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- Abstract °

Dynamlc “tests and modellng studles weredmade on the chemi-
cal-energy- storage portlon of an electrlcal energy conversion
and storage system proposed for levellng the load of an electrlc
utility company. Hydrogen in the form of a metal hydrlde was
used as the energy storage medium. The concept utilizes off-peak
power to produce hydrogen by electrolyzing water, storing the
hydrogen as iron-titanium hydride, FeTiH , and. subsequently re-
lea51ng the hydrogen to a fuel cell where the reaction w1th air
generates electrical power. The hydrogen storage portion of the
system was tested on a small scale using a 6-in.-diameter test
bed about 30-in. iong, and containing 84 1b oleeTi alloy. Hydro-
gen reacts with this alloy at ordinary temperatures, with the
release of heat, producing the hydride FeTiHX; and hydrogen is
released by heating the hydride to decompose it; The vessel was
provided with a water jacket-for the use of cold Water during
hydriding and hot water during dehydriding. In one design; an
energy storage system would utilize an array of these hydride
containers horizontally mounted in a tank, through which cold
and hot water was circulated.

In the six hydriding-dehydriding cycles that were studied,
the times that hydrogen flow rates of 40 to 10 standard liters
per minute (SLPM) could be sustained was determined. Water
temperatures of 30°C (860F) and 50°cC (1220F) were used; and the

terminal hydrogen pressures used were 500 psia during hydriding



and 16 psia during dehydriding. Under these conditions the
dynamic working capacity of the test bed was 1 lb of hydrogen

as the composition varied between FeTiH and FeTiH

0.175 1.400°
For a 10-hour transfer time the design rating of the unit was

9 SLPM of hydrogen, which is equivalent to 0.119 wt% of the
alloy per hour, using water at g0°c (176°F). Temperature pro-
files and histories were also obtained. A battery comparison
test showed that the reserve capacity of the test bed was sub-
stantially greater than that expected from the4best present-day
lead-acid battery in a standard test made at the 50%-discharged
condition. In the modeling study it was shown that by using
measured values of the bed thermal conductivity and pressure,
the analytical and experimental results for hydrogen discharge
rate, and amount of hydrogen discharged, were in good agreement.
Further studies are required in order to determine the effect

of other water temperatures on the dynamic behavior of this

tcet bed.



Introduction

A major problem of distributed eleéfrical énergy is that the
demand varies thrdughoﬁt the day and week, and there is no univer-
sal and cost-effective method'of\storing'large aﬁounts of excess
energy when it is available at minimum cost. The cost of pro-
ducing power to meet peak demands, through the use of peaking
facilities to supplement the output'of the base-load plant, is much
higher than it is when the base-load plant has excess capacity and
can thus produce power at minimum cost.1 Storage of this off-peak
power, for use during periods of peak demand, could result in load
leveling for electric utility éompanies. The cost increment pro-
vides an economic incéntive to develop ways of effiéiently storing
electrical energy for daily and weekly cycles.

A new and promising load-leveling concept now under develop-
ment is based on the storage of energy as hydrogen in the form of
a decomposable metal hydride. The best known hydride for this
'application is iron—titanium hydride; FeTin; it reacts reversibly
with FeTi alloy at ordinary temperatures and has a limiting composi-
tion of FeTin.2 In this concept an electrochemiéal device (elec~
trolyzer), operating on off-peak power, consumes water in producing
hydrogen which is stored as FeTin; subsequently the hydrogen is
released to another electrochemical device (fuel .cell) where it
ieacts with air and generates electrical power to satisfy the

peak demang.Lr3+4+5/6

Power-conditioning equipment is also re-
quired for the two conversions between alternating and direct

current. A practical demonstration of this concept was recently



completed at a power level of 12.5 kW by Public Service Electric
andnGas Company of New_Jersey. ‘The 10-1b hydrogen storage unit
was designed and éonstructed for PSE&G by BNL under a shared-cost
agreement.4'5'7

There are several advantages ﬁo storing energy in the form
of FeTiHX. Its use avoids the high'pressure of compressed-gas
storage, or the low temperature of hydrogen stored as a liquid.
Iron-titanium hydride can sustain thousands of storage cyclaes
when utilizing the high-purity hydrogen from electrolyzers--with-
out any gradual loss such as the slow boil-off from liquid hydro-
gen.8 Another advantage possessed by this method of storing
energy is that it is environmentally attractive. In addition to
the source of electrical.power, the only other service required
is a water supply. Water is the source of hydrogen, and cold
water is used for removing the heat released during hydriding;
the hot water required during dehydriding is obtained from the
fuel cell when the two reactants, hydrogen and oxygen (from air),
combine to form water as electrical power is being generated.
Thus this enefgy_storage concept demands little from the environ-
ment and it has no detrimental effect on the environment. A
secondary benefit can be realized through use of the by-product
oxygen for secondary wastewater treatment.

