 0 Pa-s in this analysis
K = Bed permeability (m?)

u = Dynamic viscosity of hydrogen (Pa-s)

p = Mass density of hydrogen (kg/m?)

PAds = Bulk mass density of adsorbent (kg/m?)

T = Fluid stress tensor (Pa)

Abbreviations

DOE = US Department Of Energy

HSECoE = Hydrogen Storage Engineering Center of Excellence
NIST = National Institute of Standards and Technology
SRNL = Savannah River National Laboratory

UQTR =  University du Québec a Trois Riviéres

1. INTRODUCTION
Hydrogen fueled vehicles can readily compete with traditional liquid hydrocarbon fueled

automobiles only if the energy density of the hydrogen stored on board can closely approach or
achieve that of liquid fuels. To this end, there are three feasible storage options are available
today. Hydrogen can be stored as compressed gas at high pressures, liquefied, or stored by
forming chemical or physical bonds with other materials. The first two possibilities require either
very high pressure (on the order of 350-700 bar for compressed hydrogen storage) or very low
temperatures (on the order of 20-30 K for liquefied hydrogen storage) [1]. High pressure
compressed hydrogen storage requires significant compression work and feasible materials that
can work at such conditions. Liquid hydrogen storage requires compression work on the order of
two to three times the ideal Carnot liquefaction work (3.3 kWh/kg) [2], making the technique
particularly expensive. The third storage option, which sees the adoption of materials that bond
with hydrogen, is particularly attractive. This concept is characterized by several positive
aspects, such as low operating pressures (far lower than for compressed hydrogen storage) and
temperatures that are higher than for storage of liquid hydrogen. Metal hydrides and adsorbents
are among the most attractive materials to store hydrogen onboard [3,4]. Metal hydrides can
achieve relatively good volumetric capacities but, in general, show low gravimetric capacities [5-
6] compared to the DOE targets [7]. In addition, many metal hydrides capable of achieving good
energy densities suffer from slow kinetics requiring absorption and desorption times longer than
the DOE targets of 3-5 min [7]. Alternatively, in materials that adsorb hydrogen by physisorption
the hydrogen weight fraction can be noticeably increased and the kinetics become very fast. In
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addition, the adsorption process does not involve any phase change in the material, resulting in a
high stability after repeated cycling [8]. This gives adsorbents the potential to meet the 2017
DOE targets especially in terms of gravimetric capacity [9-10]. Recently, a class of adsorbents,
referred to as Metal Organic Framework (MOF) materials, has been demonstrated and
characterized to store hydrogen [11-12]. These materials show higher weight capacities
compared to other adsorbent materials, with values of about 2 wt% at room temperature and 20
bar pressure for some modified structures [12]. Several ‘ab initio’ modeling analyses have been
carried out [13,14], as well as experimental synthesis methods have been developed [15,16] to
improve the final performance of MOF materials. However, due to the nature of their physical
bonds [17-20], hydrogen needs storing at low temperatures (in general on the order of liquid
nitrogen temperature) to achieve high Hz capacities. One of the techniques already investigated
to maintain the tank at cryogenic temperatures consists in having a liquid nitrogen bath
surrounding the wall of the hydrogen storage tank [9]. An effective approach to adsorb hydrogen
at low temperature and reduced time is based on the flow-through cooling concept, which uses
low temperature hydrogen fed to the device to maintain the adsorbent material at the required
temperature. The technique has been examined and validated from an experimental and
modeling point of view showing storage capacities of about 11 wt% (on a material basis for
MOF-5®) and reduced charging times [10,21]. The other primary aspect required for an effective
storage system is relative to its capacity to effectively desorb the hydrogen and deliver the
required hydrogen flow rate under selected operating conditions of pressure and temperature. A
new finned heat exchanger concept, based on a honeycomb structure, is proposed for hydrogen
desorption in adsorbent storage systems. The concept derives from a similar heat exchanger
structure previously used in metal hydride based hydrogen storage systems (namely NaAlIH34),
which resulted in greatly improved performance compared to plain metal hydride [22].
Honeycomb finned heat exchangers are simple and high volumetric capacity concepts when
applied to exchange heat with solid powder systems. These structures are also commercially
available at low costs. Application of the honeycomb heat exchanger in adsorbent systems sees
the inclusion of a resistive rod heater that provides the required heating power electrically. The
paper describes the results obtained within the DOE Hydrogen Storage Engineering Center of
Excellence (HSECOE) using the proposed heat exchanger concept in a 0.5 L bench scale
adsorbent vessel. The system was demonstrated under different operating conditions from both
experimental and modeling points of view, with results reported and discussed in the following
sections. The baseline honeycomb system can also easily be optimized and scaled up for large
scale vehicular applications.
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2. EXPERIMENTAL TEST APPARATUS
Figure 1 shows the UQTR experimental test bench. A 0.5 L flanged tank was used to examine

