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hydrogen storage by managing the thermal environment of the storage tank.

Based on previoumodelingefforts to determine an acceptable bed module height
for removal of heat vianicrochannel cooling platesithermal management system has been

designed and tested capable of removing the heat of adsorptiithin adsorbentfilled



hydrogen storage tanks. The systemuses liquid nitrogen cooling to maintain tank
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managing thermal stresses during operation.
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A MICROCHANNEIBASEDTHERMAL MANAGEMENT SYSTEM FOR
HYDROGEN STORAGE ADSORBENT BEDS

1. INTRODUCTION

c2aarf TFdzSta LINRBYARS GKS YlI22NRGE 27
transportation industry and have been the dominant sourceeokrgy for more than a
century. Though the coutrO2 y i Aya fSaa dGKIy p3: 2F (KS
nearly 25% of the @ NI RQa&a T2 a a Alf]. THisdpBsentd IRIR dr@llerdgesyfor the
US economy. One concern with fossil fuels is that nearly 70% of the oil consumed by the
United States is importefll, 2]. The majority of those imports are from countries that are
surrounded by increasing polititinstability, such as Venezuela and countries from Norther
Africa and the Middle Easf3]. Another issue is that fossil fuels present several
environmental and health concerns. Pollutants are generated during the combustion
process of converting chemical energy into mechanical energy in automotive applications.
One study estimatedthat around 50% of U.S. citizens live in regions where pollution is
concentrated enough to affect public health and the local environment, aaasportation is
a major ontributor to that pollution [4]. Finally, fossil fuels are a finite resource and,
therefore, are not renewable. Development of a renewable fhak the potential to

positively impact thdJSeconomy,increase energy security, and reduce environmental and

health concens|[5, 6].

Hydrogen presents th&JS with an opportunity to meet all of these challenges.

Hydrogen is a resource that can be developed domestically and produces no pollutants when

g 2



sourcedfrom renewable power plants (such as wind, solar or hydroelectric) for use with fuel
cell vehicled2,4-6]. Significant funding has been committed towards the development of
hydrogen as a fuel since the 1970gigert a segmenof the energy market fronflossil fuels

[7, 8] Someresearchersestimate that hydrogempowered vehicles could have up to a 40%
share in the US light duty vehicle market by 2(&¥, 8]. By developing and consuming this
source ofenergy domestically, theJSwill increase its eamomic and energy security because

it will reduce foreign energy dependenf® 7, 8].

2. BACKGROUND

2.1 The Hydrogen Economy

Hydrogen is the most commonly occurring element in the universe; it is a benign and
renewable resource that can be replenished matly. Because of this,ydrogen has been
shown to have great promise because of its availability, renewability, cleanliness, inherent
efficiency, and high energy densify, 7, 8]. One study has shown that thé&JShas the
potential to develop enough hydgen from wind and solar power sources to produce over
15 times the energy needed faght duty vehicles in 204[@®]. Further, using these energy
sources hydrogencouldbe producedusingwater electrolysis without the production of any

harmful emissionsi K N2 dzZ3 K (G KS d3®E/NBe Qa fAFS Oe0f S

Well to wheel (WTW) analyses have been conducted by the DOE showing that fuel
cell vehicles powered by hydrogen operate at higher efficiehey tfossil fuel vehicles and
fossil fuelelectric hybrid vehiclegl1l]. The WTW analysis evaluates the life cycle efficiency

of the fuel from development to storage and from storage to consumptidrhe overall



efficiency incldes all losses incurred from production through energy delivery to the wheels
of an average light duty vehicldzuel cell vehicles using hydrogen fuel showed an efficiency
of 36.4% versus 16.7% and 27.3% for gasoline and gastdicieic poweed vehicles

respectively{11]. This is in part due to the fact that fuel cells have the potential to operate at

efficiencies of over 60%:l0].

While hydrogen has significant promiaea fuel, significant ballenges remain in the
areas of production, delivery and storage of hydrogen fuel that inhibieasly acceptancin
the transportation industrny{5-8, 12]. In particular, storage is a significant challenge due to
the volumetric density of hydrogefi2]. Hydrogen has a gravimetric energy density almost
four times that ofgasoline(120 MJ/kg versus 4#MJ/kg) at standard temperature and
pressure[13]. However, under the same conditions, its volumetric energy density is less

than 1MJ/L where fossil fuels a@ver 30 MJ/L[13].