In particular, the work described here is limited to the
energy-storage portion of the system. The rates at which hydro-
gen can be stored in and.released from a 6-inch-diameter hydride

. . ey . 9
container were determined for one set of water conditions. An



‘energy storage system would utilize an array of these containers
hérizontally mounted in:..a tank provided with circulating cold
and hot water. A modeliﬁg*study was also made for use in the
prediction of performance; similar studies have been made.10

The above effort is part of the Hydrogen Technology Develop-
ment Program supportéd by the U.S. Energy Research and Develop-

- ment Administration. A substantial portion of the funding re-
quired for the energy storage work was contributed by the Empire
State Electric Energy Research Corporation (ESEERCO), a group

of eight utilities sponsoring energy research and development work
in New York State. Specifically, ESEERCO funding was used for the
design, fabrication and operation of a 6-in.-diameter, hydrogen-
storage test bed, and for the associated process equipment and
instrumentation. This report describes the results of the numerous
tests performed with the ESEERCO Test Bed, which represents a heat-
transfer cell of the external-fluid type. ESEERCO funding also
covered data evaluation and development of the mathematical model
used to describe the thermal and mass-transfer behavior of the

test bed.

The results of the work performed in this cooperative program
have provided information.useful in the design of larger storage
units. One removable internal assembly proposed for a 2-ft-diameter
unit now being designed will have an annular test bed with a water
jacket on the minor diameter; it will supplement the water jacket
dﬁ the vessel exterior. Other proposed removable assemblies will

employ water tubes or embossed heat-transfer panels. At the



conclusion of this next test program, an assessment will be made,
and the preferred design will~bé utilized for the next storage
de§ice. Before passing on to the new work, several more runs

will be made with the ESEERCO Test Bed at the 50% discharged
condition, for further comparison with the performance of the

best present-day lead-acid battery. The goal of the continuing
Hydrogen Technology Development Program is to develop cost-effective
materials and equipment, so that the proposed system can provide a
practical method of storing electrical energy. The ESEERCO Test

Bed has been a vital part of that pfogram.



Hydride Behavior

The ability of H&drogen to réact with certain metals and
alloyé to form decomposable hydrides is the basis for this
method of energy storage. These materials readily take up or
release hydrogen, depending.upon the témperature and pressure
of the system. The choice of hydride depends upon the applica-
tion. For large-scale land-based applications, the leading
contender at this.time is iron-titanium hydride, FeTiHX, where
x approaches a value of two under equilibrium conditions when
materials of very-high purity are used. Details on the forma-
tion and properties of this material have been described by
Reilly & Wiswall? The advantages of FeTin are that it can
react with and release hydrogen at ordinary temperatures, and
that potentially FeTi alloy, from which FeTiHX is prepared, can
be produced cost-effectively from the ore ilmenite (FeTiO3) which
is very abundant. The alloy is used in granular form. An acti-
vation procedure is necessary in preparing FeTin because the
initial reaction rate is slow. The first step consists of heating
and evacuation in order to outgas the surfaces. Low pressure
flushing with hydrogen helps, and also initiates the reaction
which is continued at moderate preésure (500 psia) after cooling
the material to essenfially room temperature. This contact with
hydrogen causes severe embrittlement and the development of
microfissures which greatly increase the surface area and re-

activity of the material. Volumetric expansion during the



reaction with hydrogen also contributes to attrition of the
particles. Activation can be aided by-hydriding and dehydriding
the matérial every day or two; the aﬁount of hydrogen stored in-
creases with each cycle until full capaéity is reached. High-
purity alloy réquires.up to two weeks to become fully activated,
whereas material containing several tenths of a percent of oxy-
gen (as oxides) can be activated in considerably less time--at
the expense of reduced hydrogen storage capacity.ll'12

The basic reaction which occurs with high-purity materials
may be summarized as follows:

1.08 FeTiH 2 1.08 FeTiH

0.1 1.95° (1)
In practical systems the hydrogen content, Hx ranges from approx-
imately Hy , to Hy ,, and the working range is expressed as

AHx = 1.2, Over fhis range the thermal load is close to 6250
Btu/lb H, (7 Kcal/gram mole). Heat must be removed in the for-
ward reaction (hydriding, charging or association), and it must
be supplied during the réverse reaction (dehydriding, discharging
or dissaciation). The reaction rate is governed by the rate of
heat trahsfer, and is also limited by the coﬁparatively low
therﬁal conductivity of the FeTiHX bed. During hydriding the
system pressure must exceed the equilibrium association pressure
of the hydride in order for the‘reaction‘to proceed, and likewise

during dehydriding the dissociation pressure must exceed the

pressure of the system that hydrogen is discharging to.

-8 -



A demanding requirement odeéTin is that it requires
hydrogen having a purity of >99.999%. It is sensitive to the
presence of oxygen, and as little as 10 ppm will cause a slow

loss of storage*capacity.13

Thus hydrogen which is produced
electrolytically for this use is purified by reacting it with
-the residuval oxygen, in a catalytic reactor, and the water
formed is removed by a drying agent.