the hydrogen desorption performance adopting a honeycomb finned heat exchanger concept. The
device, as shown in Figure 1 a), is comprised of a flanged cylindrical stainless steel tank, with an
external diameter of approximately 73 mm and a wall thickness of 5 mm. The length of the tank
is about 300 mm. The device is internally insulated using a Teflon® liner structure with an
internal diameter of 50 mm and a wall thickness of 6.6 mm. The insulation is required to limit
the heat transfer between the internal structure of the tank, which is heated during hydrogen
desorption, and the external environment, which is maintained at temperatures on the order of 80
K during the cryogenic temperature tests. A high-level heat transfer calculation was carried out
to estimate the required thickness of the liner. Results indicated the need for a Teflon® liner with
a thickness of about 6.5 mm, balancing the need for limiting the heat transfer and the need for
reduced weight and volume. The weight of the empty structure, including tank, flanges and
internal liner, is about 7.2 kg, with the tank representing about 53% of the total weight. Figure 1
b) shows the assembled vessel in horizontal configuration. The honeycomb structure was placed
inside the device and filled with MOF-5® adsorbent material. The adsorbent material was
acquired from Ford as part of the work carried out within the HSECoE. The material was
manually pressed inside each cell of the honeycomb structure applying about the same force, in
order to assure approximately the same level of compaction in each cell. Figure 2 shows a
schematic of the finned structure filled with adsorbent material and with a single resistive rod
heater placed in the central axial position of the honeycomb structure.

Figure 3 shows a more detailed schematic (not to scale) of the glued hexagonal cell structure.
The cells are glued together on the horizontal sides of the polygon. The honeycomb structure was
acquired from Plascore® with the following geometrical characteristics: (1) cell width (W.), flat
to flat side, equal to 6 mm, (2) cell wall thickness (tw) equal to 0.1 mm. The nominal power of
the electrical heater, required to assure fast hydrogen desorption for the present configuration,
was preliminary estimated to be 100 W. Resistive heaters with this level of power are
commercially available from Watlow® with diameters on the order of 6 mm, thus matching the
size of the selected hexagonal cell.

An important intrinsic characteristic of every commercially available resistive heater is that the
temperature distribution along the external surface of the component is not uniform, due to the
internal configuration of the resistive rods. Several tests were carried out to identify the
temperature distribution on the heater wall, resulting in approximately a parabolic profile. The
maximum temperature was achieved approximately at the central axial position, while
temperatures did not change at the edges (about 10 mm length) of the heater during the heating
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process. The data were collected and suitably included in the numerical model to assure the
temperature profiles on the surface were adequately predicted. The vessel, suitably instrumented
with thermocouples and pressure transducers, was submerged in liquid nitrogen bath during the
cryogenic temperature tests (Figure 4). The volume occupied by the liquid nitrogen bath is
several times larger than the vessel volume (Figure 4). The system was designed and built with
the intent of maintaining the temperature at the vessel wall as close to liquid nitrogen
temperature as possible during the cryogenic temperature tests. The volumetric and gravimetric
properties of the overall adsorption system are reported in Table 1.

