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ABSTRACT

Directed Energy Weapon (DEW) systems in a pulse operation mode dissipate excessively large, transient waste heat
because of their inherent inefficiencies. The heat storage system can store such a pulsed heat load not relying on oversized
systems and dissipate the stored heat over time after the pulse operation. A compressor-driven metal hydride heat storage system
was developed for efficient, compact heat storage and dissipation of the transient heat from the DEW systems. The greater
volumetric heat storage capacity of metal hydride material was realized into more compact design than conventional Phase
Change Material (PCM) systems. Other exclusive advantages of the metal hydride system were fast thermal response time and
active heat pumping capability required for precision temperature control and on-demand cooling. This paper presented the
operating principle and heat storage performance results of the compressor-driven metal hydride heat storage system through
system modeling and prototype testing. The modeling and test results showed that the metal hydride system can store the average
heat of 4.4kW during the heat storage period of 250 seconds and release the stored heat during the subsequent regeneration
period of 900 seconds.
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NOMENCLATURE
A, Reaction prefactor [kmole Hy/kmole hyd-s] E, Activationenergy [Jkmole H;]
H/M Hydrogen concentration in hydride h Heat transfer coefficient [W/m2-K]
m Hydrogen mass flow rate [kg/s] N, Hydride particle molar mass[kmole hyd/particle hyd]
p Pressure [atm] Q Heat transfer rate [W]
R Universal gas constant [8.314 kJ/kgmole-K] T Temperature [K]
S Heat generation rate in hydriding/dehydriding [W/m?] t Time[sec]
\ Volume [m3] X Non-stoichiometric constant

Greek
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o, B Meta hydride phase AH Heat of formation [kJ/H,-kgmole]
AS, Standard entropy of formation [k¥Hz-kgmole-K] ¢ Metal hydride porosity

R Hydride particle density [particle hyd/m3|
Subscripts

A Metal hydride reactor

C Hydrogen compressor

f Hydrogen fluid phase

Hydrogen container
Hydrogen solid phase in hydride
Water

S0 m

INTRODUCTION

Recent advances of high power solid state |asers promises necessary laser power levels required for the Directed Energy
Wespons (DEW) systems. However, inefficiencies of the laser components till generate too much waste heat to be managed by
conventional liquid cooling systems, especialy in an airborne platform where compactness, light-weight and energy-efficiency
are the primary requirements. The DEW systems typically operate in a pulse mode generating very high peak heat that exceeds
the capacities of conventiona cooling systems. A heat storage system can be a solution to manage such highly transient heat
loads and improve system performance without relying on oversized cooling systems.

Conventional heat storage systems have used Phase Change Materials (PCMs) such as paraffin wax [Mohammed, et al.,
2004; Wi, et al., 2005; Vrable and Y erkes, 1998; Shanmugasundaram, et al., 1997]. The PCM systems typically suffer from low
thermal conductivities and consequently have to use bulky host structures of high thermal conductivity materials for heat transfer
enhancement. In addition, the PCMs' low heat storage density requires excessively large system volumes to meet the DEW heat
storage system requirements.

In contrast, the metal hydride systems can provide superior volumetric heat storage capacity as compared to the PCMs. For
example, Cay,MggNis, a commercia hydride, has a heat storage density of 853.3MJ/m?3 in raw material condition [Huston and
Sandrock, 1980], while paraffin (Calwax 130), a common organic PCM has a heat storage capacity of 177.5MJm? [Al-Hallg and
Selman, 2000]. The greater volumetric heat storage capacity of metal hydride material means more compact design than
conventiona Phase Change Material (PCM) systems [Park et al., 2005]. Other exclusive advantages of the metal hydride system
are fast thermal response time and active heat pumping capability required for precision temperature control and on-demand
cooling. The following sections discuss the operating principle and heat storage performance results of the compressor-driven
metal hydride heat storage system through system analysis and prototype testing.