2.2 Hydrogen Storage

The most prominent issue surrounding hydrogen storage is that gaskpdrogen
has a lowphysicaldensity. At standard temperature and pressu(8TP)1 kg of hydrogen
occupies a volume of 11 $§0.09 kg/rf). To power a PENproton exchange membrane)
hydrogen fuel cell vehicle with a 300 mile rangeis estimated that5.6 kg of hydrogen
would be neededonboard the vehicle[10, 14] translating into a need for 61.6n° of
hydrogen onboard under STd®nditions Therefore, it is essential to increase te®rage
density of hydrogen for the purposes of powering light dutyiekds I order tofacilitate

the increase in storage capacisffectiveenergystorage techniquesre requiredcapable of



meeting all of the Department of Energy targets for the development of hydrogen storage

technologieq14,15](DOE Targets can beufod in Appendix A)

Several techniquesexist for increasing hydrogen storage densitig$6, 17]
Traditional storagdias beerachieved throughhe compression of gaseous hydrogen, while
storage technologies in the literature include liquefichydrogen storage and gaseous

hydrogen that is stored vieryogeniccompresson or engineered storage materials.

Compressioris currently the most widely used form of hydrogen storage though
signifcantdensities are not achievable for light duty vehicle applicatidBtorage systems of
35 MPaand70 MPa have been evaluated[itB] and[19]. Even at 70 MPa, an energy density
of only 4.4 MJ/L is possib[@0]. Technical assessmerts8] have shown that compressive
systemsdo not meet the DOHensity and cost targets and an alternatsterage solution is

required to develop an effective hydrogen storage sysf&fj.

Cryogenicdy compressed hydrogen is an option that was developed as an
alternative to liquid hydrogen storage at near ambient pressygd3. These systems show
an increased storage density over compressed gaseous hydrogen systemsh tingug
systems have been shown to be too costly to be a viable offibn22] Dynamic models of
cryo-compressive storage showed that storage density was dependent upon initial tank
temperature[23]. The study showed that withn initial tank temperature of less than 180 K,
the theoretical storage density was found to beear 71 g-H)/L (about that of liquid
hydrogen) Cryecompressed systems meet the volumetric goals though the manufacturing

cost of developing a high compressioryogenic tank are too gref1].



Liquid hydrogen has been evaluated for onboard hydrogen storage because of its
density, though significant issues with liqguefaction and -bfilhinder its viability. In its
liquid form, hydrogen has a density of 0.07099 g/cn¥d @-H./L), almost 800 times that of
gaseous hydrogen. However, liquefaction of hydrogen is an energy intensive process. Over
thirty percent of the energy stored in hydrogen is consumed during liquefa{®én25} of
the minimum work required (1,219 kJ/kg), only ,843 kJ/kg is reversible wor25]. In
addition to the high energy costs, liquid hydrogen storage tanks are highly expensive to limit
heat transfer into the tank to control bieoff [15, 19] Ultimately, liquid hydrogen provides
high storage densitieghough other storage techniques are pursued because of the costly

and complex refueling systems and storing taja&.

Research has shown that hhpdjen storage materials offer a possible solution to the
hydrogen storage issues posed by the previously mentioned storage techniques because of
their high storage densities at low pressufd$, 24] though they are more costly on a
USD/kWhr basis[27]. The most common materials present in the literature can be broken
down into two categories:hydrides and adsorptive materials. Hydrides are materials that
form physical and/or chemical bonds with gaseous hydrogen and shomigeoto be a
viable solution for storage because of their high storage dendi#i8s29] Metal hydrides
d02NE KERNRISY Ay AYOIGSNBOGAGAFIET aridsSa oAGKAY |
to create bonds with the hydrogefil9, 30] In geneal, hydrides have higher storage
densities than other materials because of the high packing deastyevedby dissociating
the H, molecules[31]. Storage densities of up 170 glH(170 kg Wm?®) are possible, which

is morethan double than that of liquid hydrogef24]. Examples of hydride materials are



Magnesiumbased hydrideswhichhavedemonstrateda 7.6 wt% reversible storage capacity

[29, 30]

While hydrides have a high storage capacitynpared to other storage media,
releasing the hydrogen from these systems is a major drawback of chemical and metal
hydrides [28, 31] Hydrides are materials that typically have slow kinetics and release
thermal energy during storage. To release hydrogemfthe material, a significant amount
of heat is required24, 31] Chemical hydrides are sometimes not reversible without a
catalyst, in which chemical reactions are required in addition to the high temperatures and
pressures needed to release the hydem [24, 28, 31] Also, the catalyst systems require

reconditioning to maintain acceptable storage densifié8, 31, 32]

