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NOMENCLATURE

= Surface area [m’]
= Concentration of H, [mol Hz/m3 of interparticle void]

Equivalent concentration of NaAlH, [moles/m’] based on the initial

concentrations of all metal species
C,, +3C,, +C,,

= The bulk concentration of NaH [mol NaH/m"]

The bulk concentration of NaAlH, [mol NaAIH,/m’]
C

ref

Specific heat of coolant [J/(kg- K)]

Specific heat of the metal [J/(kg-K)]
Concentration of NaAlH, [moles/m’]
Concentration of NazAlHg [moles/m3]
Concentration of NaH [moles/m’]

Initial concentration of NaAlH, [moles/m’]
Initial concentration of NasAlHg [moles/m3]
Initial concentration of NaH [moles/m’]

Inner diameter of coolant tube [m]

= Inner diameter of coolant tube [m]
= Mean diameter of particles in bed [m]
= Diameter hydrogen feed tube [m]

Outer diameter of coolant tube, including sleeve formed by extrusion of
fin [m].

= Friction factor

Mass flux [kg/m?-s]
Hydrogen gravimetric density [(Mass H2)/(Mass NaAlH4 From NaH)]

Gravitational acceleration vector [m/s’]

Specific enthalpy [J/kg]

Convection heat transfer coefficient for heat transfer fluid [W/m?*- K]
Convection heat transfer coefficient for the heat transfer fluid [W/(m?- K)]
Convection heat transfer coefficient for H; in the feed tube [W/m*- K]

= Specific internal energy [J/kg]
= Thermal conductivity of the metal hydride bed [W/(m-K)]
= Thermal conductivity of the heat transfer fluid [W/(m- K)]

= Thermal conductivity of the metal [W/(m-s)].

Characteristic length [m].
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Mass of recoverable hydrogen sorbed in the bed [kg]
Total mass of loaded storage tank, including the bed loaded with Hy,

fins, liner gaps and pressure vessel. The mass of the heat transfer fluid
is not included.

Pressure [Pa]

Molecular weight of species i1 per mole [kg/g-mole]

Gram molecular weight of H, [kg/g-mol] =0.002016 kg/g-mole
Gram molecular weight of NaH [kg/g-mol]

Gram molecular weight of NaAIH,4 [kg/g-mol] = 0.054 kg/g-mole
Gram molecular weight of Na3zAlHg

Outward normal to surface
Number of moles of NaH
Number of moles of NaAlH,
Number of moles of Nas;AlHg

Total number hydrogen feed tubes

hTD = Nusselt number based on diameter, D

Pressure [Pa]

P . .
—— = Non-dimensional pressure

ref

Reference pressure [Pa]

Yo Prandtl number
o

Heat flux vector [W/m?’]
Heat flux [W/m?]

= (as constant

b _ Reynolds number based on diameter, D

w
Arc length [m]

Rate of H, generation per volume of bed from all chemical reactions
[mol Hy/(m” - )],

SH2 >0 if Hy is produced

S

The arc length of tubes in contact with coolant, lying within area A; [m]
The arc length of tubes in contact with coolant, lying within area A, [m]
Bulk temperature of the heat transfer fluid [K]

i, < 0 if H, is removed

T . .
—— = Non-dimensional temperature

ref
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Bulk temperature of the H; in the feed tube [K]
Reference temperature [K]

Tube wall temperature [K]

Volume [m’]
Total volume of storage tank, including the bed, fins, liner gaps and

pressure vessel [m’].
H; velocity [m/s]
x component of the velocity, v [m/s]

= Non-dimensional x-component of velocity

ref

Reference velocity [m/s]

y component of the velocity, v [m/s]

= Non-dimensional y-component of velocity

ref

Total volume of storage tank, including the bed, fins, liner gaps and
pressure vessel [m’]

z component of the velocity, v [m/s]

= Non-dimensional z-component of velocity

ref

= Thermal diffusivity of coolant [m?/s].

Change in the concentration of H, [mole/m’]
Change in the concentration of NaAIH, [mole/m’]

Enthalpy of reaction on a molar basis of species 1 [J/(mol of 1)]
Overall heat of reaction for uptake of H, by the hydride [J/g-mol].
Heat of per mole of H, consumed going to left for reaction 1

-37 kJ/(mol Hy)
Heat of per mole of H, consumed going to left for reaction 2

-47 kJ/(mol Hy)
Number of moles of H, consumed in going form NaH to NaAlH, [mole]
Number of moles of NaAlH4 produced from NaH [mole]

Pressure drop across the length of the tube [Pa]
Change in bulk temperature of coolant over the heated length of the
cooling tube [°C]

= Void between particles in bed

Kinematic viscosity of coolant [m%/s]
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Mass density [kg/m’]
Mass density of species i [kg/m’]
Density of the metal [kg/m"].

pmeta]
pu= Viscosity [Pa-s]
T = Stress tensor, having components t; [N/m’]
Tt = Time required for H loading [s].
Symbols and Operators
Vu, | = Ratio of the stoichiometric coefficient of H, to NaH in reaction 2 = 0.5
VNaH Rxn2
Vi, Ratio of the stoichiometric coefficient of H, to NaAlH,4 in reaction 1 =1
VNaAlH, Ryal

()HQ_

(e
(),
()

For H, gas

For solid phase reactants
For solid phase products
For inert (non-reacting) material, such as metal foam
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1.0 EXECUTIVE SUMMARY

It is recognized that detailed models of proposed hydrogen storage systems are essential
to gain insight into the complex processes occurring during the charging and discharging
processes. Such insight is an invaluable asset for both assessing the viability of a
particular system and/or for improving its design. The detailed models, however, require
time to develop and run. Clearly, it is much more efficient to begin a modeling effort
with a good system design and to progress from that point. To facilitate this approach, it
is useful to have simplified models that can quickly estimate optimal loading and
discharge kinetics, effective hydrogen capacities, system dimensions and heat removal
requirements. Parameters obtained from these models can then be input to the detailed
models to obtain an accurate assessment of system performance that includes more
complete integration of the physical processes.

This report describes three scoping models that assess preliminary system design prior to
invoking a more detailed finite element analysis. The three models address the kinetics,
the scaling and heat removal parameters of the system, respectively. The kinetics model
is used to evaluate the effect of temperature and hydrogen pressure on the loading and
discharge kinetics. As part of the kinetics calculations, the model also determines the
mass of stored hydrogen per mass of hydride (in a particular reference form). As such,
the model can determine the optimal loading and discharge rates for a particular hydride
and the maximum achievable loading (over an infinite period of time). The kinetics
model developed with the Mathcad® solver, runs in a mater of seconds and can quickly
be used to identify the optimal temperature and pressure for either the loading or
discharge processes. The geometry scoping model is used to calculate the size of the
system, the optimal placement of heat transfer elements, and the gravimetric and
volumetric capacities for a particular geometric configuration and hydride. This scoping
model is developed in Microsoft Excel® and inputs the mass of hydrogen to be stored,
mass of stored hydrogen to mass of hydride (from the kinetics model), component
densities, etc. The heat removal scoping model is used to calculate coolant flowrates,
pressure drops and temperature increases over the length of the cooling channels. The
model also calculates the convection heat transfer coefficient required to remove the heat
of reaction associated with hydrogen uptake. The heat removal model inputs dimensions
and the mass of hydrogen to be stored directly from the geometry scoping model.
Additionally, the model inputs the heats of reaction, the thermal properties of the coolant
and the time required to charge the bed.
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2.0 INTRODUCTION

Detailed models for hydrogen storage systems provide essential information about flow
and temperature distributions and the utilization of the bed. However, before
constructing a detailed model it is necessary to know the geometry and dimensions of the
system, along with its heat transfer requirements, which depend on the limiting reaction
kinetics. This document describes scoping models that were developed to estimate
system dimensions required to store a given mass of hydrogen, determine coolant
flowrates and temperatures required to remove heat generated by uptake or discharge
reactions, evaluate the reaction kinetics models and, within the context of these models,
determine limiting bed loading rates.

The system of scoping models is general and can be applied to any storage material and
bed configuration. In this document, the system of models are applied to TiCl; catalyzed
NaAlH,4 storage media in a cylindrical shell and tube storage configuration that has
axially spaced fins, that extend in the radial direction; similar to that in Figure 2.0-1.
Additionally, the kinetics scoping model is applied to o-AlHs.

Figure 2.0-1 Illustration of a shell, tube and fin hydride bed configuration developed by
the United Technologies Research Center™, East Hartford, Connecticut.

3.0 CHEMICAL KINETICS SCOPING MODEL

The effect of chemical kinetics on the hydrogen loading and discharge rates from a
particular hydrogen storage material are evaluated using the chemical kinetics scoping
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model, which is based on the Mathcad®, version 14.0.0.163, software. The model, which
considers the dependence of reaction kinetics on temperature and pressure, is used to
identify potential discrepancies in kinetics data, predict loading rates, and determine the
gravimetric and volumetric capacities of the bed.

The equations governing reaction rates for hydrogen with the metal hydrides are
dependent on the hydride and its reaction mechanism. In this document, the reactions for
hydrogen uptake by TiCl; catalyzed sodium alanate, NaAlHy4, and by alpha aluminum
hydride, o-AlHs, are specifically addressed in Sections 3.1 and 3.2. The Mathcad® based
model, however, may be applied to any metal hydride once its kinetics have been
characterized.