The équilibrium between a decomposable hydride and hydro-
~gen is described by a plot of pressure versus composition for
a given temperature. This relationship is shown in Figure 1
for hydride produced from zone-refined Fe and Ti2; the charac-
teristics of the FeTin used in the present work closely approx-
imate those illustrated. The FeTi alloy was one of two batches
produced by Titanium Metals Corp., a Division of N.L. Industries.
Testing showed that the second batch, deéignaﬁed NL-2, had a
higher storage capacity, presumably becauﬁe of its lower oxygen
content; so it was selected. In the pressure-composition plot
the upper curve is for the forward reaction in which hydrogen
is stored, and the lower curve is for the reverse reaction in
which hydrogen is released. Hydride compo§ition is expressed
as the atom ratio of hydrogen to metal, H/M. Thus for the

limiting composition, FeTiH H=2 and M = 1+1; therefore H/M =

2’
2/2 = 1, the highest value of the abscissa. In other words, at
any point the value of x is twice that of H/M. The pressure

difference between the curves is due to hysteresis, a phenomenon

which is not clearly understood. 1Its effect is that hydrogen



is released at a lower pressure than is required to store
hydrogen. The steep initial rise in pressure is the region

of solid solution of hydrogeh in the metal lattice; the plateau
is the region of FeTi and FeTiHl; and the subsequent rise is the
region of FeTiHl and FeTin. Increasing the system temperature
causes the hydrogen pressure to increase, and is illustrated by

the isotherms shown in Reference 2.

- 10 -



Description of Equipment and Operation

The hydriding and dehydriding reactions require an atmos-
phere of high-purity hydrogen and a means‘of handling the thermal
load in order to be sustained. This need is satisfied through
the use of a closed container (pressure vessel) provided with a
heat exchanger. Such a vessel is called a hydfide reservoir;
experimental units are generally referred to as test beds. The
unit used for this work was named the ESEERCO Test Bed. A
reservoir also requires a particle barrier, or filter, to retain
the fine particles produced by attrition. Connections for the
transfer of hydrogen and for temperature and pressure sensors
are also needed. The heat exchanger may be immersed in‘the bed
or it may be ih the form of a water jacket or its equivalent.
They are classified as internal and external types, respectively,
and both rely on thermal conduction in the hydride. Each type
can be consideredvas a unit heat-transfer cell; namely, as a
cylinder having a water tube on its axis or as a cvlinder having
water on its external surface.

The ESEERCO Test Bed was conceived as a cylindrical heat-
transfer cell having a water jacket and a porous-metal tube (PMT)
on its longitudinal axis; thus both the heat and hydrogen flows
are radial. 1In this concept the required number of hydride con-
tainers would be arranged horizontally in a tank provided with
circulating water. The external-fluid type of heat-transfer cell

has an apparent advantage in that the heat-transport fluid, water

=11 -



in this case, is adjacent to thevmajor'part of the cross-sectional
area of the bed. The water tank is not a pressure vessel, and
the hydride containers are small-diameter pressure vessels. A
cell diameter of 6 inches was selected for the ESEERCO Test Bed
‘on the basis of experience obtained with the 3-inch-diameter,
internal-fluid-type of cell used in the 10-1lb hydrogen reservoir
constructed for Public Service Electric and Gas Company of New
Jersey. In comparing the geometric factors involved in these
two types of cells, it was judged that a 6-inch-diameter cell
of the external-fluid-type would approach the performance of the
3-inch-diameter internal-fluid-type of cell.

The vessel was made from 6-in. schedule 10 pipe, (0.134-inch
nominal wall thickness) welded to two end caps, and the bottom
cap was provided with a baffle plate to support the bed. A
sketch of the test bed.without its removable water jacket is
shown in Figure 2 and the vessel components are shown in Figure
3. All of the structural components were made of type43l6
stainless steel. A 5/8-in.-0.D. PMT was used as the particle
barrier; this material has a filtration rating of 0,5 uM (micron)
and a wall thickness of 1/16 in. The fixture for supporting the
thermocouples was attached to the top cap, and the completed
assembly is shown in Figure 4. Twenty-one thermocouples were
provided for measuring internal temperatures both radially and
axially. Their general arrangement is shown in the test bed

sketch and their specific locations are listed in Table 1. The

- 12 -



three radial positions were 120° apart; and thermocouples were
located at 0, 25, 50 and 87.5% of the net cross-sectional area
(CsA). Iron-Constantan thermocouples having 1/16-in.-0.D.
sheaths of stainless steel were installed in groups of three,
passing through Teflon seals.

A photogréph of the completed vessel beside its water
jacket is shown in Figure 5, and the test bed may be seen on its
stand in Figure 6. The vessel was designed in accordance with
the ASME Code, Section VIII Division 1, Pressure Vessels. Its
design pressure was 633 psig and the hydrostatic test pressure
was 950 psig. All major welds were X-Rayed aﬁd found satisfac-
tory. Subsequently, the vessel passed a helium leak test.

In preparation for the experimental prqgram, the FeTi alloy
was broken up into 1- to 1.5-in. lumps and then ground and sized
at BNL. Except for‘the 2% of fines which passed through a 100-
mesh sieve, the material was used as ground; the largest particles
allowed were those that passed through a 4-mesh sieve. Figure 7
is a fuil—scale picture of alloy having this range of particle
sizes, the range being designated as -4 + 100 mesh size. A
loosely-packed bed of the 84 1lb of alloy used was obtained by
rolling the vessel around its longitudinal axis and thén carefully
standing it up. At this time the void space was 47%, and it was
estimated that bed depth would increase to about four diameters
as a result of the 15% volumetric expansion expected upon con-

version to the hydride. The particle size distribution of the

- 13 -



alloy is given-in Table 2, and the results of the chemical
analysis are provided in Table 3. Its oxygen content was 620 PPM,
an acceptable level.