Though hydrides have a higher storage density, adsorptive materials are a promising
solution to the hydrogen storage challengpecause of theimreversibility, relatively high
storage densitiesfast kinetics and operation at lower pressuf@®, 20, 33, 34] A wide
array of adsorptive materials havbéeen developed and evaluated fdrydrogen storage
purposes[34, 35] Adsorptivematerials include carbobased materials such as activated
carbon[36], nanostructures[37, 38] and graphend39]; metal organic frameworks (MOFs)
[40, 41] covalent organic frameworks (COH42, 43], and others[15, 33] Adsorbents
characteristically have a high surface area, in which temperature greatly affects the storage
capacity[39, 44] Because the hydrogen molecules are bonded to the surface by weak Van
der Waals forces, the materials elliia very low storage density at room temperature, and
capacities increase greatly with a decrease in tempera{@®. Theoretical maximum

densitiesof undensified adsorbentsere found to be 6.8 vbat cryogenic temperaturgand



pressures up to 50 atri26, 45, 46] Using variougechniques such as compaction of the

media storage densities up to 8 ¥ihave been achievednder similar condition§32, 39]

2.3 Microchannel Heat Exchangers for Adsorptive Storage

Hydrogen storagevith adsorbentsis greatly influenced by temperature Optimal
storage densitiesequire temperaturesbelow 100 K (cryogenic temperatures) pressures
up to 50 atm (5 MPa4, 47] However, the adsorptive process is an exothermic reaction
and the heat of adsorption is releasahen hydrogen bond to the surface of the storage
material. Heat released during adsorption must be effectively removed to maigtzod
storage conditiong31, 48] Further, heat must be supplied to release hydrogen from
adsorption beds. Though the thermal requirements of hydrogen storage via adsorptive
media are well documentefB1, 49, 50] there are no published solutions for managing the

heat of adsorgion for adsorptive materials.

Heat exchanipg systems have been developed in the past few yehoigh they
were for use with metal hydridesind the system®ccupy a large volume fraction of the
storage systenj51, 52] Current heat exchangers includgtruded aluminum fin and tube
systemg51, 52],and spiral tube system&3]. Fin and tube systems typically ogguupto
30% of the tank volumg51, 52]. Siral tube systems have been developed that show a
displacement volme of about ®6[52, 53]for managing temperatures within mait hydride
beds Though the spiral systems show the capability of managing the thermal effects of
hydrogen storage, the small heat transfer surface area would not prove use$yksiams

where the media has poor thermal conductivity, suchaasorptive materials



Consequently,a needexiststo develop a highly effective thermal management
system capable of enhancing storage siéies while occupying a minimaisplacement
volumefor adsorptivehydrogen storage Microchanneprocess technology (MPThgs been
usedto acceleratehe heat and mass transfavithin heat exchangers leading to smaller form
factors based ortheir high surface area to volume ratios and reduced diffusional distances
[54]. Resultant microchannel heat exchangers show anywhere from a two to five times (or
more) reduction over the size and weight for equivalent conventional heat exchafggrs
It is expected that ydrogen storage heat exchangers witiinimal displacement volunse

could be developedt reasonable costssing MPTt high production volumefb5, 56]

In thisresearch a microchannel thermal management system is developegahble
of managinghe tempemature within a hydrogen storagadsorption bed duringadsorption.
The design presented here enables tlavailable adsorptive storage technologies to be
usable inlight duty vehicleapplications. This work will build on prior results demonstrating
the useof microchannel cooling plates for thermal management withilsorbent materials
[57, 58] In this paper, we demonstrate the ability to produce a thermal management system
with minimal displacement volume that is capable of meeting many of the DOE lgpats
developed through the Hydrogen Storage Engineering Center of Excellence while using
automotive manufacturing paradignis7, 58]. Specific issues addressed within this paper
are to demonstrate the ability tomanifold cooling plates wittadequateflow distribution
between plates as well as the ability to withstand the thermal stresses that occur during

cryogenic operation.