In addition to the stainless steel vessel, the flanges and the internal Teflon® liner mainly affect
the overall system weight and volume. The flanges represent about 32% of the overall system
weight without including the honeycomb, heater and adsorbent material. The presence of a
Teflon® liner results in a significant decrease of the overall accessible volume, with a reduction
of almost 38% of the initial accessible volume (0.94 L). The MOF-5® material occupies about
58% of the initial accessible volume and about 31% of the volume occupied by the overall
system, including the vessel wall volume. The weight of the adsorbent material, which was
pressed in the cells, reaching a density of about 160 kg/m?, represents about 1.1% of the overall
system weight. The adsorbent material can be compacted further to achieve higher densities, as
reported in other studies [9,23,24], but this aspect is beyond the scope of the present work.

3. NUMERICAL MODEL
The system was simulated adopting a detailed transport phenomena model based on mass,

momentum and energy balance equations, with additional equations to evaluate the
thermodynamic properties of the adsorption system and the gas phase hydrogen.

3.1 Mass, momentum and energy balance equations
The differential equation of the mass balance for hydrogen in gaseous state in the adsorbent

porous material is expressed as:

e L1y (p0,)=s, @

with V, =&V being the superficial gas velocity and the mass source term being:

on,
So :_MHZpAdsE 2)

The mass balance equation of hydrogen flowing in a free volume without porous media and
without mass sources is expressed as:

Page 6 of 26



SRNL-STI1-2018-00027

P v ()=
EJFV (pv)=0 )

The differential form of the momentum balance equation (Brinkman equation) for hydrogen
flowing inside the porous media under laminar flow conditions is expressed as follows:

& K & (4)

—VP+V.[”(V\75 +Vi," )}—V-KZ\;‘—% j(lj(vvs )|}

& &

This equation also includes the viscous stress term expressed in terms of velocity components,
taking into account the permeability of the media as well.

For free flows without porous media the momentum balance equation under laminar conditions
is expressed as:

adsorbent material and adsorbed hydrogen) and the hydrogen in gaseous state, is expressed as:

eca—hﬁ—v-kVT
oT ot
(6)
EPSCUEE e SR DR A A A I e e
oT corT\ ot £ 3 =
Pressure work Viscous dissipation
hS, oAU, d(uyn,) aT
- - 2+ 2+ Chpgs —
M., P ads ot ot P ads "o

Sorption Energy

Equation 6 is the general energy balance equation in a porous medium reacting with a fluid. It
accounts for pressure work term and viscous dissipation term, neglecting terms related to the
gravitational potential. The ‘Sorption Energy’ term accounts for the time variation of total
internal energy of the adsorbed hydrogen due to the adsorption reaction. To evaluate this term,
the numerical model needs to be completed by adding two further relationships assessing AUa
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and na. The relative internal energy term (AU,) can be expressed by using the Dubinin-Astakhov
(DA) model [17,18]:

AUa=—mmﬂN;[L—ﬂ{:—m(najﬂ+n{RT—aJ—m(naJ} (7
2 nmax n max

Likewise, the amount of hydrogen adsorbed (na) can be evaluated by using the DA model
[17,18]:

N, =N exp[—(z—]z Inz(i‘:ﬂ (8)

with: Ea = a + BT

The amount of hydrogen adsorbed (na) contributes into the total amount of hydrogen stored
inside the bed, as indicated by Equation 9:

N =N, +(V, =V,) (9)

total

The total amount of hydrogen stored in the bed is given by the hydrogen adsorbed in the material
and the hydrogen stored as gas in the void volume at the bulk temperature and pressure.