The activation step, in which the FeTi alloy was converted
to the hydride, was started by heating the test bed (without its
jacket) to nearly 600°F (315°C) under vacuum. During this period
the bed was flushed with hydrogen several times. for this opera-
tion the vessel was wrapped with heating cable and insulation;
it was supported by the skirt rings resting on two sets nf rallers
so that it could be occasionally oscillated about its horizontal
axis and kept loosely packed. Subsequently hydrogen was admitted
at 30 psia and the test bed was allowed to cool with the insula-
tion femoved. On the following day the charging pressure was
increased to 500 psia and the reaction was allowed to continue
for three days before the reservoir was heated to 600°F and
evacuated. After twelve daiiy hydride-dehydridc cycles, the
material reached 92% of its dynamic working capacity which was
later found to be 1 1b of hydrogen. Although the activation
step 1is time consuming, it is necessary only initially. If thc
hydride should become contaminated either through the use of
impure hydrogen or the admission of air or water vapor to the
system, its storage capacity can be restored by reactivation
under conditions similar to those used initially.

The equipment flow diagram for the system is shown in

Figure 8. Most of the components also appear in Figure 9 which

- 14 -



shows the instrument .and control panel boards; ‘The water tank,
pump and associated equipment, as’wéll as the test bed are
located between -the panel boards. All'of the valves normally'
operated, the pressure regulator, and the pressure gauges were
mounted on the front of the control panel board. The thermal
mass flowmeters were mounted behind it. Duriné hydriding the
flow path was through valves 6, 4 and/or 17, 7,2 and 1; and
during dehydriding the path was through valves 1, 2, 3, 4 and/or
17 and 5. The vessel and its contents were protected by a rup-
ture disc, rated to -burst at 635 psia, and a relief valve which
openéd at 560 psia. This valve was used to prevent any entry

of air in event of a disc rupture. The normally-open excess
flow valve served to keep the discharge side of the disc at
atmospheric pressure; in event of a rupture it would close. The
vent line was also provided with a check valve (not shown) to
prevent entry of air whenever hydrogen was released. In the
closed-loop water system, the tank temperature was maintained at
the desired value by controlling the amount of make-up cold or
hot water, and the equivalent volume flowed to the arain.

The instrument panel was provided with digital and analog
data acquisition instruments. Hydrogen pressure, flow rate,
integrated flow, FeTiHX temperatures, water inlet and outlet
temperatures, as well as the time and date, were recorded in
digital form. A selector switch was provided for recording this
data at intervals ranging from 1 to 16 minutes. The hydrogen

pressure was also recorded directly so that the pressure trend

- 15 -



was always visible. During hydriding the regulated pressure

was kep£ 25-75 pgi higher than the reservoir pressure, by

manual advancement of the pressure regulator,. in order to ease
manual control of the hydrogen flow rate. Control was consider-
ably more difficult during the early stage of dehydriding because
of the ﬁigh pressure drop across the valve.

The‘first dehydriding operation was performed when it was
concluded that sufficient time had bcen allowed for activation.
Hydrogen was discharged during three operating periods until the
bed éressure décfeased to 19 psia. The amount released, 1.19 1b,
was in excessvof the dynamic .operating amount because of the long
charging time used during activation. -After another hydride-
dehydride cycle, the flowmeter throttling valves were replaced
with micrometer needle valves in order. to improve flow control.
Several compression-type tube fitting joints were also changed
to welded construction. The abo§e rune made during the first
two cycles provided training for the operators and a final check-

out of the system.
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Experimental Results and Discussion

The first formal series of runs was made for the purpose
of determining the length of time that various hydrogen flow
rates could be sustained for both parts of the cycle. Water
was circulated through the jacket at 2 GPM and 30°C (86°F)
during hydriding, and at 509 (122°F) during dehydriding. The
hydrogen flow rates studied were 40, 30, 25, 15 and 10 standard
liters per minute (SLPM, at 14.7 psia and 20°C (68°F)). 1In each
case, operation was continued until 1 1b (5409 liters) of hydro-
gen was tfansferred. The limiting pressures for hydriding and _
dehydriding were 500 psia, and approximately 16 psia, respective-
ly. For the charging half of the cycle these times ranged from
72 to 519 minutes, and for the discharging half they were 79-510
minutes. This variation in the time of susfained flow rate for
each half of the cycle is shown in Figures 10 and 11, along with
the amount of hydrogen transferred. The lower curves show that
lower flow rates can be sustained for longer times, and the
upper curves show the total amount of hydrogen transferred for
the time of sustained flow rate. For example, the charging rate
of 30 SLPM was sustained for 115 minutes (lower curve), and for
this time 0.65 lb of hydrogen was transferred (upper curve). All
of the flow data.for this series of runs is listed in Table 4.
Parts of cycles 3, 4 and 5 were performed in more than one opera-
tion affer the time for each sustained flo@ rate was bbtained.
~ FeTiH

The dynamic composition range was close to FeTiH0 175

-.17 -

1.400°



thus AH = 1.225 for the above operating conditions.