3. DESIGN

Figure 1 shows a concept for the Modular Adsorbent Tank Insert (MATI) investigated
in this work. The MATI unit is a tmeal management system designed to maximize the
volumetric storage density addsorbentsby maintaining cryogenic temperatures within a
cylindrical pressurized storage tadkrring tank filling. In the MATI unit, thermal and mass
transport distances areninimized within the bed by separating the bed into a stack of
modules separated by hydrogen distribution plates and cooling plates. At one end of the
modules, chilled hydrogen is distributed radially from the exterior of the tank to the interior
of the bed through the use of hydrogen distribution plates. The hydrogen is then
transported axially within the bed where it is adsorbed. Because the temperature of the
incoming hydrogen starts below the temperature of the bed, some of the heat of adsorption
is removed during hydrogen adsorption. The remaining heat of adsorption is managed by
liquid nitrogen cooling plates at the other side of each modulguidl nitrogen is distributed
to and from the cooling plates via header tubes located on opposite enttegilates. The
same cooling platarchitecture carbe used for desorption of the hydrogeturing vehicle
operationthrough the introduction of ambient air within theeadertubes. As the cooling
requirements for adsorptiomre much greater than the he¢img requirements for desorption,
the architecture was designed to meet adsorptieguirements. In addition,his cooling
architecture was designed to be manufacturable; able to take advantage of the

manufacturing capabilitiessed for producingqutomotive radiatos.
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Cooling Plates Cooling Plates

Hydrogen Plate Hydrogen Plate

Adsorbent Beds

Header Tubes Header Tubes

Figurel: Geometric concept of the MATI for two adsorbent modules; without modules (left) and with modules
(right)

Module height is an importangeometric parameter within the MATI design. Too
large of a module éight and the bed will heat up leading to poor adsorptkinetics and
heat transfer rates.Too small of a module height and the MATI unit becomes too heagy
to the increased number of cooling plates per unit voluntfeurther, the conductivity of the
bed significantly influences the module heighAs the thermal conductivity of the bed
increases, the module height can be increased reducing the overall volumetric displacement
and weight of the MATI. The MATI has been designed to manage the thernwt eff@
heat of adsorption of 4 kJ/mol,HTypical heats of adsorption fadsorbentsare baéween 3
5 kJ/mol [39]. Figure2 demonstrates theheat transfer requirementof the MATI. The
designedmodules take the form a$hort cylinders or diskwith its diameter greater tharits

height.
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P D=30cm -
H2 (gas) Hydrogen Plate
m = 0.027 kg H2/min
QNZ_— —)
H2 Q

I h=1.5cm
Q
N2 (lig) ' Cooll.ng Plate l N2 (liq)
70K Q = mCypppAT

77K

Figure2: Heat exchanging functionality of the MATI with selected design specifications

One requirement of the MATI uni$ to keep the liquid nitrogerirom boiling during
filling to avoid vapor lock and other issues associated with two phase flowbdiley point
for liquid nitrogen (LB at one atmospheras 77 K. Pressure drops were expected to stay
below a few atmospheres. Further, the useld$ cooling required that the system be
hermetic, capable of withstanding the thermal stresses assotiatéth operating in a
cryogenic environment. Finally, the system was required to withstand up to 50 atm
differential pressure, the assumed maximum storage pressure of the compacted adsorbent.
Therefore, cooling plates wer@esigned to withstand deflectiamwhich could pinch off flow
or cause flow maldistribution across the cooling channels. A completsf setuirements is

presented inTablel.

As suggested abové&ey material requirements involvethinimizing displacement

volume (high strengthsiand cost In addition, the material was required to withstand the
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stresses of the pressurized hydrogen while resisting hydrogen permeation, hydrogen
embrittlement and thethermal stresses caused by cryogenic cooling. The high hydrogen
pressures dictated the need for high elastic modulus materials to resist deflection. Further,
the material needed to have a minimal coefficient of thermal expanganinimizethermal

stress duringtank filling. The material also needed to resist potential erosion caused by high
velocities in cooling plate inlets and outletsOther requirements were based on the
manufacturing and operational considerations of the MATI. Among manufacturing
requirements, bonding and brazing techniques were required to achieve a hermetic joint at

the interface of the cooling plates and header tubes.

Initial candidate materials wereestricted to metals because of structural, thermal
and manufacturing consatations. Metals that have been successfullysed in hydrogen
environmentsincludepure aluminum 6000 and 7000 series aluminum allend316, 22-13-
5, A286 and FeNi-Co stainless steel alloys with a nickel content above [E&}6 Aluminum
and its 6000 and 7000 series alloys are a good selection for minimizing mass. However, as
suggested above, displacement volume is a larger issue in adsorption beds than mass.
Compounding this issue, the bonding and brazing of aluminuoehits alloys is more difficult
due to the thick native oxides on aluminum and its allo§$6 gainless steel was selected to
demonstrate the feasibility of a MATI unit due to its availability, machinability, joinability,
high elastic modulus at room arwyogenic temperaturef60] and because ihas been most

commonly used in cryogenic systef@$] [60] and hydrogen environmen{§1-63].
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Tablel: Design requirements