PRINCIPLE OF OPERATION

Metal hydrides are the binary combination of hydrogen and a metal or metal alloy. Metal hydrides have been used in many
industrial applications such as battery electrode material, hydrogen storage medium and heat pump system [Park et al., 2005;
Kang et al., 1996; Fateev et d., 1996; Lloyd et al., 1998; Kim et al., 1998a, 1998b; Houston and Sanrock, 1980]. The hydriding
(exothermic) and dehydriding (endothermic) reactions of a metal hydride can be expressed as:

M +2XH, & MH, +AH, €y
2

where M is a metal (or metal aloy), x is a non-stoichiometric constant and AH  is the hydride formation heet. Note that metal
hydrides are capable of storing an amount of hydrogen gas (STP) equa to about 1,000 times of their own volume. The
hydriding/dehydriding reaction kinetics of the hydrides are very rapid and hydride materials are know to be environmentally
clean and safe.

Figures 1(a) and (b) show the Pressure-Hydrogen Concentration-Temperature (p-H/M-T) curves for a common metal
hydride, LaNisHg and the van't Hoff plots for commercia hydrides respectively [Houston and Sandrock, 1980]. The p-H/M-T
curves and van't Hoff plots contain the key thermodynamic information required for designing any metal hydride systems.

Figure 1(b) shows the van't Hoff plots of commercial metal hydrides. Each line describes the equilibrium behavior of a
metal hydride at the mid-point of the desorption isotherm plateau and the equilibrium behavior is expressed as follows:

AH, AS, @)

RT R

where, R is the universal gas constant [8.314 kJ/kgmole-K], T is the temperature [K], AH ; is the heat of formation [kJ/H,-
kgmole] and ASf is the standard entropy of formation [kJ/H,-kgmole-K]. In the figure, within the temperature range of interest
(10~50°C) for the solid state laser cooling, there are various hydrides available from Cay,MggNis at higher pressures to
FeypgNig,Ti at lower pressures.

In p,,, (atm) =
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Figure 1(a) Pressure-H/M -Temper ature curves of LaNis. (b) van’t Hoff plotsfor various commercial
hydrides. Mid-plateau values are shown for desorption reactions [Huston and Sandrock, 1980].

The compressor-driven metal hydride heat storage system is illustrated in Figure 2. It consists of a metal hydride reactor
(metal hydride heat storage/hesat exchanger unit), a hydrogen compressor and a hydrogen container. Typica operation for the
solid state laser DEW systems requires two main operations: (1) “heat storage” for lasing and (2) “regeneration” for thermal
recovery. The metal hydride system temporarily stores the laser waste heat during the short heat storage period and later
dissipates the stored heat over the relatively long regeneration period. The solid state laser systems use the laser gain materials of
dab shape which dissipate the high heat flux heat (>100W/cn?) during a short lasing. During the lasing, the laser dab
temperature should be maintained within alowable maximum spatial and temporal variations to avoid any harmful thermal
stresses | eading to mechanical fracture, as well as to enhance the laser optical output.
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Figure 2 Schematic of full-scale metal hydride heat storage system.
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During the “heat storage”, the liquid cooling loop acquires the heat load from a laser heat source and transports and stores
the heat into the metal hydride where the dehydriding (endothermic) reaction takes place. Then, the released hydrogen during the
dehydriding reaction is compressed by a mechanical compressor and stored in a hydrogen container. During the subsequent
“regeneration” after the heat storage is complete, the entire system needs to be recovered to the initial condition. During the
regeneration, the compressor drives the stored hydrogen back to the metal hydride where the hydriding (exothermic) reaction
takes place and the heat is removed by the liquid cooling loop. After the regeneration completes, the system is ready for next
cycle.

METAL HYDRIDE HEAT STORAGE SYSTEM

Figure 3 shows the schematic of a compressor-driven metal hydride heat storage system and its metal hydride reactor
design. In this work, a prototype metal hydride system was fabricated to verify the therma performance. The metal hydride
system consisted of three separate |oops: a water coolant loop (in blue), a hydrogen loop (in red) and compressed air loop (in
green dash). The hydrogen loop included a metal hydride reactor, a hydrogen compressor and a hydrogen container.
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Figure 3 Schematic of compressor-driven metal hydride heat storage system.