All of the above .data obtained for the third (E03) are
shown in plotted form in Figures 12 through 17. As seen from
Figure 12 and Table 4, the charginé flow rate of 40 SLPM in
Run E03Cl was maintained for 72 minutes, at which time the
desired pressure of 500 psia was attained and 0.532 1b of'H2
was charged., The flow rate rapidly decrcased, and when one ol
the flowmeters was turned off, there was a small step change in
the rate. During recalibration of the flowmeters it was found
that their errors were in opposing directions. An average of
the flow rate values was plotted during the time of sustained
flow rate; thereafter the instantaneous flow rates were used.
The decrease in reservoir pressure after the end of hydrogen -
flow was due to continued hydriding. Subseqﬁently hydrogen was
charged for an additional 84 minutes until the total amount was
0.999 1b. 1In Run E03Dl the flow rate of 40 SLPM was maintained
for 75 minutes, and U.57Y 1lb of H, was discharged. Subsequently,
the test bed pressure recovered enough to discharge more hydro-
gen, and the total amount released was 1.057 1lb.

The temperature measurements made dAnring the third oycle at
mid-height of the bed are plotted as temperature profiles in
Figurcs 14 and 15, and as teﬁperature history in Figures 16 and
17. 1In each case the temperature value plotted is the average
of three readings taken from thermocouples 120° apart; and for

any group of three, the values were always within a range of 3°¢
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(5.4°F) .- The profiles during charging'(Figure 14) showed that
the maximum temperature occurred essentially when 500 psia was
reached and the flow rate started to decrease below 40 SLPM.
During the first 73 minutes of rising témperature pfofiles, the
maximum temperatures were located close to the 18% line of the
cross-sectional area. The lower temperagure at the PMT was due
to the cooling effect of the incoming hydrogen; this effect
diminished as the flow rate decreased. At the vessel wall the
temperatures converged at approximately 30°% (86°F), the tempera-
ture of water flowing along the outer wall of the vessel. A
similar set of profiles for the discharging half of the cycle
is shown in Figure 15. When the flow rate could not be sus-
tained at 40 SLPM, after 79 minutes of operation, the temperature
was close to being the minimum value measured. Bed temperatures
during charging are plotted as a function of time in Figure 16.
Practiéally all of the temperatures decreased as soon as the
flow rate began to fall below 40 SLPM at the end of 72 minutes.
There was some difficulty in maintaihing the watér temperature
at 30°%C here, and somewhat more difficulty in maintaining the
water at 50°c (122°) during discharging (Figure 17). The
latter variations were caused by large temperature changes in
the hot water supply, and the effect of these variations was
evident to at least the 87.5% - CSA zone.

All of the remaining data obtained on the time variation of

reservoir pressure, flow rate and amount of hydrogen transferred,
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for cycles E04 through E08, are plotted in Figures 18 through

27. Discussion of the results will be limited to those for

cycle EO08, including the temperature histories and profiles,
because the flow rate of 10 SLPM is close to being the 10-hour -
rating of this test bed for the electric-utility application.

In the charging run (E08Cl) the flow rété was sustained for 519
minutes (8.65 HR), at which time the test-bed pressure reached
500 psia; thereafter the flow rate decreased very rapidly, at

- first, and then gradually to a final value of 3,61 SLPM. When
the hydrogen supply was turned off, ﬁhe bed pressure began to de-
crease toward the equilibrium association value as hydrogen in the
gas phase continued to react with the cooling hydride at the bed
interior. The curve fdr pressure.shows, at any time, the value
necessary to maintain the flow rate. 1In the discharging run
(E08D1) the flow rate was sustained for 510 minutes (8.50 HR), by
which time the pressure had deareased to 18 psia. The bed pres-
sure began to recover toward the equilibrium value after flow

was stopped. As mentioned previously, extrapolation of the rate
data showed that, for the water temperatures and terminal pres-
sures used, the ESEERCO Test Bed could sustain a flow rate of
close to 9.SLPM for each 10-hour part of the cycle. This rate

is -equivalent to 1.19 x 10> gram H,/Hr-gram FeTi alloy, or 1.19

-3

x 10 1b H2/Hr 1b FeTi alloy, over the composition range
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Curvés ofiéhé‘tempefaﬁure ﬁiétory for bothvéarts of the
cycle are shown in figufes éé and 29.: in'eéch case.the inner
50% of the bed went fhrough'é'temperature wavé during the period
of constant flow rate. Several factors contributing to this
shape‘are mentidned beiow; however, ofhe;s may be involQed. At
the start‘of hydriding the bed is essentiaily isothermal and the
incoming hydrdgen begins to react throughbut the 5ed. The inner
bed material, being farther away from the coolant, increases more
rapidly in temperature, as shown in Figure 28. ‘These gradients
increase as the reaction pfoceeds. The reaction occurs in the
bed wherever the charging preésure exceeds the equilibrium
association pressure for that local bed temperature. Thus, where
the temperature is increasing more rapidly, the reaction rate
decelerates and causes the ﬁempératufe to begin>leveling off as
dynamic equilibrium is approached. The temperature data show
thaﬁ the reaction zone proceeds inwardly (toward 0% CSA). Because
bed material.at-the inner zones has bhecome higher in temperature,
it déesn‘t resume reactiné until the pressure becomes moaerately
high and again exceeds the equilibrium association pressure.
Then as this materiél reacts, 1its temperature rises again because
it is fartﬁer from the coolant. One‘factor contributing to the
temperature trough is that the thermél.conductivity of the hydride
increases as the pressufe'increases; thus lower temperatures
(lower At;s) are satisfactory féf tfansfer of heat ﬁo the coolant.