MATI Design Requirements
Remove heat of adsorption
Provide heat for desorption
Withstand 50 atm differential pressure
Hermetically seal liquid nitrogen from hydrogen environment
Introduce chilled hydrogen ascaolant halfway between cooling plates
Allow hydrogen to access adsorbent axially

Function

Resist hydrogen permeatiaand embrittlement

High modulus of elasticity at room and cryogenic temperatures
Material Machinable (photochemical etching, milling)

Joinable (diffusion bonding, welding, brazing)

Low coefficient of thermal expansion

3.1 Modular Adsorbent Tank Insert Design

Threedimensional CAD models, system models and detail design models were
developed in parallel to visualizand evaluatedesigh concepts System analyses were
evaluated based othe impact of design features aystemdisplacement volume System
models were developed in Excel based on the design specifications used in the CAD models.
Detail analyses were performed to investigaflow distribution, thermal distribution,
pressure drop, and fin deflectiowithin and between cooling plates CAD models were
developed using SolidWorkdDetail design analyses were performed on CAD models using
computational fluid dynamics (CFD) dindte element analysis (FEAA manufacturing plan
was developed once a design was found to meet key requirememtee MATI unit was
designed to be assembled using soldering/brazing baths commonly used in the automotive
industry for the assembly of raatiors. A detailed procesbased cost model was then

developed to estimate the costf-goodssold of the proposed design.
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The MATI was developed as a fin and tube type heat exchanger with three
components: header tubes, cooling plates (LN2 plates) arididison plates (H2 plates)A
portion of the MATI system design is illustrated below Rimure 3, showingthe thermal
management system needed to manage the tempera within four modular beds. Each
plate is assembled fronwo shims Theshapeof eachshimQ & LJS Naxnigii Nd&ader
tubes to fit within the tankcylinder.

[reseer ]

' LN2 Plates
H2 Plates ~ ‘

Figure3: A partial MATI design for four adsption modules (nodules not shown)
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LN2

H2

\ 4

Cooling Plate

el

N

1.50 cm

Distribution Plate

Adsorbent Bed

Y

Cooling Plate

Distribution Plate

3.60cm

’_

\ 4

Cooling Plate

Figure4: Fluid paths of the MATI; liquid nitrogen (cooling plate) and chilled hydrogen (distribution plate)

the two adjacent adsdent modules compensating for the cooling capacity of the chilled

hydrogen injected through the hydrogen distribution platésgure 2, Figure4).

Each cooling plate was designed to remove tbmainingheat of adsorptionfrom

System

models were developed to estimatdtrogen flow rate requirements based on tlooling

capacityof the adsorbed hydrogen The followingassumptions Table 2) were made in

addition to those listed iMmable?.

Table2: Assumptions foMATI system models

System Model Assumptions

Adsorbent Density

316 Stainless Steel Density
Hydrogen Storage Capacity
Hydrogen Storage Requirement
Fill Time

560 kg/m®

8000 kg/m®
0.067 kg H/kg Adsorbent
56 kgh

3.3 Min
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The total heat flux generated by the adsorbent bed was found by calculating the
total thermal load due to adsorption (78.5 kJ) during a fill time of 3.3 @@®8 s) and was
found to be 56.3kW based on a heat of adsorption of 4 kJ/molt assumed that the
connective heat trasfer coefficient inside the microchannel device was at least as large as
the conductive heat transfer coefficient within the adsorption bedhe heat transfer
coefficient of the cooling plate was found to be 2478.6 i#nwith a Nusselt number of
8.24 (fow through parallel plates with a width to height ratio > 8 and constant heat flux)
[64], a hydraulic diameter of 500 um (5%40m) and a thermal conductivity for liquid
nitrogen of 0.1504 W/nK at 70 K65]. This shows that the cooing plate has the ability to
easily remove the required heat due to adsorptidsnder these assumptionshe cooling
capacity of the incoming chilled hydrogen and the mass flates of the required liquid

nitrogen weredetermined using the following basic equation:
Q=mGDT "

For the hydrogen flow,he average mass flow ratgasfound by dividing the total
hydrogen mass required for the storage syst€sb6 kg)by a fill time of 198 seconds as
established in the 2017 DOE targets. The constant pressure heat cagfdojigrogen at 40
K wasusedfor equilibrium paraortho hydrogen with 85.12% para hydrog€i8,758.62 J/kg
K)[66]. Incoming hydrogetemperatureis expected to be 40 &dthe maximum allowable
bed temperatureof 80 K giving the incoming hydrogen a maximum temperature difference
of 40 K A temperature difference of 30 K was used to be more conservative in estimating
the required liquidnitrogen flow rates. Consequently tiwas found that 117 kW of the heat

of adsorptioncould be removed from the incoming hydrogeithis suggested the need to
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remove the remaining 44.BW of heat with liquid nitrogenLiquid nitrogerflow rates were
found to be 232./min based on @onstant pressure heat capacity of nitrogen2042 J/keK
at 70 K andan allowable temperature change of the liquid nitrogeh7 K to avoidoilingin

the coolingplate microchannelshannels.