3.1 Sodium Aluminum Hydride Reaction

The United Technologies Research Center™ (UTRC) developed an empirical kinetics
model for hydrogen uptake and discharge reactions in TiCls catalyzed NaAlH4, see
Attachments 3 and 4. The chemical balance equation for the reaction is

NaAlH, © lNa3A1H6 FEYV H, & NaH +A1+§H2 3.1-1
== 3 == —— 2
Species 1 Reaction1 Reaction 2 Species 3
Species 2

To use the UTRC kinetics model, define the expressions:

ry =Co Ay exp{— E }[P(C’gll_(%q‘(w 3.1-2a
ry = —Co A exp{— il; _:Pe‘” (qu_(l;()c’T)} 3.1-2b
ryp =—C, Ayp exp[— ERZTF | _P(C,;lz—(%)qz (T)} 3.1-2¢
By = CoAsp exp{— Eap }{Pﬁqz (1)- P(C’T)} 3.1-2d

RT P,.,(T)

where:  rp= Hydriding (forward) reaction rate coefficient

for reaction 1 [mole/(m’ )], see Eq. 3.1-1

rig = Deydriding (backward) reaction rate coefficient
for reaction 1 [mole/(m’ )], see Eq. 3.1-1

rop = Hydriding (forward) reaction rate coefficient
for reaction 2 [mole/(m’ )], see Eq. 3.1-1

g = Deydriding (backward) reaction rate coefficient
for reaction 2 [mole/(m’ )], see Eq. 3.1-1

C = Concentration of H, [mole/m’]
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Equivalent concentration of NaAlH4 [mole/m’] based on the initial

concentration

s of all metal species

C,, +3C, +C;,
Initial concentration of NaAlH, [mole/m’]

Initial concentration of NasAlH¢ [mole/m3]

Initial concentration of NaH [mole/m”]

P, (T) and P_,(T) are the H pressures, in Pa, in equilibrium with the NaAlH, and the

NasAlHg metal hydrides, respectively, at temperature T, in [K]. These equilibrium
ressures are given by the van’t Hoff equations:

P, (T)=10"exp

} 3.1-3a

5
P, (T)=10 exp[ RT

o AH, 48,
R

AH, AS,

R

} 3.1-3b

Values for the constants used in Eqgs. 3.1-2a-d, and 3.1-3a-b are listed in Table 3.1-1

Constants for the Rate and Equilibrium Expressions

Table 3.1-1
Constant Value
Air 10®
Aip 4x10°
Ay 1.5x10°
Asp 6x10"
EIB 110.0 kJ/mol
E2B 110.0 kJ/mol
e 2.0
Lis 2.0
X2 1.0
X2B 1.0
AH,
-4475
R
AS, -14.83
R
AH
2 -6150
R
AS, -16.22
R
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The reference for this model, contained in Attachment A-1, proposes the kinetics
equations

X1F
3C,(t .
dC g |:C;() —Chu (T):l if P2P,(T)
et B eqv 3.1-4
dt C (t) X1B a
Iy Cl if P<P, (T)and C,(t)>0
eqv
and
X2F
C,(t .
dC r2F|: C3 ) - C3sat (T):| lf P > Peq2 (T)
= o 3.1-4b
dt 3C (t) X2B
T,y C; if P<P,,(T)and C,(t)2=0
eqv
By Egq. 3.1-1
dC 1(dC, dC 1
L= _E(d_tler_‘jJ or |C; =Cyy (c,-c,,)+(c,-cy, )l 3.1-4c
where: C, = Concentration of NaAlH,4 [mole/m’]

C, = Concentration of Na3AlHg [mole/m’]
C, Concentration of NaH [mole/m’]

Based on data for the loading of NaH, expressions for C, , (T) and C, , (T), in
[mole/m’], were estimated by UTRC in Attachment 1 as

C2 sat (T) = 0
wi2 (T) 3.1-5
C,,(D=r,|1-———
3sat( ) sat( 0056 ]
where: r,, = Max|l,|1- 0.0373» 3.1-6
0.056 —wf.2'(T)

The values for wf* (T), the saturation hydrogen weight fraction for loading at a fixed

temperature T, are listed in Table 3.1-2. Both the Mathcad® kinetics scoping model, and
the COMSOL® two and three-dimensional system models, Hardy [2007], use a spline fit
to this data with extrapolated values fixed at the endpoints.
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Table 3.1-2
t

Values for wf. (T)

T &) wig (T)

353.15 0.021

363.15 0.023

373.15 0.029

393.15 0.022

413.15 0.018

The weight fraction of H, contained in the sodium alanate metal, based on Eq. 3.1-1, is
defined as

B Massof H, in Metal
Equivalent Mass of NaAlH,

_ (1 S0, + 0'5nNa3A1H6 )NIH2 317
Do, Maarn, + 30 vasaim, Mvasamg T e M an

_1.5C, +0.5C, My,
C M

eqv NaAlHy

wf

where: Ny, = Number of moles of NaAlH,
Ny,.am, — Number of moles of Na;AlHs
Ny, = Number of moles of NaH
My,am, = Gram molecular weight of NaAlH,4 [kg/g-mole]
M yu,am, = Gram molecular weight of Na3AlHe [kg/g-mole]
M,,; = Gram molecular weight of NaH [kg/g-mole]
M, = Gram molecular weight of H, [kg/g-mole].

3.2 Alpha Aluminum Hydride Reaction

The reaction kinetics model for discharge of hydrogen from a-AlHj; is based on Graetz
and Reilly [2005]. Data was used to fit the constants E, and A in the reaction rate k(T),
which is given by

E
k(T)=A - 3.2-1
(1) A - 2+

where: A = Constant [1/s]

R = Gas constant =8.314_J
mol K

E, = Activation energy [J/mol]

a

T = Temperature [K].
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The rate of decomposition of a-AlHj3 is obtained in terms of the fractional
decomposition, o, where
o= D gy 0 ~ Dam, t) 390
LTI
So that,
d_OL =i D a0 ~ DA, (t) _ _i LUUNITR (t) 393
dt dt Ny, o dt| n AlH; 0
where:  n,, , = Initial number of moles of AlH;
0y, (t) = Number of moles of AIHj; at time t.
o is expressed as
a =1-exp(-Bt") 3.2-4
where: k(T)= B'* or B=k(T) 3.2-5
Then, from Equations 3.2-4 and 3.2-5
o =1-expl- [k(T)X]") 3.2:6
Graetz and Reilly found that n =~ 2 and for a-AlH3;, A = 1.2x10" (s™")
and E, = 102.2x10° J/mol.
Hence, from Equations 3.2-3 and 3.2-6
d
s (€)= 20,00 o (<(T)? tJexp|- (k(T)e)? 327

dt

Equation 3.2-1, along with the values for A and E,, is used to provide an explicit
expression for k(T).

4.0 DESCRIPTION OF GEOMETRY AND HEAT REMOVAL
SCOPING MODEL

The size of a hydrogen storage system, the location of particular components and it
gravimetric and volumetric capacities are calculated with the geometry scoping model.
Operating parameters for the heat removal system are calculated with the heat removal
parameter scoping model. The heat transfer scoping model inputs data from the
geometry scoping model and is therefore run afterwards. Although the two scoping
models are distinct, they are both incorporated in to the same Microsoft Excel®
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workbook, using the workbook format to transfer necessary data from the geometry
scoping model to the heat transfer scoping model.

4.1 Geometry Scoping Model

The storage system modeled in this report consists of a cylindrical bed with a circular
array of axial coolant tubes and a central axial coolant tube, see Figure 4.1.1-1. Fins used
to enhance heat transfer, are positioned normal to the vessel axis. The arrangement of
fins is similar to that of the UTRC™ storage vessel shown in Figure 2.0-1. The storage
media (TiCl; catalyzed NaAlH,) is layered between the fins. Hydrogen is assumed to be
introduced to the bed by a circular array of axial tubes that could be filled with an inert
porous metal. The pressure vessel wall is assumed to have a cylindrical midsection with
hemispherical end caps.

4.1.1 Radius of Outer Coolant Tube Ring

Consider a cylindrical bed having a cross-sectional geometry similar to that in Figure
4.1.1-1, but with a variable number of coolant and hydrogen feed tubes. Figure 4.1.1-1
represents a cross-section of the hydride bed only; the pressure vessel, liner and gaps are
not included in the drawing. Area A; [m’] in the figure represents the cross-sectional
surface area extending from the center of the bed to the circle passing through the centers
of the coolant tubes. Area A, [m’] represents the area of the bed extending from the
circle passing through the centers of the coolant tubes to the outer edge of the bed.

Let
S1 = The arc length of tubes in contact with coolant, lying within area A;.
S, = The arc length of tubes in contact with coolant, lying within area A,.

To obtain similar rates of heat removal for the inner and outer volumes of the bed (which
are the volumes formed by projecting areas A; and A, along the axis of the bed) it is
desirable to have
Al _ A2

S, S,

4.1.1-1

Equation 4.1.1-1, which gives the radius, r of the ring of outer coolant tubes is equivalent
to requiring the ratio of volume to cooled surface area to be the same for both regions.
This can easily be seen by multiplying the numerator and denominator of both sides of
the equation by the bed length, Lyeg.
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H, Feed Tubes

Coolant Tubes

Figure 4.1.1-1 Schematic of bed cross-section. The pressure vessel, liner and any gaps
are not included. The number of coolant tubes and hydrogen feed tubes
may vary.