Likewise paft of the final rise in temperature is due to an
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increase in heat release as more of the bed material is con-
verted from the monohydride to the dihydride.

The shape of the temperature history curve for the dis-
A charge part of the cycle is similar to the previous curve, but
is inverted because heat must be added to the system. At the
start of dehydriding the bed is essentially isothermal ‘and some
hydrogen is released throughout the bed along with the free gas.
The inner bed material belng farther away from the hot water in
the jacket, decreases more rapidly in temperature, as shown in
Figure 29. These gradients increase as the reaction proceeds.
The reaction occurs in the bed wherever the equilibrium dissocia-
tion pressure for that local bed temperature exceeds the pressure
in the test bed. The initial temperature gradients are lower
than during charging because the thermal conductivity is higher
at the pressnres invol?ed; One factor contributing to the tempera-
ture trough is that less heat is required as the dihydride content
of the bed decreases. Prart of the tinal decrease in temperature
is due to further reduction in thermal conductivity at low pres-
sure. The temperature profiles in the bed are shown in Figures
30 and 31 for both parts of the cvcie. As is evident in the
temperature-history curves; the temperature gradients are greatest
at the end of the sustained~flow-rate period. The difference in
these two gradients is mainly due to the substantial differences
in thermal conductivity of the bed. A better understanding of
FeTin behavior will be'possible when more detailed pressure-

temperature-composition data are available.
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Some additional useful information Qas obtained from two
of the other runs:-completed after the contract period ended.
Run ﬁlODl was made at 9 SLPM in order to determine if this rate
could be sustained for 10 hours. The initial water temperature
was slightly less than 70°¢ (158°F), and it was gradually in-
creased to 80°C (1760F) over thé next 2.5 hours. .. As expected,
the entire 1 1b of hydrogen was released at 9‘SLPM. The terminal
pressure was 45 psia, and 0.935 1lb was transferred before the
pressure fell below 100 psia. Under these dynamic conditions the
1 1b of hydrogen released was n83% of that estimated from the
equilibrium data.

In the other run, the ESEERCO Test Bed was compared with
the best present-day lead-acid battery in a standard discharge
test. In a 1l5-second test made with a battery at the 50% dis-
charge point, its expected rating is 130 W/kg.14 Although the
test-bed rating was limited by the flowmeter range, it was
determined that the battery rating (at 100% efficiency) could
be sustained for 31 minutes using heating water at 80°Cc. Thus
the test bed has considerably more reserve capacity than the

battery in this discharge test.
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Modeling Studies

Some work was done on modeling in order to examinelthe
dynamic behavior of a hydride bed and establish the effect of
system variablés on the hydriding and dehydriding rates. These
results will be used in optimizing the design of larger units.
In the present conduction-bed model, heat is transferred across
the containment wall; a variation of this class of beds is one
having heat-exchanger tubes in the bed. A thermal advantage of
the present configuration is that the heat-transport fluid is
adjacent to the major part of the cross-sectional area of the
bed. The thermal conductivity wvalue used for the bed was one
obtained by measurement; a value considered representative for

the operating pressure range was selected. Thus the value is
.an effective one and is comprised of the particle, interparticle
and hydrogen conductivities. The analytical procedures involved

solving the energy and mass balance equations given below:

o o}
3T 3°T 1 3T _ 3T A
k 8—22- + k 3? + T 35 = (l-¢)¢AH = (lfS)F)Cp T’ (2)
and d(H/M) _ -¢ MW
E- il (3)
where ¢ = £(T,H/M,P) . (4)

The temperature and composition solutions of these equations were
sought by the method of finite differences, using a CDC 6600 com-

puter, for the following boundary conditions:
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where

H/M

MW

h(T_?b) at r.= ry ,
0 r = ré'
0 z=20,2,

(5)

(6)

(7)

effective thermal conductivity of hydride bed, 1.0

Bti/hr-ft2-°F

bed temperature, OF

average temperature of water, °F
axial coordinate, ft
radial coordinate, ft
void fraction in bed
reaction rate, 1lb Hz/hr—ft‘3
heat of reaction Btu/lb H2

heat transfer coefficient, Btu/hr—ft2

-Op
hydride density, lb/ft>

hydride heat capacity, Btu/lb—oF

time, hr

ratio of hydrogen atoms to metal atoms for a
given hydride

molecular weight of the hydride, 1lb/lb mole

number of metal atoms per "molecule" of a given

hydride
pressure, atm

length of the hydride bed, ft.
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In order to achieve ﬁhé'éonstant diséhargé rate, a linear
decreasing external pressure variation, obtained from the ex-
perimental data, was used as an inpuf. The main outputs from
the model were the hydrogen charging and discharging rates of
the system and the temperature profiles in the bed. Godd agree-
ment was obtained between the experimenﬁal and analytical rate
data, as shown in Figure 32 for Run EO08D1l. In comparing the
analytical temperature profiles, shown in Figura 33, it ic
evident that the agreement was good only at the end of the
period of sustained hydrogen flow rate. The profiles for 240
minutes differed by 6°c (10.8°F), with the test bhed being
higher in temperature. At 132 minutes the profiles differed
considerably; the measuredﬁbed temperature steadily decreased
toward 0% CSA, and the analytical profile was somewhat higher
and essentially flat for the inner half of the bed. Some
improvemeﬁt in the results can be made by using pressure-
dependent thermal-conductivity values instead of one fixed