The bed void fraction value (€) can be estimated by the following relationship:

& = Ppas (Vv - Va ) (10)

For hydrogen flowing into an open volume, the energy balance equation is expressed as follows:

AL IRV SRR ST LR o) Iy (11)
oT ot oT coT ot =

Table 2 shows the DA model parameters for hydrogen adsorption on powder form (non-
compacted) MOF-5®. Such values have been assessed at SRNL, in conjunction with Ford, within
the HSECOE and validated against experimental data available from Ford [25,10].

The model evaluates the hydrogen state via Equation 12, with the compressibility factor which
modifies the ideal gas state equation:

P=Z(P,T)pRT (12)
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The compressibility factor was evaluated by the polynomial expression reported in Reference
[9]. The hydrogen specific heat, enthalpy, thermal conductivity and viscosity were evaluated by
polynomial relationships functions of pressure and temperature, as reported in Reference [9]. The
properties of the adsorbent material were evaluated according to Reference [9]. The specific heat
was evaluated adopting a cubic spline to interpolate the values of the expression from References
[26,10] and included in the model. The expression reported in Reference [26], valid for carbon
adsorbents, can be adopted for MOF-5® with limited errors, as demonstrated at conditions close
to room temperature [27,10]. The adsorbent material bulk density was assumed equal to 160
kg/m?, based on the experimental data. The bed thermal conductivity (including adsorbent
material and hydrogen) was assumed equal to 0.1 W/mK, based on recent experiments and
evaluations carried out within the HSECoE [9,10,27]. The specific heat and thermal conductivity
of the material composing the reservoir walls (SS316) and the material of the honeycomb cells
(Al6061) were modeled adopting polynomial expressions that fit NIST data [28,29]. The thermal
conductivity and the specific heat of Teflon® were estimated using NIST polynomial expressions
[30], using a density value of 2200 kg/m?3.

3.2 Model geometry and conditions
The model geometry was set up according to sizes and characteristics of the experimental 0.5 L

device available at UQTR. A three dimensional 90° symmetric geometry was adopted to model
the actual system. This allows modeling 25% of the overall device structure, resulting in a large
reduction of the computing time while still providing an excellent approximation of the actual
geometry of the device. A schematic is shown in Figure 5, comprising the following regions: 1)
the gas hydrogen region, 2) the honeycomb cell structure with the adsorbent material, 3) the
electric heating rod section, 4) the Teflon® liner region, comprised of the top, bottom and
circumferential liner structure and 5) the stainless steel walls of the reservoir.

The hydrogen filter was not included in the model, assuming a 100% hydrogen purity without
any contaminants. Ten thermocouples were placed inside the experimental reservoir with their
positions accounted for in the model geometry as indicated in Figure 6. The first set of
thermocouples (TC1, TC4 and TC7) is located at a distance of 8 cm from the upper flange, the
second set (TC2, TC5, TC8, TC10) is at a distance of 14.75 cm from the upper flange and the
third set (TC3, TC6, TC9) is located at a distance of 22.75 cm from the upper flange. As shown
in Figure 6, the thermocouples were placed inside the reservoir with the objective of having them
located in the center of each of the three cells composing the honeycomb structure along the
radial axis (Y axis of Figure 6). An additional set of cells (TC1, TC2 and TC3) was also placed
in contact with the wall of the first cell along the radial axis to monitor the temperature of the
cell wall close to the heater.