In prior work, effortswere made to analyze themodular bed height based on a
tradeoff between theamount of adsorbent needed to store 5.6 kg of hydrogen (which
increases with bed height due to higher temperature thermal profiles) and the displacement
volume and mass of the thermalanagement system (which decreases with bed height due
to fewer cooling plates)57, 58] Amodular bedheight of 1.5 cnwas found to besuitable
for the systemconfiguration describedabove [67]. Therefore, each cooling péatwas
designed to remove the remaining heat of adsorption fato, 1.5 cm highbeds after

adjusting for the cooling capacity of the hydrogen.

Based on the constraints of the tank and detail analyses described in more detail
below, key assumptions for sgsn models regarding the geometry of the MATI unit are

shown inTable3.

Table3: Geometric design specifications

Specification Value
Adsorbent Bed Diameter 0.3 m = 30 cm
MATIDiameter 0.3 m 30 cm
H2 Top Shim Height 0.00025 m = 250 pm
H2 Etched Shim Height 0.00035 m = 350 pum
LN2 Top Shim Height 0.00025 m 250 pm
LN2 Etched Shim Height 0.0005 m 500 pm
Header Inner Diameter 0.030 m 30 mm
Header Outer Diameter 0.032 m = 32 mm
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Based on the hydrogen storage capacity &olsorbentsgivenabove,the final system
configurationwas found to consisbf 142 modules ofadsorbent including 71 hydrogen
distribution plates and 72 cooling plates herefore, the cooling capacity requirement per
cooling plate was to removat least620W (310 W per cooling surfaca} 3.2 L/min based
on the heat flux of 4.4 kW/fon each cooling surfaceFinalsystem mass and displacement

volumefor the MATIsystem are shown below.
Table4: S/stem model results fodisplacement volume

System Specifications

Storage Tank Volume* 160.9 L
MATI Displacement Volume  10.1 L
MATI VoluméPercent 6.3%

*Storage tank volume is the minimumterior
tank volume needed to enclose the MATI ar
the adsorbent beds

As shown in Table 3, the MATI occupiatisplacementvolumeof less tharb%. This
is over a 8% reduction in the percent displacement volume of tfie and tube typeheat
exchanges proposed by[51] and [52], and a 10% reduction in the percent displacement

volumeof the coiled tube exchangemoposed by52] and[53] for metal hydride systems

3.2 Detail Design
A manufacturing plan for producing the MATI was developed based on commonly

used processing technigues for producing microchannel systfk and automotive
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radiators The cooling plates were designed to be photochemicallpeztcfrom shim stock
and were assembled together using diffusion bonding. Slots were machined into headers for
assembly with cooling plates via brazing using a process similar to how headers on

automotive radiators are joined to cooling fins and platebe Tanufacturing plan is shown

in Figureb.
| Shim Processing |
Shim Bonded
Pattern .
Sock ; De-Panel Bond Shims Plates T
Sy Shims » Shims > Diffusion | MATI Joining |
Pnotgs;?_e = Laser Qutting Bonding
Ing Assemble .
Join Shims
.| Patesand N
Head » and Headers
: ea .er Brazing
T Fixturing
Qut Tubeto Qut Sitsin
Length Header =
Sawing Spindle Sawing || Formed
| Headers
......... Header Processng |-

Figure5: MATI Manufacturing Plan

The cooling plate§LN2 plates) are fluidic microchannel heat exchangers assembled
from two shims. Theélind-cut shim is photechemically etched to a depth of 2506n in 500
pum thick shim stock. The top shim is a flat shim from 250 pm thick shim stoclshiffeare

joined by diffusion bonding to form a cooling platé{uret).
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Figure6: PatternedLN, shims (left) and bonded Li\blate (right)

Two ringsare visible in the design of the etched shim. The outer ring is 500 um wide
and is usedo hermetically seal the cooling plate along the edge of the shim during diffusion
bonding. The inner ring was used to help distribute cooling fluid across the cptdieg By
having smaller hydraulic diameters through the inner ring compared to between the pillars,

flow is partially redirected to the edges of the cooling plate.