The arc lengths of the surfaces in contact with the coolant, S; and S,, in [m],are
calculated by considering the geometries shown in Figure 4.1.1-2 and Figure 4.1.1-3.
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Il Coolant Tube Edge In Area A
[ Coolant Tube Edge In Area A,

Total Blue Arc Length
Over All Coolant Tubes is S;

\‘ Total Red Arc Length
S is Arc Length of Edge of a Over All Coolant Tubes is S,
Single Outer Coolant Tube
Lying Within A /
T
rﬁ

Center Coolant Tube Outer C(?olant Tube

Isosceles Triangle

Circle Through Center of
Outer Coolant Tubes,
Which Divides Areas A;

/
/
and A, .
K

Figure 4.1.1-2 Geometry for the partition of the cooled tube surface with respect to the
inner and outer areas of the bed. Figure is not to scale.

T Toool = Inner Radius
b of Coolant Tube
0/2
a - c
< r >
Radius of Circle Through Center
of Outer Coolant Tubes

Figure 4.1.1-3 Schematic expansion of upper half of isosceles triangles formed by the
center coolant tube and outer coolant tube, and within the outer coolant
tube, see Figure 4.1.1-2.
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From Figures 4.1.1-2 and 4.1.1-3
r’=a’+b’ 4.1.1-2
Tt =€ +b” 4.1.1-3
r=a+c¢c 4.1.1-4
Solve for a from Equations 4.1.1-2 through 4.1.1-4

2r’ -2,
a=—"" 4.1.1-5
2r

So, from Equation 4.1.1-2

b:%}%/hrz —r2) 4.1.1-6

Now, 0 (in radians), shown in Figure 4.1.1-3, is

0= 2arcsin(LJ = 2arcsin(%1/i4r2 ~Tonel )) 4.1.1-6

T r

cool

The arc length, S [m], of the edge of a single outer coolant tube lying within area A, see
Figure 4.1.1-2, is

S=r_,0=2r_, arcsin(%dﬁrz —1 ’j 4.1.1-8

T

The total arc length, S; [m], of the edges of all coolant tubes lying within area A is
S, =(n,, —1)S+nD 4.1.1-9

cool

The total arc length, S, [m], of the edges of all coolant tubes lying within area A, is
SZ :(ncool _IXnDcool _S) 411-10

where: ngo = Total number coolant tubes
Dcool = Inner diameter of coolant tube [m].

The areas A and A, are given by

2 2 2
D D D
Al _ TCI'Z e cool _ outer _ nH . H, _ (nCOOl _ 1)9 cool _outer 4 1 1_1 1
2 ? 2 2

D g 0
L S —D('TJ (n_ij 41.1-12

where: n,
2
D

Total number hydrogen feed tubes

u, = Inner diameter hydrogen feed tube [m]

11
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D = Outer diameter of coolant tube, including sleeve formed by extrusion of

fin [m].

cool _outer

To satisfy Equation 4.1.1-1 the following must be valid, with substitutions from
Equations 4.1.1-9 through 4.1.1-12

ﬁ_ﬁzo
Sl SZ

4.1.1-13

Given the total number of coolant and hydrogen feed tubes, along with their associated
dimensions, Equation 4.1.1-13 is used as an objective function in the Excel® spreadsheet
to obtain a value for r.

4.1.2 Length of Bed
The required length, Liyq, of the hydride alone, without vessel walls, liners or fins, is
Vhyd

2 2
D D
b R2 . ncoo] cool _ outer . HH H,
2 2

where: V, , = Total volume of hydride (in a reference chemical form) [m’]. Depends

4.1.2-1

Lhyd =

on hydride density, mass of hydrogen to be stored and moles of
recoverable hydrogen to the moles of NaAlH..

For a bed with fins bounding the end surfaces, having a thickness t [m], and approximate
spacing Oapprox [M], the number of plate fins, npjae, 1S given by

n plate
approx

L
= Roundup| — ,0J+1 4.1.2-2

Here, the operator Roundup(x,0) in Excel® rounds x up to the next highest integer.

Given this number of fins, the total length of the bed, including hydride and fins, is
Lyyagsins = Lipya + 10 4.1.2-3

plate

The actual spacing between the fins, 6 [m], (which is the axial distance between the
surfaces of the fins bounding the metal hydride layer) is

8 _ Lhyd&ﬁns —tn
-1

n

plate 4.1.2-4

plate

4.1.3 Input Parameters for System Dimensions
The input parameters required to calculate the dimensions of the storage vessel are list in
Table 4.1.3-1.
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Table 4.1.3-1 Input for Calculation of System Dimensions

Parameter Value
Mass of recoverable H, to be stored in vessel 1000.00 g
Practical ratio of moles H, to moles NaAlH, that can
be stored 1.500
Bulk density of NaAIH, powder 0.72 g/ cm®
Hydride bed diameter, no walls 23.00 cm
Diameter of coolant tubes 1.91 cm
Diameter of H, injection tubes 1.27 cm
Number of coolant tubes 9
Number of H, injection tubes 8
Thickness of fin plates 0.0313 cm
Approximate spacing between fin plates 0.64 cm
Tube wall thickness 0.12 cm
Density of tube material (6061-T6 Al from table on pg
6-11 of Avallone and Baumeister [1987]) 2.70 g/ cm’
Density of fin material (6061-T6 Al from table on pg
6-11 of Avallone and Baumeister [1987]) 2.70 g/ cm®
Material density of porous insert for H, delivery
(6061-T6 Al from table on pg 6-11 of Avallone and
Baumeister [1987]) 2.70 g/ cm®
Void fraction of porous insert for H, delivery 0.70
Density of tank material (Composite @
0.054191bm/in’) 1.50 g/ cm®
Density of liner material (6061-T6 Al from table on
pg 6-11 of Avallone and Baumeister [1987]) 2.70 g/em®
Assume 1/16 in gap between bed & liner 0.159 cm
Assume 1/32 in thick liner 0.079 cm
Tank wall thickness at 50 bar w/ safety factor 0.132 cm

4.1.4 Bed Characteristics
The Department of Energy has set goals for the system volumetric capacity, V.4, and the
system gravimetric capacity, Gcap, Which are respectively defined as

_ mHz
Ve = 4.1.4-1
Vsystem
and
_ mHz
G, =—2 4142
system

where: my, = Mass of recoverable hydrogen reacted in the bed [kg].
Vv = Total volume of storage tank, including the bed, fins, liner gaps and

system

pressure vessel [m3].
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m = Total mass of loaded storage tank, including the bed loaded with H,,

system
fins, liner gaps and pressure vessel. The mass of the heat transfer fluid
is not included [kg].

Veap and Gegp are calculated in the scoping spreadsheet.

4.2 Heat Transfer Parameters

The exothermic chemical reactions occurring during the loading of the bed and the
requirement that the bed be heated to release hydrogen necessitate the use of a heat
management system. Since a shell and tube heat transfer system is assumed for the
storage system, the principal heat transfer parameters are those related to convective
exchange within the coolant tubes.

In the spreadsheet model, the required rate of heat removal is determined by dividing the
total heat generated during the charging of the bed by amount of time required for
charging to occur. In this calculation, it is tacitly assumed that heat transfer to the coolant
tubes is instantaneous and that the bed uptakes the full charge of hydrogen over the time
allotted for charging. The system modeled in this report was evaluated for Dowtherm T®
heat transfer fluid for single phase cooling and DuPont Vertrel-XF® heat transfer fluid for
two phase cooling. Data sheets, from the respective vendors are listed in Attachments 1
and 2.

4.2.1 Single Phase Flow

For coolant in single phase flow the Dittus-Boelter correlation was used to predict the
mass flowrate required to remove the heat of reaction. From Holman [1976] the Dittus-
Boelter correlation is

Nu, = 0.023Re** Pr** 4.2.1-1

h,;D .
where: Nu, = —22— = Nusselt number based on diameter, D
f

D = Inner diameter of coolant tube [m]
h,; = Dittus-Boelter convection heat transfer coefficient for the heat transfer fluid [W/(m*- K)]

k, = Thermal conductivity of the heat transfer fluid [W/(m- K)]

D :
Rep = G— = Reynolds number based on diameter, D

u
G= Coolant mass flux [kg/(m*-s )]

u= Viscosity [Pa-s]
pr= Y = Prandtl number
o
v=Kinematic viscosity of coolant [m?/s]
o= Thermal diffusivity of coolant [m?*/s].

14
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Therefore, the single phase convection heat transfer coefficient, h,, is that obtained from
the Dittus-Boelter correlation, h;, which is

0.8
hy = 0.023(@] Pr® X 4.2.1-2
u D
The average heat flux, q”, from the wall of the coolant tube is then
0.8
q'= hDB (Twall - Tbulk ) = [0'023(@j pr %J(Twall - Tbulk ) 4.2.1-3
v

where: Tya1 = Tube wall temperature (K).
Thuk = Bulk coolant temperature (K).