Page 9 of 26



SRNL-STI1-2018-00027

Mass, momentum and energy conservation equations were integrated by COMSOL
Multiphysics® Finite Element software (version 4.2 a), with boundary and initial conditions
based on the experimental conditions. Two set of experiments were carried out. The first
experiments were performed to evaluate the behavior of the material at room temperature. The
initial temperature of the device was equal to 298 K, as measured during the experiments. The
heating power ramp was established in agreement with the data recorded during the experiments.
The main constraint, limiting the time of application of the maximum power, was given by the
maximum allowed adsorbent temperature, required to avoid material damage. This temperature
was set to 393 K and the TC2 temperature was the feedback value used to limit the duration of
the heating power. Measurements indicated limited temperature gradient at the vessel wall, thus
a zero heat flux condition was assumed as wall boundary condition. The initial pressure of the
hydrogen stored inside the device was equal to 35 bar, according to the values measured by the
pressure transducer during the experiments. The second set of experiments was carried out with
the vessel submerged in liquid nitrogen bath. The initial temperature of the device for the
cryogenic experiments was set to 84 K, based on the measured data. The heating power ramp
used in the numerical simulations was established in agreement with the data recorded during the
experiments. A constant temperature (equal to 84 K) value was introduced in the model as
boundary condition for the external walls of the device. The temperature was monitored by three
thermocouples placed on the external side of the wall device, submerged in liquid nitrogen,
which measured a temperature of 84 K throughout the experiments. The initial pressure of the
hydrogen stored inside the device was assumed equal to 10 bar, as measured for the hydrogen
desorption tests at cryogenic conditions.

4. RESULTS

4.1 Room temperature hydrogen desorption results
Figures 7-9 compare the numerical model results with the corresponding experimental data

measured by the 10 thermocouples during room temperature desorption tests. Temperature
profiles qualitatively follow the heating power profiles, as shown in Figures 7-9. The model
results are in agreement with the experimental data, demonstrating that the model suitably
includes and reproduces the main phenomena and properties of the process. The modeling results
for the set of thermocouples placed in the upper section of the device (TC1, TC4, TC7) are in
excellent agreement with the corresponding experimental data, achieving a maximum difference
of about 3 K for the TC7 data, as shown in Figure 7. Figure 8 shows the results obtained for the
set of thermocouples placed in the middle of the vessel (TC2, TC5, TC8, TC10), comparing
modeling and experimental data. The main differences can be noticed for the TC5 data, with a
temperature difference of about 5 K. Figure 9 reports the results obtained for the set of
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thermocouples located in the bottom section of the vessel (TC3, TC6, TC9). The main
differences between modeling and experimental results are for the TC9 data, with a temperature
difference of about 5 K.

Pressure profiles were compared indicating essentially no difference between modeling and
experimental data throughout the room temperature experiments. The initial pressure was 35 bar
while the maximum pressure achieved in the reservoir (at about 13.5 minutes) was 43 bar.

Table 3 shows the amounts of hydrogen adsorbed and desorbed as calculated by the model. The

amount of hydrogen adsorbed (second column of Table 3) was estimated as: IpAdsnadV . The

Vadsorbent

amount of free gaseous hydrogen (third column of Table 3) was calculated as:

j pAdsC(VV -V, )dV . The amount of hydrogen in desorbed state (i.e. gaseous hydrogen) in the

Vadsorbent

honeycomb structure at maximum temperature and pressure (time equal to 13.5 minutes) was
about 1.484 g, desorbing about 17% of the hydrogen adsorbed in the material at the beginning of
the experiment.

4.2 Cryogenic temperature hydrogen desorption results
Figures 10-12 compare the model results with the corresponding experimental data measured by