RInE Surface

Outlet

LN2 Plate L

Outer
Ring

Figure7: Top view of LNetched shim to show pillar geometry, inlet, outlet and ring features

The inlet and outlet was shaped for good brazingufitand to allow the headers to

fit within the periphery of the platesFigure8 shows the cross section of the header joint.
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Figure8: Top view of the cooling plate to show the cross section of the header at the inlet joint

The etched shims were designed having a netwadrkillars provide the structural
support for the fluidic channel to withstand the differential pressures within the tank. Pillar
diameters were selected to be 1.3 based on manufacturing requirements of PCM and to also
serve as faying surfaces during borgl The function of the pillars was to minimize
deflection of the adjacent fins leading to increased pressure drop or flow maldistribution.
Spacing of the pillars was selected based on Ansys FEA modeling of fin deflection caused by
the differential pressure éween the stored hydrogen and the liquid nitrogelmitially, plate
mechanics calculations showed expected deflectiondfi pm (4.4% average channel
deflection)dzA A y3 w2 NJ SQ& ¥6BMivadaircular dkwii fike§ &dgeS &nd A 2 v

even pressure applied normal to the plate.

The FEAiIswulations were conducted on the thremverlappingregions of the cooling
plate to assess all possible pillar sparse inlet, the center and an ibetween section

(Figure 10).
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Figure9: Regions of the cooling plate investigated by FEA

A symmetrical boundary conditiowas used forall outside edgesand 50 atm
uniform pressure was applied normal to all external surfacéhe symmetryboundary
placed a fictionless support along the edges of the plates. The materigherties used
were for316 stainless steel at 295 KL(°F. The use ofoom temperature valueprovideda
more conservative resulsincethe strength of SS increases as temperature de@gas\
rectangular polyhedrommesh was created angkfined until no further change in deflection

was found. The final mesdi the central section of the cooling plaieshown inFigurelO.

Figurel0: FEA mesh of the central cooling plate section
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Thepillar pattern was generatetdy specifying the distances between the adjacent
pillars and the distare between each row of pillarswith a specified dimension of 3.5 mm
between adjacent pillars and between each row, the largest span was found to be around 5
mm. The largest deflection was found in the center of the cooling plate, where the pillar
spacingwas found to be around 5 mimetween the second and third row of pillar§he FEA

results of the central cooling plate section can be seefidgnirell.

L0717e-005 71

Max

Figurell: FEAdeflection results of the central cooling plate section

Across the cooling platejlfar spacing was found to deom 3.5 mmto 5 mmleading
to a maximum deflection of 10.5 um, which is equivalent to an average deflectiarooihd
4% of the channel height across the pillar spdihis suggests that the deflection due to the
pressurized environment does not significantly affect thewvflmaldistribution acrosghe

plate.
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The hydrogen distribution plates were similar in design to the liquid nitrogen plates
but contained features to distribute the incoming hydrogen axially into the adsorbent beds.
The etched shim of the hydrogen platentains a blind cut etched channel with a depth of

100 pm from 350 pum thick shim stock (this maintains fin thickness of 250 um).

Figure12: H2 shims (left) and bonded H2 plate (right)

The etched channel also features slits is&veral pillars to create a pathway to the
though cut holesn the top platethat allow hydrogen to flow to the adsorbent bedsi{ure
13). The top shim is a flat gie of shim stock with through cut etched holes. Through cut
etched holeswere obtained by applying etchant to both sides of the shim stock
simultaneously. Another feature of the distributor plate that is different from the cooling
plate is how the platesre joined to the header. The cooling plate is inserted into the
headers to form a type of a lap joint, while the distributor plate forms jaint (Figurel3)

with the header tube becauseo LN2fluidic interactionis required
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H, Inlets

Figurel3: Top view of the H2 etched shim to highlight header joint and H2 pathways

The header tube was designed to ensure even flow distribution between cooling
plates. The inner diameter was sized to keep the pressure drop through the hieadahan
10% ofthe pressure drop through a cooling plate. Header dimensions were determined by
finding the pressure drop through the header using the flow rates requiredhi®rcooling
plates. hy OS G(KS Ff2¢ NIGS sta (yz2seys (GKS wSeyz2fR
the header. Pressure drop was then calculated for each section of the header with the
header diameter that had a 10:1 pressure drop ratio versus the rurabcooling plates fed
by that header section. A weighted average was then taken of the header diameter for each
point that was analyzed. The inner diameter was determined to bem2® with a wall
thickness ofl mm with this analysis Further distributon analysis was conducted and is
presented in section 3.3.2, showing that the header needs to have an inner diame2ér of

mm to ensure good distribution.
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Slits for Tube-
Plate Joints