The metal hydride reactor adopted a shell-and-tube heat exchanger design where the coolant flows around metal hydride
reactor tube bundles. The coolant flow was guided by partitioning baffles to create a serpentine, cross flow inside the heat
exchanger. Each hydride reactor tube in the heat exchanger was properly spaced to maximize the convective heat transfer while
creating a small flow resistance. The hydride reactor tube was made of a brass tube of 26" long and 0.5" ID. Total 42 hydride
reactor tubes were used for a hydride reactor shell. For the hydrogen flow passage and volume change in the hydride reactor
tubes, porous screen tube of stainless steel wereinserted in the center of each reactor tube.

Table 1 Basdline design specifications of metal hydride heat storage system.

Metal Hydride CagsMmg4Nis
Laser Heat Source Temperature (°C) 30
Heat Sink Temperature (°C) 25
Heat Storage Period (sec) 250
Regeneration Period (sec) 500
Hydrogen Container Volume (liter) 50
Hydrogen Charge (mol) 70
Metal Hydride Weight (kg) 10

The basdline design specifications of the metal hydride heat storage system are summarized in Table 1. As shown in Figure
3, the water heater system was used to simulate a laser heat source at constant temperatures during the heat storage. The building
water was used as heat sink to cool down the system during the system regeneration. During the heat storage, the water heater
system as heat source transports and stores the heat into the metal hydride reactor. The hydrogen generated during dehydriding
(endorthmic) reaction from the hydride reactor is released and compressed into a hydrogen container by a hydrogen compressor.
During the subsequent regeneration, the hydrogen is recovered from the hydrogen container to the hydride reactor. The heat
generated by hydriding (exothermic) reaction is gradually removed by the building water as heat sink. Two 3-way pneumatic
solenoid valves were used to regulate the hydrogen flow. The water loop was aso controlled by a set of electric solenoid valves.
Mechanical compression was used to reduce the volume of the hydrogen container, which makes possible to achieve a compact
design and maximize the heat storage performance.

METAL HYDRIDE HEAT STORAGE SYSTEM THERMAL MODEL

In order to predict the heat storage performance of the metal hydride system, alumped therma model was devel oped using
thermal network modeling. The lumped moded had the temperature nodes for a metal hydride reactor, heating/cooling fluid, a
compressor and a hydrogen container. The lumped model included dehydriding/hydriding reaction, convective heat transfer and
isothermal hydrogen compression.
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Figure 4 Thermal network model of the compressor-driven metal hydride heat storage system.

Figure 4 shows the thermal network model with the heat flux vectors between temperature nodes. The governing equations
for this lumped model are discussed below.

Mass conservation equations of the metal hydride system consisting of metal hydride reactor and hydrogen container are
expressed as below.

((gv)dZ?ZJ = (thzV)A_ My g 3
deZ J— 4
(V & jB =m, g 4

where, £ is the porosity of the metal hydride bed, V is the total volumes of the metal hydride reactor. mH2 is the volumetric
hydrogen generation rate in the metal hydride bed and is expressed as below.

. 1 = 0x
(mHZ)Az[2 NoatMHZERjA 5)

where, N is the particle molar mass [kmole hyd/particle hyd], R is the particle density [particle hyd/m?3], and M H, is the

molecular mass of hydrogen gas [kg/lkmole H,]. X is the hydrogen-to-metal-atomic ratio and ax/ ot isthelocal reaction ratein
the meta hydride bed.