value.
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Conclusions

A small test bed of iron-titanium hydride (FeTin) was used
in determining how hydride containers would function as part of
an energy storage system that could be used by an electric utility
company in leveling its load. The rates at which high-purity hy-
drogen could be stored or released from the energy storage medium,
FeTiHX, represent the rates at which off-peak power could be used
. to produce hydrogen by the electrolysis of water, and the rates
at which hydrogen could be utilized in a fuel cell to generate
power for satisfying a peak demand.

It was determined that the maximum hydrogen storage capacity,
under the operating conditions studied, was 1.19 wt% of the FeTi
alloy, and that a uniform hydrogen flow rate of 9 standard liters
per minute (0.32 SCFM) could be sustained for a 10-hour transfer
period.

The modeling studies showed that good agreement could be ob-
tained with the experimental values for flow rate and amount of
hydrogen discharged. A limitation of the computer program at this
stage of development is that the pressure history must be used as
an input. Without this information the model can be used to pre-
dict behavior under other conditions, but the rcsults will be
relative instead of absolute.

The storage device performed as expected and was easy to op-
erate. It was also demonstrated that this test bed has a substan-
tially higher reserve capacity than the best lead-acid battery

at the 50%-discharge condition.
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Table 1

ESEERCO TEST-BED THERMOCOUPLE LOCATIONS

TC No. Elevation, in." % CSAb Angle, Deg;eesc
1, 2, 3 ' 3.19 50 0, 120, 240
4, 5, 6 5.0 100 60, 180, 300
7, 11, 15 12.75 0 60, 180, 300
8, 12, 16 12.75 , 25 60, 180, 300
9, 13, 17 12.75 50 60, 180, 300
10, 14, 18 12.75 87.5 60, 180, 300
19, 20, 21 19.13 50 0, 120, 240

dRelative to the baffle plate which supports the bed.

b .
% of cross-sectional area.

CAO

0~ is at the top of the sectional circles in Figure 2.
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Table 2 -

ESEERCO TEST-BED PARTICLE-SIZE DISTRIBUTION®

"Weight of Alloy

U.S. Std. Percent of

Sieve Size ' . Total Grams Pounds
- 4+ 10 | 66.83 25,460 56.14
- 10 + 16 15.18 5,784 12.75
- 16 + 20 © 6.14 2,339 5.16
- 20 + 25 2.23 850 1.87 .
- 25 + 30 2.44 , 930 2.05
- 30 + 35 1.70 648 1.43
- 35 + 60 4.50 1,715 3.78
- 60 + 80 0.774 " 295 0.65
- 80 + 100 0.203 . 77 0.17
- 4 + 100 100 38,100 84.0
a

For batch NL-2 of FeTi alloy.
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Table 3

ANALYSIS OF BATCH NL-2 OF FeTi ALLOYa

a

Gravimetric Spectrographic
Element Wt % Element Wt %

Fe 53.8 Ni ~vOL1
Ti 46.0 Cr ~0.05
0] 0.062 Mg <0.001
N 0.0082

C 0.025
a

As analyzed by International Nickel Co.
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Table 4

M

SUMMARY OF ESEERCO TEST_BED DATA FOR SUSTAINED-FLOW-RATE RUNS™

ESEERCO Constant-Flow-Rate-Period Variable-Flow-Rate-Period Totals
Run P Rate Time Wt Py Time Wt Py Rate - Wt Time
No. PS%A SLPM Min Lb PSTA Mig_ _EE PSiA SLPM EE gig_
E03C1 71.7 40 72 €.532 496 179 0.375 501 i 3.83 0.907 251
EQ3C2 265 20 15 €.0565 493 3] 0.0355 499 1.41 0.092 - 84
EO3D1 499 40 79 €C.579 26.4 169 0.454 -+ 16.2 6.60 1.033 . 248
E03D2 55.4 10 11 0.02090 20.9 2 0.0037 18.2 8.85 0.0237 = 13
E04C1 39.7 340 115 0.648 492 169 0.331 498 4.13 0.979‘ 284.
E04D1 492 30 115 @.635 28.8 133 0.332 16.9 6.80 0.968”.>“ 248
E04D2 51.5 10 12 0.0213 18.4 2 0.0031 17.1 6.88 0.0246 B 14 -
EO05C1 37.3 2% 152 0.751 494 153 0.250 500 3.87 1.001 315
EO5D1 504 25 154 ¢.712 26.1 117 0.258 16.7 6.33 0.970 271A
EO0S5SD2 57.86 5 33 ¢.C309 18.3 0 0 -- -- 0.0309 33
EO6C1 28.5 2C 224 ~.€32 498 116 0.168 501 3.81 1.000 340
EO6D1 503 2C 214 G.796 23.1 127 0.204 16.0 4.13 1.000 - 341
EQ7C1 32.0 1= 324 ¢.903 499 84 0.097 500 3.49 ~1.000 408
E07D1 511 1t 315 ¢.878 2D.3 87 0.122 15.8 3.72 1.000 402
E08C1 30.¢2 1¢ 519 €.967 498 36 0.033 498 3.61 1.000 555