Header

Figurel4: Header tube with slits for three cooling plates

It wasdetermined that the cooling plates would be brazed to the header tubes in a
manner similar to processes used to join automotive radiators. Joint cleanliness -apd fit
are critical for designing a good braze jdi®®]. Critcal features for brazing need to have a
clearance of less than 0.002 in (@) for full joint penetration69, 70] The plate and tube
joint was designed to have a clearance of less than 25 um. The braze width is 1 mm due to
the wall thickness of the heker tube and the length of the braze joint is 1iim long
(perimeter of the inlet/outlet of the cooling plate)The design of the braze jainan be seen

in Figure8, Figurel3, andFigurels.

Figurel5: Header andtooling plate braze joint
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3.3 Design Evaluation

The detail design of the MATI was evaluated based on key requirements and failure
modes during operation. Key requirements included the cooling capacity, pressure drop, flow
distribution and thermal distribubn of the cooling plates. Key failure modes investigated
were flow maldistribution between plates and thermal shock or thermal fatigue. Flow
maldistribution between platesvascontrolled by header design. Thermal shock and fatigue
were controlled by maaging thethermal stresses associated with large temperature
gradients, differential thermal expansion, or mechanical constraint. Because the
requirements for the hydrogen distribution plates were less rigorous than those of the
cooling plates, the focuaf this investigation was the key functional requirements and failure

modes of the cooling plates.

3.3.1 Flow and Thermal Distribution of @ingle Cooling Plate

Thermal distribution is a critical feature in heat exchangers because hot spots can
lead to dggradation in heat exchange performance due to lateral heat transfer. Hot spots in
the heat exchanger can further lead to boiling of the liquid nitrogen and vapor lock as well as

hot spots in the adsorptive module and ledsred hydrogen.

A CFD analiswas conducted using Fluent to evaluate the flow distributibthe
flow rates(4.7 L/min per plate) and cooling capacitie856 W per plate)required to remove
all of the heat of adsorptiorfrom two 1.5 cmhigh x 30 cm diametemodules with a single
cooling plate This level of heat removal represents a heat flux of 4.65 k¥ftémthe cooling

plate and is an overdesign by not accounting for the cooling capacity of the chilled hydrogen.
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The model was used to evaluate thvarst case fothermal distribuion and pressure drop of

LN in the cooling plates.

CFD was conducted using-apsilon model with laminartransitional,and turbulent
flows. The simulation was firstun as a laminar model to determine the initialization
parameters for the laminar and turbulent model A tetragonal mesh was used and
refinement was conducted using the turbulent refinement algorithm in Fludifte resultant

mesh is shown iRigurel6.

ol

Figurel6: CFD mesh of the LN2 cooling plate inlet (courtesy of Daniel Peterson)

The Reynolds number at the inlet andtiet were found to be around 2800
suggestingurbulent flow, though a Reynolds number of aroun@0D was found across the
majority of the plate suggesting laminar flow.Inlet velocity was found to be 9 m/®
generate a flow rate that would remove the heat adfisorption of two adjacent adsorbent

beds without inducing boiling in the microchannels by limiting the delta T to 7 K
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Figurel7: Temperature profile of the LN2 platéom CFD simulation (courtesy of Daniel Peterson)

Figurel7 shows a steadgtate solution of the thermal profile for liquid nitrogen in
the cooling plate that occurs during hydrogen storage. The simulation investigates the
thermal effects of hydrogen storage and shows how the cooling fluid removes the heat of
adsaption. The thermal profile shows that the cooling fluid flow is evenly distributed across
the plate. Also,Figurel?7 shows that the thermal gradient frortie inletto the outlet is 7 K
across the cooling plate, indicating that boiling in the microchannel is not an isBhe.
pressure drop was found to be 336 kPa (3.32 atm, 48.81 psi) across the cooling plate, with
the majority of the pressure drop occurring at thdet and outlet. These pressure drops

were found to be reasonable on an automotive platform.

Further CFD investigations showed that by considering theobling, the pressure
drop was reduced t@45 kPa (2.4 atm, 35.5 psi) with a temperature differeotkess than 7

K using a flow rate of 3.2 L/min and an inlet velocity of 6.2 m/s. The liquid nitrogen velocities







































































































