Based on the stored mass of hydrogen, m , and the time, t, for the loading process, the

average heat flux is
(my, /My, JAH,

T

n

q'= 4.2.1-4

where: my, = Mass of hydrogen stored in the bed (kg).
M, = Molecular weight of H, [kg/g-mol].

AH__ = Overall heat of reaction for uptake of H, by the hydride [J/g-mol].
Time required for H; loading [s].

T

Use Equations 4.2.1-3 and 4.2.1-4 to obtain the mass flux, G, required to remove the heat
generated during loading.

w\1/0.8
G= (a") 42.1-5

0.8 1/0.8
{0.023 ]1; pro4 [EJ (Toar = Tou )]

The pressure drop over the length of a coolant tube (length of the bed), required to drive
coolant through the tube at a mass flux G, is

L 2
AP = £t G 42.1-6
D 2p
where: f=Friction factor for the tube
AP = Pressure drop across the length of the tube [Pa]
L,yaemns = Length of the bed, including hydride and fins [m].

The rise in the bulk coolant temperature over the length of a coolant tube (length of the
bed) is approximated as

15
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"
q Lhyd&ﬁns

DGC

p

AT =4 4.2.1-7

where:  C_ = Specific heat of coolant [J/(kg-K)], assumed approximately constant
AT

Change in bulk temperature of coolant over the length of the bed [K].

4.2.2 Two Phase Flow

If the coolant is allowed to boil at the inner wall of the coolant tube, and the critical heat
flux is not exceeded, the rate of wall heat transfer will be greater than if the coolant
remained in the liquid state. However, the chemical kinetics of the bed are dependent on
temperature. Thus, the coolant must be selected to have a saturation temperature that is
consistent with optimal reaction rates in the bed.

Gungor and Winterton [1986] adapted their correlation for the convection heat transfer
coefficient in vertical two-phase flow to horizontal flows by identifying a liquid Froude
number dependent threshold between stratified and non-stratified flows. The liquid
Froude number, Fr, , is defined as

G2
Fr, =——(1-x) 4.2.2-1
preD
where: G = Mass flux of liquid and gas phases of coolant, [kg/m?-s]
g = Gravitational acceleration [m/ s%]
D = Inner diameter of coolant tube [m]

p, = Density of saturated liquid coolant [kg/m’]

X = Quality of coolant | Mass of Gas Phase of Coolant
Mass of Coolant

When Fr, >0.05, the 1986 Gungor and Winterton vertical flow correlation is used
directly, otherwise multipliers were used to modify terms in the correlation.

The Gungor and Winterton [1986] correlation for the convection heat transfer coefficient
depends on the coolant gas phase viscosity through the Martinelli parameter.
Unfortunately, data for the gas phase viscosity of the selected coolant, DuPont Vertrel-
XF®, was unavailable. Therefore, in place of the Gungor and Winterton [1986]
correlation, the Gungor and Winterton [1987] correlation was used because it was not
dependent on the gas phase viscosity. The Gungor and Winterton [1987] correlation

0.75 0.41
wash,, =|1+3000B"* + 1.12(Lj Prth,, 42.1-2
1-x Pv
where:  h,, = Two phase convection heat transfer coefficient [W/m® K]
py = Density of saturated vapor [kg/m’]
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h,s = Dittus-Boelter convection heat transfer coefficient based on the local
properties of the liquid coolant [W/m? K]
= 0.023Re}* Pr* [%j 4.2.1-2
k, = Thermal conductivity for the saturated liquid coolant [W/m-K]
Re, = Reynolds number for the liquid coolant = M 4.2.1-3
My
Pr, = Prandtl number for the liquid coolant = % 4.2.1-4
L
u, = Viscosity of the saturated liquid coolant [Pa-s]
Cp, = Specific heat of the saturated liquid coolant [J/kg K]
p= 4 4.2.2-5
Gh,,
q” = Heat flux at tube wall [W/m?’]
h,, = Enthalpy of phase change for the coolant [J/kg].
The heat flux at the inner wall of the coolant tube is given by
q"=h,, (T, - T,,) 4.2.2-6
where:  q”= Heat flux at inner wall of coolant tube [W/m”]
T, = Temperature of the inner wall of the coolant tube [K]

w

sat

Saturation temperature of the coolant [K]

For fixed values of q” and (T, —T_, ), Equations 4.2.2-2 through 4.2.2-6 can be used to
obtain the coolant mass flux, G via the iterative solver in Microsoft Excel®.

4.2.3 Input for Heat Transfer
The input required to calculate heat transfer requirements for the system are listed in

Table 4.2.3-1
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Parameter Value Reference
Heat of reaction from species 2 to
AHRgyni 37.00 kJ/mol H2 species 1, see Eq. 3.1-1, Gross [2003]
Heat of reaction from species 3 to
AHRynz 47.00 kJ/mol H2 species 2 , see Eq.3.1-1, Gross [2003]
Charging Time 180.00 sec
Wall Temp 90.00 °C
2¢ Coolant Liquid .
Density 1580 kg/m’ DuPont Vertrel-XE®, see Attachment 2
2¢ Coolant Vapor \
Density 1.01 kg/m® DuPont Vertrel-XE®, see Attachment 2
2¢ Coolant Liquid
Themal Cond 10.4 W/(m K) DuPont Vertrel-XF®, see Attachment 2
2¢ Coolant Liquid
Viscosity 0.001 kg/(m s) DuPont Vertrel-XF®, see Attachment 2
2¢ Coolant Liquid
Specific Heat 1130 J/(kg K) DuPont Vertrel-XF®, see Attachment 2
2¢ Coolant Phase
Change Enthalpy 129800 J/kg DuPont Vertrel-XF®, see Attachment 2
2¢ Coolant Liquid R
Prandtl No. 7.29 DuPont Vertrel-XF®, see Attachment 2
Void Fraction (g)
Quality (x)
1¢ Coolant Liquid
Density 820 kg/m’ Dowtherm T®, see Attachment 1
1¢ Coolant Liquid .
Themal Cond 0.104 W/(m K) Dowtherm T®, see Attachment 1
1¢ Coolant Viscosity 0.003 kg/(m s) Dowtherm T*, see Attachment 1
1¢ Coolant Specific Heat 2300 J/(kg K) Dowtherm T®, see Attachment 1
1¢ Coolant Prandtl No. 66.52 Dowtherm T*, see Attachment 1

5.0 RESULTS

Results from the kinetics, geometry and heat transfer scoping models are discussed in the
following sections. A full scoping analysis of the sodium alanate bed was performed,
while only the kinetics of the alpha-aluminum hydride bed were evaluated.

5.1 Kinetics Model

In this report, the Mathcad® based kinetics model was applied to TiCls catalyzed NaAlH,
and to a-AlH;. Charging and discharging rates calculated by the kinetics model were
idealized because the temperature and pressure remained fixed throughout the process;
quite different from what would occur in an actual storage bed. In an actual storage bed,
there will be a transient change in the pressure when the bed is charged or discharged.
Further, thermal inertia coupled with heat generated by chemical reactions will result in
spatial variation in the temperature of the bed. The pressure and temperature variations
from fixed values will result in variations from the reaction rates predicted by the
Mathcad® model. These effects are the primary reason that a 3-dimensional model that
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couples thermal, mass and momentum transport is required to provide a more accurate
assessment of bed peformance. However, because the temperature and pressure are fixed
in the Mathcad® kinetics model, it can be used to predict the upper limit for loading and
discharge for a particular storage media. In addition to reaction rates, the kinetics model
can be used to predict both the long-time capacity of a storage media, as well as the best
case loading for the allotted refueling time period.

5.1.1 TiCl; Catalyzed NaAlH

At 68 bar, the UTRC™ kinetics model for TiCl; catalyzed NaAlH, from Attachments 3
and 4, gave the hydrogen uptake rates shown in Figure 5.1.1-1. Loading rates in this
figure are expressed in terms of the weight fraction of hydrogen stored in the hydride, see
Equation 3.1-7. This result identical to the rates obtained from UTRC™, see the reports
in Attachments 3 and 4 and Figure 5.1.1-2.

Loading a bed initially composed of pure NaH, with an excess of Al, at 50 bar and
100°C. gives the loading curve shown in Figure 5.3.1-3. The bed gravimetric capacity,
which is the maximum weight fraction, approaches 0.029 at the long time limit, rather
than 0.056, which is the theoretical limit based on the chemical balance in

Equation 3.1-1.

Cycling a bed having an initial concentration of 13,333.33 mole/m’ of NaH, and 0
mole/m’ of the other hydrides, with a stoichiometric quantity of Al, between loading and
discharging conditions, of 100°C at 50 bar and 120°C at 1 bar, respectively, gives the
concentration curves shown in Figure 5.1.1-4.
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H; Uptake by NaH at 68 bar
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Figure 5.1.1-1 Hydrogen loading rates at 68 bar from the Mathcad® reaction kinetics
model.

P = 68 bar
0.03

0.025

Weight Fraction of Stored H,

5000 10000 15000
Time, [s]

Figure 5.1.1-2 Hydrogen loading rates at 68 bar from the UTRC™ reaction kinetics
model in Attachments 3 and 4. Solid lines represent data and dashed lines
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represent the model. The legend of Figure 5.3.1-1 gives the loading
temperatures

Weight Fraction

0.0350 T

0.0300 |

0.0250 -

0.0200

0.0150 |

Weight Fraction

0.0100

0.0050

0 20000 40000 60000 80000 100000 120000 140000 160000
Time (s)

Figure 5.1.1-3 Loading of hydrogen in the hydride at 50 bar and 100°C. Storage in both
NaAlH,4 and NaszAlHg are included.