E08D1 50z 10 5.0 C.951 13.0 55 0.049 15.6 2.73 1.000 565

%For baich N1-2 of FeTi alloy. H,0 conditions: 2 GPM, 30°C (86°F) for charging, 50°C (122°F)
for discharcing. 1In the Run No.,C = Charging and D = Discharging.
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Figure 3.

Major components of ESEERCO Test Bed.
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Figure 4. Upper cap assembly of ESEERCO Test Bed with
thermocouples and porous metal tube.
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Figure 5. Completed vessel and removable water jacket
for ESEERCO Test Bed.
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Figure 6. Assembled ESEERCO Test Bed mounted on its
operating stand.
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Figure 7.

Full-scale picture of FeTi alloy, -4 + 100
mesh size.

S



WATER

VENT TO

RUPTURE

EXCESS
FLOW

RELIEF

@

|

TEST BED |
841b |
Fe TIi  ~L |
ALLOY |
l

POROUS
METAL /r"‘
TUBE |

FILTER

THERMOCOUPLES

PRESSURE
REGULATOR

b

WATER
" UACKET

TANK

[PumP

&

@)

BY-PASS
)

DRAIN DRAIN

Tigure 8.

D>}t

COLD

Equipment flow diagram for the ESEERCO Test Bed.

A M

OUTSIDE



Figure 9. View of the ESEERCO Test Bed operating area.
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Figure 10. ESEERCO Test Bed performance during hydriding.
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Figure 11. ESEERCO Test Bed performance during dehydriding.
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Figure 17. Temperature history for Run E03D1l.
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Figure 18. Reservoir pressure, hydrogen flow rate and
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Figure 19. Reservoir pressure, hydrogen flow rate and

amount discharged during Run EQ4D1.
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Figure 20. Reservoir pressure, hydrogen flow rate and
amount charged during Run EOS5CL.
RUN EO5DI 50°C 2 gpm 25 sipm
T T I I T i T T T T } I T
3]
]
o
1Y
g
@
a
™~
A
E 50 1.0
% AMOUNT DISCHARGED 8
9 40 -0.8 i
i RESERVOIR PRESSURE ©
o) e 4
- 30 — 0.6 ;‘:
w
»— 3
«
ax 20 H, FLOW RATE TOA o
5 -
10 .
T 1923
Afj 0 [ ] | I | I T+ ) E—— — ——— 0 3
O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
' TIME, min
Figure 21. Reservoir pressure, hydrogen flow rate and
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Figure 22, Reservoir bressure, hydrogen flow rate and
amount charged during Run EOQ6C1.
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Figure 23. Reservoir pressure, hydrogen flow rate and
amount discharged during Run E06D1.

- 50 -

AMOUT CHARGED, Ib

AMCUNT DISCHARGED, Ib



RESERVOIR PRESSURE, 0-500 psia

RESERVOIR PRESSURE, 0-500 psia

500

400

300

200

100

500

400

300

200

100

Hy FLOW RATE, 0-50sipm (14.7 psia, 20° C)

H, FLOW RATE, 0-50 sipm (14.7 psia, 20°C)

50

40

[
o

H
(@)

[
o

n
o

0

" RUN EO7C! 30°C 2gpm (5 slpm’
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Figure 24. Reservoir pressure, hydrogen flow rate and
amount charged during Run E07Cl.
RUN EO7DI 50° C 2 gpm 15 sipm
I I | | I ] I I I I | T T
AMOUNT DISCHARGED 410
—10.8
RESERVOIR PRESSURE
— -10.6
- /Hz FLOW RATE —0.4
- \ 0.2
N T SR W S SR N WY S S PN
O 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600
‘ TIME, min

AMOUNT CHARGED, Ib

AMOUNT DISCHARGED, Ib



RESERVOIR PRESSURE, 0-500 psia

: " RUN'EO8CI 30°C 2 gpm 10 slpm
T T T T T T [ [ | I 1 |

500 S50l 1.0
AMOUNT CHARGED
400 © a0 —0.8
300 W30 —0.6
RESERVOIR PRESSURE
200+ ¥ 20} —o.a

-Ha FLOW RATE
ook 2 1ok« " 4 ' Jo2

0 .
0_0741|¢|JL11L1|j|\10

-0 -40 80 120 160 200 240 280 320 360 400 440 480 520 560 600

RESERVOIR PRESSURE, 0-500 psia

H, FLOW RATE, 0-50 sipm (14.7 psia, 20°C)

TIME, min
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Figure 27. ”'Reservoir- pressure, hydrogen flow rate and
amount discharged during Run EQ8D1.
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Figure 28. Temperature history for Run EOS8CI.
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Figure 29, Temperature history for Run EOQOS8DI1.
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