the 10 thermocouples during cryogenic temperature desorption tests, showing a good agreement.
The profiles qualitatively follow the heating power profiles, as shown in Figures 10-12. The
model results for the set of thermocouples located in the upper region of the vessel (TC1, TC4,
TC7) are in very good agreement with the corresponding experimental data, achieving a
maximum difference of about 14 K for TC7 at about 6 minutes, as shown in Figure 10. This
difference represents about 14.5% of the overall TC7 temperature variation throughout the low
temperature desorption test. The model predicts the maximum temperatures achieved by the set
of thermocouples close to the up flange in excellent agreement with the experimental data (about
215 K). Figure 11 shows the results obtained for the set of thermocouples placed in the middle of
the vessel (TC2, TC5, TC8, TC10). The main differences are relative to TC10 data, with a
maximum temperature difference of about 20 K. However, the experimental data showed
remarkable fluctuations during the tests, especially during the last part of the experiments from
12 min to 17 min. Results in Figure 11 show that the model can predict the maximum
temperature achieved during the experiments again in excellent agreement with experimental
data, showing a difference of about 4 K. Figure 12 reports the results obtained for the set of
thermocouples located in the bottom of the vessel (TC3, TC6, TC9). The main differences
between modeling and experimental results are relative to TC9 data, with temperature
differences of about 10 K.
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Likewise the room temperature tests, pressure profiles were compared highlighting basically no
difference between modeling and experimental data. The initial measured pressure was 10 bar
with the maximum pressure, achieved at about 17 minutes, equal to 57 bar.

Table 4 shows the hydrogen desorption results as calculated by the model. The amounts of
hydrogen adsorbed and desorbed shown in Table 4 were estimated as described in the room
temperature test section (8 2.1). The cryogenic conditions allow almost 45% of the initial
hydrogen adsorbed in the MOF-5® to be desorbed, with pressure increase of more than 45 bar.

4.3 Hydrogen discharge simulation results
Based on the results obtained from the experimental tests, additional modeling analyses were

carried out to predict the behavior of the 0.5 L device during hydrogen discharging under
cryogenic conditions. The objective of the simulation was to evaluate the effectiveness of the
honeycomb system for hydrogen discharging, especially in terms of time required to discharge
the hydrogen required to drive an automotive fuel cell. The 0.5 L reservoir was still assumed to
be submerged in liquid nitrogen with the thermal power, required to desorb the hydrogen,
provided by an electric heater, working at a nominal power of 100 W. The hydrogen desorbed
from the material was allowed to flow from the bottom section of the device. Based on the DOE
targets [10], a minimum hydrogen pressure of 5 bar, required for the fuel cell operation, was
assumed as boundary condition of the outlet section, throughout the discharging process. The
initial conditions of the device were assumed in agreement with the targets and data assumed
within the HSECoE and based on the measured values for the current experimental tests.
Consequently, the initial hydrogen pressure inside the vessel was assumed to be 100 bar and the
initial vessel temperature was assumed to be 84 K. Figure 13 shows the profiles of the heater
power and of the pressure applied at the outlet section of the storage system, during a
discharging process of about 500 s. Two discharge conditions were assumed and analyzed. The
first discharge condition (up to 150 s) saw a constant pressure of 100 bar applied at the outlet
section of the device. The heating power was assumed to increase up to the nominal value of
about 100 W, in approximately 40 s. The second discharge condition (150 - 500 s) saw the
simultaneous application of the heater power at the nominal value of 100W and the reduction of
the outlet section pressure to the minimum pressure of 5 bar. The objective was to evaluate the
influence of both pressure variation and thermal power as separate contributions (the first
discharge condition) and simultaneous contributions (the second discharge condition) on the
performance of the system. Figure 14 shows the profiles of the total mass of hydrogen (adsorbed
and as free gas) stored in the device (the ‘Inside’ profile in Figure 14) and the mass of hydrogen
that exited the device, and driving the fuel cell (the ‘Out’ profile in Figure 14). The amount of
hydrogen initially stored in the system (at 84 K and 100 bar) is 23.5 g. The application of an
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external heat source (at about 100 W), without any pressure variation, allows about 25% of the
hydrogen, previously stored in the device, to be discharged in about 150 s. The simultaneous
application of the heating power and reduction of the applied pressure at the outlet section (from
100 bar to 5 bar) results in a significant increase in the hydrogen outlet flow rate. Under these
conditions about 12.3 g of hydrogen (52.2% of the hydrogen initially stored in the device) was
discharged in about 20 s (Figure 14). This implies that a hydrogen flow rate of about 0.62 g/s can
be achieved applying a heating power of about 100 W. The profiles shown in Figure 14 for 170 —
500 s demonstrate that a final asymptotic status can be achieved in less than 500 s, with all the
available hydrogen (about 79.3% of the initial hydrogen stored in the device) discharged from
the device.