Cyclic Loading of Sodium Alanate

14000.00
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0.00 i —] .
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NaH
Na3AIH6
NaAlH4

Figure 5.1.1-4 Concentration of all species in the sodium alanate reaction. The initial
concentration of NaH was 13,333.33mole/m3 and 0 mole/m’ for the other
hydrides.
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5.1.2 a-AlH; Discharge Kinetics

Due to the unavailability of loading kinetics for a-AlH3, only the discharge rates were
modeled, using the kinetics proposed by Graetz and Reilly [2005]. The kinetics for this
process were independent of pressure, hence, only the effect of temperature was
considered.

The rate of decomposition of a-AlHj3, relative to the initial concentration, at constant
temperature is given by the family of curves in Figure 5.3.2-1. The corresponding rate of

H; release, in units of mole H, , 1s shown in Figure 5.1.2-2.
(mole o —AlH, ,)*second

o.-AlH; Concentration
= .
:F — 80 °C
3 — 90 °C
3
E ——100°C
ET — 110 °C
< — 120 °C
3
-
3
E
=
2
g
£
] L
50.00 e S E—— L e B A— — f
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000
Time (s)

Figure 5.1.2-1 Decomposition of a-AlHj; in terms of relative concentration, with respect
to the initial concentration of o.-AlHs.
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Rate of H, Release for o.-AlH;
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Figure 5.1.2-2 Rate of H, generation due to decomposition of a-AlHs. The rate is
expressed in terms of the rate of H, produced relative to the initial
concentration of o-AlHj;.

5.2 Bed Geometry

Appendix A.1 contains a copy of the input and output used in the Microsoft Excel®
spreadsheet used for scoping calculations related to the sodium alanate bed geometry.
Due to the low loading rate predicted by the kinetics model, the time allowed for
charging the bed was 12 minutes, rather than the DOE 2007 technical target of 10
minutes. In this sample calculation, however, the ratio of moles of recoverable H, to
moles of NaAlH,4 in the fully converted bed was input as 1.5 rather than 0.213, which is
the value calculated by the kinetics scoping model for a 12 minute charging time, see
Table 4.1.3-1. Based on the model input, the parameters in Table 5.2-1 were obtained.

Table 5.2-1 Calculated Bed and Vessel Parameters

Required length of hydride alone (no structural

members, fins or vessel) 0.6562 m
Total number of fin plates, including ends 105
Total length of bed (with fins but no vessel) 0.6890 m
Actual spacing of plates 0.0063 m
Mass of bed; including fins, tubes & NaAlH, 24.643 kg
Volume of bed with vessel & liner 0.0362 m"3
Overall length of vessel (assumed semi-

spherical ends) 0.9264 m

Radial distance from axis of storage vessel to
center of cooling tube circle. The distance r in

Figure 4.1.1-1 0.0855 m
0.041 (kg

Gravimetric capacity of storage system H,)/(kg Total)
0.028 (kg

Volumetric capacity of storage system H,)/(L Total)
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5.3 Bed Heat Transfer

The spreadsheet used to compute input and output for the loading phase bed heat transfer
requirements is listed in Appendix A.2. For sodium alanate, loading heat transfer
requirements were chosen because they present the greatest challenge to the heat removal
system. The spreadsheet contains the input required for the sodium alanate system
evaluated in this report and references the bed geometry model listed in Appendix A.1.
Predicted system heat transfer parameters are also contained in the spreadsheet listed in
Appendix A.2.

Based on the chemical reaction equation and heats of reaction for NaAlHy4, the time
required for loading (12 minutes) and the surface area of the coolant tubes, the surface
heat flux at the interior wall of a coolant tube was calculated to be 3.45 x10° W/m”.

5.3.1 Single Phase Flow

For single phase flow the heat transfer fluid considered was Dowtherm T®, having
properties listed in Table 4.2.3-1. For this heat transfer fluid, the operating parameters
required to remove the heat of reaction during loading are listed in Table 5.3.1-1. The
required mass flux of coolant was computed using the Dittus-Boelter correlation, see
Holman [1976].

Table 5.3.1-1 Bed Heat Removal Parameters for a Single Coolant Tube

Parameter Value
Mass Flux 10,300.4 kg/(m* s)
Mean Flow Velocity 12.61 m/s
Tube Reynolds Number 58,861.02
Pressure Drop Over Length of
Tube 8.134x10" Pa
Increase in Temperature Over
Length of Tube 242 °C

5.3.2 Two-Phase Flow

In an attempt to enhance heat transfer from the bed during loading, cooling by two phase
flow was investigated. The heat transfer fluid considered in the model was DuPont
Vertrel-XF® and the required two phase mass flux was calculated from the Gungor-
Winterton correlation [1986], assuming a low inlet quality for the coolant (on the order of
10). The required mass flux for two phase flows was calculated to be

16703.9 kg/(m* s).

Enhanced heat removal by the coolant is only effective if it is consistent with the rate of
heat transfer from the hydride bed. The ratio of the rate of heat removal by convection in
the coolant to heat transfer by conduction by the bed is given by the Biot modulus, Bi.
The Biot modulus is defined as

Bi = Deml 5221
kbed
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where: h__ = Convection heat transfer coefficient for the coolant [W/(m*-K)]

conv

kpea = Thermal conductivity of the metal hydride bed [W/(m-K)].
L = Characteristic length [m].

For the two-phase cooled system analyzed in this report, see Appendix A.2
h,, =h =0.9929 W/(cm?-°C) = 9929 W/(m*-K)

2¢ = conv cool
and, from Mosher, et. el. [2007]

Kpea = 0.325 W/m-K

Take L to be the distance from the center coolant tube to a coolant tube in the ring, see
Figure 4.1.1-1 and Appendix A.1. Then
L=r-D~= 0.076 m

and,
Bi~2,322.

For a large Biot modulus, the rate of heat removal by convection far exceeds that by
conduction. This implies that heat removal from the bed is limited by conduction and
that the use of two-phase cooling alone will not improve heat removal for the bed
configuration evaluated in this report. For this system geometry and storage material, it
is more important to reduce the conduction transport length in the bed, L, or increase the
bed thermal conductivity than to enhance convection heat transfer.

6.0 CONCLUSIONS

The kinetics, geometry and heat transfer, scoping models developed in this task can be
used to quickly assess whether or not a hydrogen storage system meets operational
requirements and should be evaluated with a more detailed model. Further, the scoping
models may also be used to identify design modifications that improve performance.
While the models do not perform detailed, coupled physics calculations, as would the
more complete numerical model discussed in Hardy [2007], they provide sufficient
information to estimate the dimensions and heat transfer parameters required for the
storage system.

For a particular hydride and bed configuration the kinetics, geometry and heat transfer
scoping models are applied in the following sequence. First, the mass of hydride required
to store a given amount of hydrogen in the allotted refueling time is calculated with the
kinetics model. Optimal temperatures and pressures during the loading and discharge
phases are also determined from the model. Next, the required mass of hydride is input
to the geometry scoping model via the ratio of moles of stored H, to moles of final moles
of hydride. The remaining input from Table 4.1.3-1 is then entered. Finally, for a
particular heat transfer fluid, the heat transfer requirements for the system are determined
from the bed heat transfer scoping model.
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When applied to the UTRC™ kinetics correlation for NaAlH4, the kinetics model
replicated the UTRC™ predictions, see Figures 5.3.1-1 and 5.3.1-2. Even under the most
favorable loading conditions, however, the model showed that the approach to the
theoretical weight fraction of stored hydrogen was very slow. Hence, to store sufficient
hydrogen in the DOE target refueling time the mass of hydride will need to be increased
to the point that the gravimetric capacity of the bed will be far below the DOE 2007
technical target gravimetric capacity of 0.045 for the system. For a-AlH4, the kinetics
model showed that the release rate of hydrogen is very strongly dependent on
temperature.
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APPENDIX

A.1 GEOMETRY AND HEAT REMOVAL SCOPING MODEL
REQUIREMENTS

A.1.1  Geometry Scoping Model

The size, number of fins, gravimetric and volumetric capacities of the system evaluated
in this report were based on parameters input to the Microsoft Excel® geometry scoping
model shown in Figure A.1.1.

Dimensions of Hydride Bed
" NaH + Al
s

Mhssu S
Mg/Moansss | 1800 | Proctcsl mabo of mokes Hy ko mokes NadBy, Bt cantasiored  Mygasi
Maaksia Maiassia
D ) Vi
Do
D
- Accus 36 om

A .43 cm

uzin 0.015625
x 02900 0333125
COMSOL Extrusion
154258 04 m
1IEL m

L1 W0 Vies My 118850  Totw maws of coolant uts
B SEL3 Vi ™y 3686 91 g
Moy Vi ™ oty
Vi Vi e Temg
i BAT2 Vi Mo sEaITY

Vg mma My SE5 56
Bed Characteristics
Gravinatee Capacty  0.041 kg HDWg Totsl | Wi Ou v ) Capacity 0050 ky M2Kg Total
Vokarmatic Capactty | 0.028 by W2 Tol ¥ . iyt Vsl Capaciy 01040 by ML Total
Radial Distance to Center of Outer Coclant Tubes (Maintains same Area to Cooling Surface Ratio)
0
s
A
Ay
s
55
Obj Funct

Figure A.1.1 System dimensions calculated with the geometry scoping model.