M,_g is the hydrogen mass flowrate between the metal hydride reactor (A) and hydrogen container (B). The hydrogen

mass flowrate through the compressor varies by a function of drive air pressure and flowrate as well as inlet/outlet hydrogen
pressures. The predicted compressor performance curve as shown in Figure 5 was used for the lumped mode. Considering the
hydrogen compatibility, compression ratio, flowrate, size, weight and cost, a Haskel hydrogen compressor (Mode: AGD-7) was
chosen for the metal hydride system. The compressor is a pneumatic, double-acting, single-stage oil-free booster. An intercooling
during the compression was provided by the drive air flowing through the cooling jacket around the hydrogen barrd of the
compressor. The compressor is capable of boosting the hydrogen gas from an inlet pressure of as low as 25 psig to outlet pressure
of 400 psig using the drive air of 90 psig and 72 scfm.
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Figure5 Compressor (manufacturer: Haskel, model: AGD-7) performance prediction.

/

The energy conservation equations for the metal hydride system are expressed as below.
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SHa-exoe v +eloe,) V] T] =8, 40~ Qe ®

d
a LOQ/V ]B =Qne +Qcs ()
where, Q, is the heat transferred into the metal hydride reactor as below. T,, is the heat exchanger inlet coolant

temperature. The heat exchanger outlet temperature was assumed to be equal to the reactor temperatureT,. m,, is the water
mass flowrate through the reactor.
Qu= mNCW(TW _TA) (8)
Q ac Istheenthalpy flow between the reactor and compressor and chB isthe enthalpy flow between the compressor and

hydrogen container. It was assumed that the compressor has a perfect intercooling and the hydrogen coming out of the
compressor has the same temperature as ambient. Therefore, the enthalpy flows by the hydrogen flow are expressed as below.

. T =T m, . >0
Quc =M, zCT { X A AB 9)
T =Tamien Map <O
. T =T, m, >0
QC,B — mA,BCpT { . Ambient —A—B (10)
T =T, m, s <0
S isthe volumetric heat generation rate during hydriding/dehydriding reactions and is expressed as below.
Sa 1NO%AHfEK (11)
V, 2 ot A

where, AH , is the formation energy of hydriding/dehydriding reactions. Arrhenius-type formulation of local reaction rate is

expressed as below.
(axj A e Pz (12)
at A P peq A

where, E, isthe activation energy [Jkmole H,] and Ap is the reaction prefactor [kmole H,/kmole hyd-s].

TheVan't Hoff equation for the equilibrium pressure Peq Was modeled for the plateau regions using alinear correlation and
is expressed as below.

— Pa .
[ln(pMH’eq)] _|AH _Aff +A|npx(xx‘1x”‘axj+ |n[pJ absorption (13)

~"|RT R a ,
0 desorption A

g,min Xa,max

where, AS; is the formation entropy of metal hydride. X

o max is the maximum hydrogen concentration of the hydrogen-

depleted meta hydride and Xﬂ,min is the minimum hydrogen concentration of the hydrogen-saturated metal hydride.
In( P / P4 ) represents the hysteresis effect between the hydriding/dehydriding processes.

RESULTS AND DISCUSSION

Before testing, the metal hydride material was activated by removing the pre-formed oxidation layer on the hydride particles
and any other impurities. The activation process consisted of several cycles of vacuum baking and hydriding/dehydriding.

To maximize the heat storage performance of the metal hydride system within a given temperature range, the equilibrium
pressure of the hydride material has to be carefully chosen. If the equilibrium pressure is too low, the heat storage performance
would be degraded because of the slow hydrogen gas flow due to the low pressure differential between the metal hydride reactor
and hydrogen container. If the equilibrium pressure is too high, it would be difficult to recover the hydrogen from the hydrogen
container by compression. Based on the considerations and some preliminary test results, CaggMmg4Nis was selected for the
prototype metal hydride heat storage system. The pressure-hydrogen concentration-temperature (p-H/M-T) curves of the metal
hydride used for the lumped modeling were calibrated against the measurement results as shown in Figure 6.
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Figure 7 M odeling results of metal hydride heat storage system with 70 mol H, charge: (a) temperature and
heat transfer and (b) pressure and hydrogen concentration.