The corresponding temperatures during the discharge transients are shown in Figure 15, which
reports the profiles for the three thermocouples (TC5, TC8, TC10) placed in the middle position
of the vessel. An initial increase of the adsorbent temperatures is observed while applying
heating power, without any pressure variation at the outlet section. Under these conditions a
maximum temperature variation of about 53.5 K was achieved at the thermocouple closer to the
heater location (TC5). The rapid reduction of the pressure applied at the out section caused a
sudden drop in the temperatures, reaching a minimum value of about 66 K inside the vessel (at
TC10) at approximately 170 s. In the last part of the discharging process (170 — 500 s) the
influence of the heating power became more important than the pressure reduction. The
temperatures inside the vessel reached values on the order of 170 -200 K, which resulted in the
discharge of the remaining available hydrogen in the device.

5. SUMMARY AND CONCLUSIONS
One of the technical obstacles to make hydrogen adsorbent storage systems viable for use in fuel

cell driven automobiles is relative to the ability to desorb hydrogen, matching the fuel cell
requirements. Research conducted by the HSECoE verified the potential of a new honeycomb
structure heat exchanger to be an effective concept integrated in an adsorbent based hydrogen
storage system. The system investigated in the study was filled with MOF-5® adsorbent and the
required heating power was provided by a 100 W electric heating element, placed in the center of
the honeycomb. A bench scale vessel, with an accessible volume of about 0.5 L, was built,
instrumented and tested at UQTR under different operating conditions. Two experimental tests
were carried out. The first test aimed to evaluate the behavior of the system during hydrogen
desorption at room temperatures. The bench scale system desorbed hydrogen properly. However,
only limited temperature variations were permitted at this condition, limiting the maximum
temperature of the material to values lower than 393 K to avoid material damage. Thus, only a
limited amount of hydrogen initially adsorbed in the material (about 17% of the available
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hydrogen) could be desorbed. The second test aimed to evaluate the behavior of the system
during cryogenic temperature hydrogen desorption. The bench scale system desorbed about 45%
of the initial hydrogen adsorbed in the material. The system was also evaluated and demonstrated
from a modeling point of view. After a description of the model adopted, which accounts for
mass, energy and momentum balance, the results were presented. The model well replicated the
behavior of the system in terms of temperatures, pressures and hydrogen concentrations. The
results were in generally good agreement with the experimental data obtained for both the room
temperature tests and the cryogenic temperature tests. Additional modeling activities were
carried out to evaluate the actual behavior of the bench scale system during hydrogen
discharging (i.e. hydrogen flowing out of the device to drive a fuel cell). To model this case,
typical realistic operating conditions were assumed with pressure variation between 100 bar and
5 bar during desorption and an adsorption temperature of about 84 K. The same heating power of
100 W was assumed to model this case. The system demonstrated the ability to reach hydrogen
discharge flow rates up to about 0.62 g/s under heating power of 100 W. In addition, all the
available hydrogen could be discharged in less than 500 s applying 100 W heating power and a
pressure reduction from 100 bar to 5 bar. The results obtained for the non-optimized, small scale,
storage system investigated in this study demonstrated the potential for the honeycomb as heat
exchanger for the purpose of enhancing the rate of hydrogen desorption. Both numerical and
experimental investigations will be carried out for larger and optimized storage systems that
drive the actual automotive fuel cell system and fully meet the DOE targets for both adsorption
and desorption of hydrogen.
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Table 1: Mass and volume of the main components of the bench scale (0.5 L) adsorbent system