A.1.2  Heat Removal Scoping Model

Operating parameters for the heat removal system were based on calculations with the
Microsoft Excel® heat removal scoping model shown in Figure A.1.2. The system in this
report used Dowtherm T* heat transfer fluid for single phase cooling and DuPont Vertrel-
XF® heat transfer fluid for two phase cooling. Data sheets, from the respective vendors
are listed in Attachments 1 and 2.
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Heat Generation on Uptake
B26/2007

This worksheet calculates the heat generation oceurring during hydration of NaAlIH 4.
The total moles of hydrogen taken up by the reaction are from the worksheet “Bed
Dimensions.”

IChemical balance equations

NaAlH, € lN:l..’\IIIb + za\l +H, Nall + Al+ '1II
3 3 2

FAECR =] 2
S
Input Parameters |
| AHgy 37.00 kdimal H2 Heat of reacton from spacies 2 1o species 1(from Kar Gross, Sandia Shdes)
AHgez AT.00 kimal H2 Heat of reacton from spacies 3 1o specees 2 (from Kan Gross, Sandia Slides)
(Charging Time | 180,00 soc
Wall Tomp 90.00°C
2¢ Coolant Sat
24 Coclant Liquid Density 1,58 glem*3 1.58 glom*3 DuPant Vertrel-XF Temp 55.00°C
24 Coolant Vapor Density 0.0101 giem*3 0.0101 glem*3 | DuPont VertrelbXF | Approsimate, from DiMarco Paper
24 Coolant Liquid Themal
Cand 0.060 Bluhr 1 °F) | 1.04E-03 Wiom *C) | DuPont Verrel-XF | Guassad from Dowthenm T
24 Cootant Liqud Viscosity 067 cps 0.00 gems) | DuPant Vertral-XF
24 Coolard Liquid Spacific
Heat 0.27 Biuiibm *F) 113 g °C) | DuPorit Vertrel-XF |
24 Cootant Phase Change
Ei 31.00 calig 129.80 Jig DuPont Vertnal-XF
24 Cockant Liquic! Prandi
Mo 729 DuPant Vartrel-XF
Vi Fraction () om
Cousabty (x) B A5656E-05
14 Coolant
14 Coolant Liquid Density §1.00 lbenvTt*3 082 glom*3 Dowtherm T Inlet Temp 2000°C
14 Coolant Liqud Themal
Cand 0.060 Baui{hr it °F} 1.04E-03 Wiljem °C) | Dowtherm T
14 Coolant Viscosity 3.00cps 3.00E-02 gifcn s) | Dowtherm T
14 Coolant Specific Heat 0.55 Biul{lbm "F) 230 4(9°C)  |Dowthern T
1% Coolant Prandt No. 56.52 Dawtherm T
Calculated Parameters
AHrm 40,33 klimal M2 Owerall haat of reaction b farm NaAlH, per mole of H,
Total Heat Released
50 20006 61 kJ Total heat remayal teguinement |
G006t 14T BS W Ringuired rate of heat remaval SOU(EEV) 4 4814E+DB WIm"3  Volumetric Rate of Heat Ganeration
q" AS1E+01 Wiem*2 | Heat flux 1o coolant inside hubes
Coolant Mass Flux
Single Phase Coolant Two Phase Coolant
Dowtherm T DuPant Vertrel-XF

Gy 105494 gem*2s) | From Dittus-Boalter comslation G,, 167038 piem*2 5). From Gungar-Wintarion (1887) cometation
v 1291.20 cm's hoa 0.5017 Wiicm*2 "C)| Verix 106782 cri's Now 05928 Wilem*2 °C)
Reg 58235 51 Re, 41285311 Qowg" 304E-10 Wiem*2 Corratation is O
AP 1.23E+401 psi AP Fr, 687 BE1S
AT 241E+00 °C Ax 0.02695

> > s Ae 0.80288
By Dittus Boelter, Ref Holman, 4™ Ed £

o hiy
Nuy, =0.023Re}) Pr'*', Nu,, = Re, =
k(Gp)”
"=h(T, T, )=0.023—| —| Pr*%T.-T,)

q g bl Wy

T FanOE
0013 %[ P prover, -1
Dlp v

Figure A.2.2 System heat transfer parameters estimated with the heat removal scoping
model.
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A.2 KINETICS SCOPING MODEL

A.2.1 TiCl; Catalyzed NaAlH4 Kinetics

The Mathcad® based UTRC™ kinetics scoping model for TiCl; catalyzed NaAlH, is
listed in this section of the Appendix. The model can run the reaction of Equation A.2.1[]
1 in either direction and for any initial composition of NaAlH,, Na;AlHe or NaH. As
given by the kinetics, the direction of the reaction depends on the temperature and H,
pressure. The input parameters for the model below were chosen to cycle the bed.

NaAlH, lNa3A1H6 FEYV H, &  NaH+Al+ §H2 A2.1-1
== 3 == —— 2
Species Reaction1 Reaction 2 Species 3
Species 2

Evaluation of Kinetics Model for NaH

Reaction

NaAlH, «» 1/3NajAlHg+2/3A14H, «» NaH+Al+3/2H,

Species | Rxn | Species 2 Rxn 2 Species 3
Nomenclature Note that
C,=Concentration of NaAlH, (mol/m?) dCJit=-1/3(6C/dt+aC4lét)
any,ldt=dC /ot-1/28C 4fct
C,=Concentration of NajAlHg (mol/m?) an:j ¥ Y 4

8C Jét=r,¢ If P>Peqi(T)
8C Jét=-r,g If P<Peq1(T)
8CJdt=r,g If P<Peq1(T)
8C yft=-rog If P>Peqi(T)

C4=Concentration of NaH (mol/m?)
nyz=Moles of H2 taken in to the metal hydride (mol/m?)

rie=Rate of formation of NaAIH, from NajAlHg (mol/m?-sec)

r,g=Rate of dissociation of NaAlH, to NasAlH; (mol/m®-sec)

r,e=Rate of formation of NayAlHg from NaH (mol/m3-sec)

r,g=Rate of dissociation of NasAlHg to NaH (mol/m®-sec)

Tchg := 100
Tdisch := 120
Pehg == 50 Pressure (bar)
Pdisch := 1 Pressure (bar)

General Parameter Values

RR := 8314 Ideal gas constant (J/imol-K)

Create step function that is 0 or -1 over period 2h
h:= 40000 Half Period (sec)

kitx) = cci][li)
h

(b
test(1x) == 2-Ilmr(¥

]— kitx)
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P(tx) := if{test(tx) < 0,Pchg,Pdisch) Pressure (bar)

Parameter Values (From Fit to Data)

Reaction 1

O :

AIF:= 100 AIB:=410"7 X1F:=20 XIB:= 2.0

E1F := 8000@ctivation Energy (KJ/mol) E1B:= 11000(hctivation Energy (KJ/mol)

AH_RI:= —4475 AS_R1:=-14.83

Reaction 2

A2F = 1,5-1(]5 A2B:= 6 x 1(}12 X2F:= 1.0 X2B:=1.0

E2F := 70000 Activation Energy (KJ/mol) E2B := 110000 Activation Energy (KJimol)
AH_R2:= 6150 AS_R2:= -16.22

Equilibrium Pressure (in bar?)

Reaction 1
H_RI
P_eql(TT) == cxp[ i3

TT + 273 B S‘RI] TT is Temperature in (C)

Reaction 2
P_eq2(TT) = exp[ ABR2

—_— - A5 R2 TT is Temperature in (C)
TT + 273 &

60 T T 4 T

48 3
6

P_eql(TT) P_eq2(TT)2

3
24
12 L

0 0
80 95 1o 125 140 80 95 110 125 140

Initial Conditions
Clo:=0 C20:=0 C30:=330.69 nH20:=0

Temp(tx) := if(test(tx) < 0, Tchg, Tdisch) Temperature (C)

Saturation Concentrations

Equivalent Concentration, Needed to relate species concentrations (molim?) to the
Ceqv := C10 + 3-C20 + C30 ;1 dimensional concenrations used in calculations

Fit the saturation weight fraction to temperature TTisinC
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widata :=
0 1
0 300 0.021
1 353 0.021
2 353.15 0.021
3 359 0.022
4 363.15 0.023
5 373.15 0.029
6 393.15 0.022
7 405 0.019
8 413.15 0.018
9 413.5 0.018
10 600 0.018

Jwidata := csort(wfdata, 0) TTisinC
vIT = wfdata(o) - 273.15

(»

vy := wfdata
vs := Ispline(vTT,vy)
wf sat(TT) := interp(vs,vIT,vy,TT)

0.03

0.025
wf sat(TT)

0.02

0.015
80 100 120 140 160

TT
Compute the non-dimensional "saturation" concentrations from fit

rsat(TT) := max[l 1= S0a6=0itaT ] TTisinC
0.056 — wf sat(TT)
C3sat(TT) = | 1 — YSID Y T TTisinC
0.056