The transient behavior of the metal hydride heat storage system was simulated using the lumped thermal model. The
variations of pressure, temperature and hydrogen concentration during three consecutive cycles are shown in Figure 7. At the
beginning of the heat storage as shown in Figure 7(a), the meta hydride was fully saturated with 550 psi hydrogen while the
hydrogen container remains almost empty. The fully-charged metal hydride created a maximum pressure differential between the
hydride reactor and hydrogen container, which generated alarge hydrogen flowrate and consequently yielded a great heat storage
performance. Once the hydride released hydrogen, the temperature of the hydride suddenly dropped due to rapid endothermic
reaction. In contrast, the temperature in the hydrogen container rose due to the hydrogen compression. The hydrogen flowrate
gradually decreased as the heat storage was close to end, so did the heat storage performance. During the heat storage period, the
average heat storage rate of 4.7 kW (or 1.2 MJ for 250 sec) was estimated for 70 mol H, charge. It was also showed that during
the regeneration, the exothermic reaction driven by compressor created a big temperature differential between the hydride reactor
and coolant (heat sink) and accelerated the regeneration process. Note that the compressor was used both during the heat storage
and regeneration. Once the system is fully regenerated, the hydrogen line is closed and the system is ready for next duty cycle.
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Figure 8 M odeling results of the metal hydride heat storage performance.
Parametric modeling studies were performed using various parameters such as hydrogen container volume, heat storage

period, hydrogen charge and heat source temperature. Figure 8(a) shows that there is an optimal value (~70 mole H,) of the
hydrogen charge for maximum heat storage performance. Insufficient hydrogen charge causes inefficient use of the hydride,
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while excessive hydrogen charge results in pre-occupied hydrogen container during the heat storage. The higher heat source
temperature improves the heat storage performance as shown in Figure 8(a) because of higher hydrogen equilibrium pressure of
the metal hydride. Although a small hydrogen container volume would be always preferred, the quick pressure build-up in the
small hydrogen container degrades the heat storage performance as shown in Figure 8(b). However, more hydrogen container
volume does not always improve the heat storage, because the regeneration process slowes down with lower compressor inlet
pressure. Therefore, 50-liter hydrogen container volume was selected in our design.
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Figure 9 Comparison between test and modeling results of the metal hydride heat storage system: (a) average
heat storagerate vs. hydrogen charge and (b) transient heat storagerate for 70 mol H, charge.

The prototype metal hydride heat storage system was fabricated and tested for verification. The measurement results were
compared against the modeling prediction as shown in Figure 9. It can be seen from Figure 9(a) that the test results had a good
agreement with the modeling results on the overall heat storage performance, especialy predicting the optimum hydrogen charge.
The optimal hydrogen charge for the metal hydride system was around 70 mol H,. The optimum condition was capable of storing
1.1MJ heat over 250 seconds (i.e., 4.4 KW average heat storage rate) at 30°C heat source temperature. The regeneration time
used for the test was 900 seconds. The transient behavior of the heat storage performance during the heat storage period was
compared between the measurement and modeling in Figure 9(b). Both of them showed fast heat storage at the early beginning of
the heat storage period and slow decline afterwards. The deviation between the modeling prediction and test results, especialy in
the transient behavior, was attributed to the followings: (1) lump model cannot accurately capture the temperature distribution
along the reactor; (2) the hydrogen source/sink terms do not consider the hydride volume change during hydriding/dehydriding,
which affects the hydrogen flow in the metal hydride reactor; (3) the compressor performance curve was predicted by a software
of the compressor manufacturer for constant pressure boundary conditions.

CONCLUSIONS
The compressor-driven metal hydride heat storage system was developed and the heat storage performance of the system

was measured using a prototype hardware. A lumped thermal mode was developed to predict the transient heat storage
performance of the metal hydride system. The parametric studies were performed to optimize the system design variables and
operating conditions. The followings are some of the highlights of thiswork:

e  Theaverage heat storage of 4.4 kW was measured during a heat storage period of 250 seconds.

e High duty cycle (heat storage period of 250 seconds and regeneration period of 900 seconds) was achieved using

mechanical hydrogen compression.

e  Thelumped therma modeling results showed a good agreement with the measurement resullts.
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