Mass (kg) | Volume (L)
Empty cylindrical vessel 3.800 0.940*
0.475**

Teflon® liner 0.765 0.356
Honeycomb hexagonal structure 0.039 0.015
Heater 0.036 8.421E-3
Flanges 2.600 0.325
Additional equipment (filter, gaskets, etc) | 0.800 0.024
Adsorbent material 0.089 0.545

* Internal volume, ** VVolume occupied by the vessel walls

Table 2: Model parameters for MOF-5®

Nmax [Mol/kg of adsorbent] | 96.4

Po [MPa] 1387
a [J/mol] 2985
£ [3/mol K] 15.3

Va [m®/(kg of adsorbent)] | 0.0017
V. [m®/(kg of adsorbent)] | 0.00725

Table 3: Hydrogen desorption conditions and states for the room temperature tests

Condition Hydrogen adsorbed | Free gas
(9) hydrogen (g)
Initial state (Time t = 0 min) 0.372 1.420
T =298 K, P =35 bhar
Max temperature state (Time t = 13.5 min) | 0.308 1.484
T = variable, P = 43 bar

Table 4: Hydrogen desorption conditions and states for the cryogenic temperature tests

Condition Hydrogen adsorbed | Free gas

(9 hydrogen (g)
Initial state (Time t = 0 min) 4.372 1.888
T=84K,P =10 bar
Max temperature state (Time t =17 min) | 2.416 3.844
T = variable, P =57 bar
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Figure 1: Bench scale vessel: a) components of the 0.5 L vessel; b) assembled vessel in
horizontal configuration

Hexagonal cell structure

Resistive rod heater

Figure 2: Honeycomb structure with resistive rod heater: a) the hexagonal cell structure is filled
with MOF-5® material and placed in the 0.5 L vessel; b) the empty hexagonal cell structure is
equipped with the resistive heater placed in the center of the structure
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Figure 3: Honeycomb cell structure schematic, with the hexagonal cells glued together on the
horizontal sides of the polygon
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vessel

LN, bath

Figure 4: Liquid N2 bath experimental apparatus

Page 20 of 26



Teflon
liner

heating rod

Hexagonal
cell
structure
adsorbent

liner

Electric ...--—-177

Teflon .~

02 | |

01

x107%

o

|

20

=107

~ Stainless steel
walls

| " Gas
| hydrogen

- Stainless

- steel walls

SRNL-STI1-2018-00027

Figure 5: Geometry of the vessel in vertical configuration adopted in the numerical simulations

Figure 6: Thermocouple positions in the vertical configuration vessel
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Figure 7: Heating power profile and TC1, TC4 and TC7 temperature profiles (from experiments
and numerical model) for the room temperature desorption tests
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Figure 8: Heating power profile and TC2, TC5, TC8 and TC10 temperature profiles (from
experiments and numerical model) for the room temperature desorption tests
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Figure 9: Heating power profile and TC3, TC6 and TC9 temperature profiles (from experiments

and numerical model) for the room temperature desorption tests
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Figure 10: Heating power profile and TC1, TC4 and TC4 temperature profiles (from experiments
and numerical model) for the cryogenic temperature desorption tests
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Figure 11: Heating power profile and TC2, TC5, TC8 and TC10 temperature profiles (from
experiments and numerical model) for the cryogenic temperature desorption tests
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Figure 12: Heating power profile and TC3, TC6 and TC9 temperature profiles (from experiments
and numerical model) for the cryogenic temperature desorption tests
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Figure 13: Heating power and applied outlet section pressure modeling profiles for the cryogenic

temperature hydrogen discharging tests
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Figure 14: Modeling profiles of the hydrogen mass present inside the vessel at a given instant in
time (“Inside’) and the mass of hydrogen that flowed out of the device up to a given time (‘Out’)

for the cryogenic temperature hydrogen discharging tests
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Figure 15: TC5, TC8 and TC10 temperature modeling profiles for the cryogenic temperature
hydrogen discharging tests
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