(1 — rsat(TT))-(0.056 — wf sat(TT)) TTisinC
(0.056 — 0.0187)

C2sat(TT) :=
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Forward and Backward Reaction Rates
r1F(TT, tx) == iii:(P(tx) > P_cql(TT)},Ceqv-A]F-cxp[ _ElF } ) = PEE) 5 -| TTisinC
RR-(TT + 273.15) P eql(TT)
. -E1B (P_eqI(TT) — P(tx))
1B(TT,tx) := if| (P(tx) < P_eql(TT)),Ceqv-AlB- ,0
FX ) "[( (8) <F_eql(TT)), Cegr exP[RR-{TT + 2?3.15)}[ P_eql(TT) ] ]
r2F(TT, tx) := ii[(P(tx) > P_eq2(TT)),Ceqv-A2F- exp[ L M{Pm) E eqz(TT))} 0]
RR-(TT + 273.15) P eq2(TT)
. -E2B P_eq2(TT) — P(tx)
2B(TT, tx) := if| (P P eq2(TT)),Ceqv-A2B- | —= ,0
2B(TT, ) l{( (&) <P_eq2(TT)),Ceqv exP[RR-(TT + 2?3.15)} ( P eq2(TT) ] ]
Hydrogen Concentration From Kinetics Equations
Given
XIF XIB
—Cl{t) rl1F(Temp(t),t)- [[w = CZSat(Tcmp(t))]) - rlB(Tcmp[t},t)-[m]
dt Ceqv Ceqv
—Cz(t) .|~ g =CI(t) + C3(t}
dt 3 dt dt
X2F X 2B
—C3{t) = —r2F(Temp(t),t)- [ ) - CSSat(Tcmp(t))] - rZB(Tcmp{t),t}-[w)
dt Ceq eqv

inHZ(t} = iCi(t} - %-(QCSU)) nH2 is the number of moles of H2 per volume of hydride that
dt dt dt

are contained for release in the metal hydride

C1(0) =Cl10 C2(0) =C20 C3(0) =C30 nH2(0) = nH20

Cl Cl
c2 €2
:= Odesolv ,t,240000,20000 tis time in seconds
C3 C3
nH2 nH2

32



WSRC-TR-2007-00439

Revision 0
H, gravimetric density
0.03 T T T T T
0.025[ By
0.02 -
nH2(720)-2.016
nH2(720):2.016 _ ; 007940
nH2(1)-2.016 54. Ceq\-"
54-Ceqv
0.011 NIl
0.005 L &
0 IL IL 1
0 40000 80000 120000 160000 200000 240000
t
Time (s)
'.’ — — |f g
f | [
i |
|I | 7]
\
0 . [} ik TP ]
0 40000 80000 120000 160000 200000 240000
t
Time (s)
Fractional Utilization of Bed
I 1 I
0.8 =
CI(1) 0.6 =
Ceqv g.4f Bl
0.2 =
0 | 1 |
0 1x10° x10* 310" ax10*
t
Time (s)
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A2.2 o-ALH,4 Kinetics

The kinetics for a-AlH, is based on the correlation of Graetz and Reilly [2005]. The
correlation was input to Mathcad® and used to calculate the transient concentration of

o-AlHy4 and the release rate of H,, under discharge conditions for temperatures ranging
from 80°C to 120°C. An example of the Mathcad® model, at 110°C, used for these
calculations is listed below.

Evaluation of o-AlH, Decomposition Kinetics

Nomenclature

Cq_ama=Concentration of a-phase AlHj (mol/m3)

General Parameter Values

RR := 8.314 Ideal gas constant (J/mol-K)
P:= 68 Pressure (bar)

Fit Parameter Values (From Graetz, J. and J. J.
Reilly. "Decomposition Kinetics of the AlH,

Polymorphs." J. Phys Chem, B 2005, 109,
22181-22185)

A_AIH3 := 1.2:10"°

E_AIH3 := 102.2 Activation Energy (KJ/mol)

Reaction Rate

k(TT) := A_AIH3 -exp[

—E_AIH3-1000
RR-TT

In(k(300)) = —17.767

5 L 1 1 1 1 1 1
0.0022 0.0023 0.0024 0.0025 0.0026 0.0027 0.0028 0.0029 0.003

TINV
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TempAlane := 110  AlaneTemperature (C)

Ca_AIH30 := 30 AlaneConcentration (mol/m3)

alpha(t,TT) := 1 — exp[—(k(TT + 2?3.15)-!)2]

Revision 0

deriv(t, TempAlane) := 2Ca_AIH30-k(TempAlane + 2?3.15}2-t-exp[—(k(TempAlane + 273.15) t)2:|

Alane Concentration From Rate Equations
Given

§Ca_A1H3(t) = iﬁ|:(C'cL_AIH3(t) > {)),—Ca_AlH3(}-:—a]pha(t,TcmpAlane) ,0]
t t

Ca_AIH3(0) = Ca_AIH30

Ca_AIH3 := Odesolve(t,110000,1000)

1
0.8

Ca_AIH3(1) 0.6
Ca_AIH30 ¢4

0.2

0 I I I I
0 20000 40000 60000 80000

t

nH2(tt) := i-(Ca_AlH3{tl} — Ca_AIH30) Moles of H, released per m? of hydride
2 decomposed

3 Rate of moles of H, released per mole
rate_nH2(t) := ——iCa_AIHB(t) = "
2-Ca_AIH30 dt of a-AlH; decomposed
T T T T T T T
4x10 ' =
w107 g
rate_nH2(t) -
2x10 =
1X]0_4/\ ]
0 ] ] 1 1 | | |

0 12510% 2.5x10° 3.75x10* sx10*  625x10° 7.5x10' 8.75x10°
t
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Att.2 Properties of DuPont Vertrel-XF®
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Att.3 UTRC™ Sodium Alanate Kinetics 1

Practical Sorption Kinetics of TiCl; Catalyzed NaAlH,
Xia Tang, Daniel A Mosher and Donald L Anton

United Technologies Research Center
411 Silver Lane

East Hartford, CT 06108

Abstract

Sodium alanate has been studied as a promising candidate material for reversible hydrogen storage due
to its intermediate temperature range and relatively high storage capacity. Its rates of desorption and
absorption of hydrogen have been shown to be enhanced by the addition of Ti in various compounds. To
date, the sorption kinetics, especially absorption kinetics, is not well understood. In this study, a practical
sorption kinetics model for TiCl; catalyzed NaAlH, has been developed to assist in the engineering design
and evaluation of a prototype hydrogen storage system.

Introduction

The design of a hydrogen storage system using any exothermic hydriding compound, such as NaAlH,,
requires detailed consideration of local heat management. This is especially important in the critical
hydrogen absorption stage, where high kinetics are required and heat flow is at its maximum. Thermal
transport architectures such as cooling tubes and metal foam structures need to be designed to meet the
optimum operational characteristics of the hydrogen storage media. In order to design and model these
architectures and obtain a gravimetrically and volumetrically optimized storage system, absorption and
desorption kinetic models need to be identified and validated. Many current models, such as the well-
known Arrhenius model, are insufficient to characterize materials behavior under transient or partially
discharged conditions. Previous kinetics studies of NaAlIH, mainly focused on the desorption reaction [1[]
4]. Aborption and desorption kinetics models were developed by Luo and Cross [5] to simulate NaH+Al
—NaAlH, reactions using NaH and Al as starting materials. No kinetics model was reported to simulate
transient hydriding rate and hydrogen absorption capacity of NaH+Al derived from NaAlH,. In this study, a
solid/gas chemical kinetics model originally developed by El-Osery [6-9] to design conventional metal
hydride systems was utilized. This model was adapted for use in the multi-step hydrogen absorption
mechanisms of NaH+Al—>NaAlH,.

Basic Kinetics Model

The dehydrogenation and hydrogenation of sodium alanate involve the following well-known reactions:
NaAlH,; <> 1/3 NasAlHg + 2/3 Al + H, <> NaH + Al + 3/2 H,

For compactness, the compositional state can be tracked by a single variable for each
product/reactant, C;, C, and C; as:

Cy: NaH + Al+3/2H,
Cz: 1/3 Na3AlH5 +2/3 Al + H2
C3: NaAlHy

The nomenclatures for all reactions are listed in Table 1.
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Table 1 Nomenclature for All Reactions
Label Action Reactant Product
I Dehydriding of Na3AlH, C, C,
I Hydriding of NaH C, C,
I3 Dehydriding of NaAlH, Cs C,
I4 Hydriding of Na;AlH, C, C;

Reaction rates can be represented by equation (1) based on the metal hydride model developed by El-
Osery [6-7]:

dc
| /T (P fe(C) M

i for reaction r;
Jj for composition product C;
k for composition reactant Cj,
The temperature dependant term is that of the typical Arrhenius equation given as:

fr =4, exp[— %} (10

The pressure dependant term can be expressed simply as a first order expression:

. (p=P..
fp=(CD'* P—e’l (1b)

e,i

where P, is the equilibrium pressure for the reaction and is valid for both hydriding and dehydriding.
Equilibrium pressure P, ; is temperature dependant and obeys the van’t Hoff equation:

AH AS
In(P, )_ﬁ_? (Ic)

In El-Osery’s description, a first order function of hydrogen/metal atomic ratio was used in a
concentration factor for hydriding. In hydriding reactions of the NaH+Al system, however, two solid
reactants are involved in each reaction respectively. They may have higher reaction orders. The
concentration factor is thus represented as being proportional to the reactant concentration to some power,

Yi as:

fo=(Cp ) (1d)
Combining these factors results in the rate equation:
dC ; P-P,;
J i e,i i
— = gy exp| ——L |* (=) ¥ —2L |*(Cy W 2
~ p( ] Sl e (Ck) @)

B

Applying equation (2) to 1, and 1,4, one obtains the following equations for high pressure hydriding (r,
and ry are active).

P-P
(d&j = A4, ex p(_ﬂj I te2 *(Cl )Zz and (ﬂj =_(d&j
dt r2 RT Pe,2 dt 72 dt 72

P-P
[dc:;j _ A4 exp[_ E4 j* e 4 *(Cz )Z4 and (dCZJ _ _(dqj
dt r4 RT P€,4 dt r4 dt },4
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The reaction rate of each composition can be represented as:
dc E P-P
Lo syexp| - =2 |* <21+ (c))% )
dt RT Pe’z
dC2 E P_P 2 E P_P 4
= A, exp| ——= |* 2 1*(C )2 — 4, exp| ——= | * <TG, 6

dt 2 p( RTJ P, ( 1) 4 CXP RT P, ( 2) (©)
dC E P-P
3 =A4 exp _ =4 e,4 *(Cz)/ﬂ (7

dt RT Pe’4
0<C; <1

with the initial reaction conditions: Clt 0=, CEZO =0, ngo =0,

Experimental Procedure

To validate the applicability of this kinetic model, a well-known alanate composition was chosen for
empirical assessment. Commercial grade NaAlH, was purchased from Albemarle Co. (Baton Rouge, LA)
with a chemical certification analysis of 86.3% NaAlH,, 4.7%Naz;AlHg, 7.5% free Al and 10.1% insoluble
Al (with all analyses given in wt%). The catalyst, TiCl; (99.99%), was obtained from Aldrich Corp. All
materials were used in the as-received condition.

The NaAlH, was catalyzed with 4 mol % TiCl; by high energy SPEX ball milling for three hours under
nitrogen. Immediately after ball milling, approximately 1 g of the sample was transferred into the sample
holder of a modified Sievert’s apparatus. All the storage and transferring of NaAlIH,4 and TiCl; were
?erformed under a high purity nitrogen environment inside a glove box with an oxygen concentration <10

ppm.

TiCl; catalyzed NaAlH, was first desorbed at 150°C in vacuum for more than 7 hours to ensure
maximum desorption. Absorption was conducted with the hydrogen pressure ranging from 6.8-6.0 MPa.
Extent of reaction versus time was measured by monitoring hydrogen pressure change using a gas reaction
controller made by Advanced Materials Co. (Pittsburg, PA).

Results and Discussion

Rate equations (5) to (7) represent an ideal kinetics model, where the total charging capacity over long
periods approaches the ideal capacity of 5.6 wt%. However, in reality, the total capacity is usually less than
the theoretical value. Saturation compositions, C ,f “"(T), are introduced into the rate equations to reflect

this non-ideal capacity. They represent the residual reactant compositions at the hydriding saturation point
fordifferent temperature values.
The concentration factors in equation (1d) are thus changed to:

fo=lc, - if ¢, —-C*(T)20 (le)
fe=0ifC, -C;"(T)<0 (19
The rate equations are represented accordingly by:
dCl E P-P 2 ¥4
—L=—A exp| ——= |* S *|IC, -CH(D)H] 8
=4, p[ RTJ[PM [~ ¢ )] ®
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dt RT P, RT P,

dC3 E P_P4 . ¥4

—2 = A, exp| ——= |* =G, -G 10
=4, p( RT) 5 lc, - ¢y () (10)

The modified compositions and total hydriding capacity at saturation are:
C =T, C=C"(T). C3=1-C{*"(T)-C*(T)

The total H, absorption capacity w:" (T') :

wiss () =0.0187*C5% (T) +0.056 * (1 - (T)-C5" (T)) (11)

Curve fitting with experimental data using equations (8) to (13) is shown in Figure 1. The parameters
used for fitting are listed in Table 2. The slope and intercept in the van’t Hoff plot were derived from data
published by Cross et al. [10].

Table 2 Fitting Parameters in Figure 1

(AH/R)r, -6150 Slope in van't Hoff plot

-(AS/R)r, 16.22 Intercept in van't Hoff plot

A, 1.50E+05 [Pre-exponent coefficient for r,

E, 70 Activation energy for r,, KJ/mol of H, for r,
%2 1 Reaction order for r,

(AH/R)ry4 -4475 Slope in van't Hoff plot, r4

-(AS/R)r, 14.83 Intercept in van't Hoff plot, 4

Ay 1.00E+08 [Pre-exponent coefficient for ry

E,4 80 Activation energy for r,, kJ/mol of H, for r4
Y4 2 Reaction order for 14

The activation energies, E;, for r, and ry are 70 and 80 KJ/mol of H, and the pre-exponent coefficients,
A;, 1.50E+05 and 1.00E+08 respectively. The hydriding reaction, ry (Na;AlH¢ to NaAlH,) has a higher
activation energy than the reaction, r,, NaH to Na;AlH¢. However, the pre-exponential coefficient of r4 is
much higher than r,. This could be due to catalyst placement preferentially at positions favorable to r4
reaction. The reaction orders of the two hydriding steps appear to be different, with r, being nominally a
first order reaction, and r4 a second order reaction. The reaction orders are consistent with those reported
by Luo and Gross [5]. During the formation of Na;AlHg, NaH is the limiting reactant and Al is in access.
Al concentration can be considered as constant and the reaction becomes a pseudo first order. In ry, the
reactants, Na;AlHg and Al, are in stichometric ratio. Both concentrations can affect reaction rate. The
formation of NaAlH,, therefore, is a second order reaction.
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Figure 1  H, absorption curves at 80-140°C with H, pressure ranging from 6.0-6.8MPa. The
dashed lines are model results, with red=80°C; blue=90°C; cyan=100°C; green=120°C; and

magenta=140°C.

As shown in Figure 1, the model fits experimental data well in absorption temperature range of 80°C[]
120°C. However, the fit is not as accurate for absorption at 140°C. As the temperature increases, the
hydriding reaction of Na;AlHg to NaAlH, approaches its thermodynamic equilibrium at 6.0-6.8 MPa
hydrogen pressure. The P, for 2 mol.% Ti(OBu"), catalyzed materials is 5.4 MPa [9]. Although the reaction
rate increases with temperature, the capacity decreases as a result of decreasing thermodynamic driving
force. Absorption at this temperature is not recommended at this hydriding pressure.

By close inspection. it can be seen in Figure 1 that inflection regions are present during the initial rapid
hydriding. Similar inflections were also observed in previous absorption data published by Sandrock ef al.
[11]. There are two possibilities for this observation; (i) a temperature rise in the sample upon exothermic
hydriding of NaH to form Na;AlHg or (ii) the combination of slowing down of the first hydriding reaction,
15, and starting of the second reaction, r4. To resolve this question, accurate sample temperature
measurement is required. This non-isothermal factor can be included in future models when accurate in-situ
measurement of the sample temperature becomes available. In addition, the current model is fit to
isothermal hydriding data, with the assumption that the hydriding rate is not affected by thermal histories
except that captured by the variables C;. Reactions involving solid reactants and products usually involve
product nucleation and growth periods, and reaction rates are closely related to the characteristics of these
periods. Previous thermal histories could affect particle sizes, packing and reactant/catalyst distribution.
These changes will have an effect on the characteristics of nucleation and growth, therefore altering
reaction rates. Future kinetics models should take these factors into consideration.
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Conclusion

A practical kinetics model has been developed to simulate hydrogen absorption of NaH + Al obtained
from TiCl; catalyzed NaAlH,. Physical meaning of the basic model is discussed. Modification of the model
has been made with additional parameters for non-stoichiometric saturation compositions. The modified
model fits well with experimental data at temperatures ranging from 80°C to120°C in the pressures range
6.0-6.8MPa. This model has provided kinetic information needed in the design of 1 kg hydrogen storage
system using NaAlH, as storage media. Although this model needs further refinement to include non-
isothermal factors and solid state reaction mechanisms, it has given valuable insights in optimizing thermal
management and operational conditions for the 1 kg prototype system.
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Att.4 UTRC™ Sodium Alanate Kinetics 2

LA
Kinetics Model Refinements
Dan Mosher )
6/26/03 Mo ki Ve Do MY 42 404 g M iiagaz,
. ﬂ{

\ﬂ:lr =

A number of refincments have been added to the kinetics model framework:
L. Check to make sure the composition variables are not outside the bounds of
0=C; <1
2. Modify the reaction rate forms to allow different saturation hydrogen weight percentages at
different temperatures.

2 - ?
1 Maintaining consistent values of the compositions, C; <—— Mole e ction -
1.1 Comment on Model Aspect which Keeps Consistent values of C;

What is it in the modeling framework that maintains consistent values for the compositions? The
consistency re uirements are 3
yreq C; o Mg TROT Y

0=<C; <1 iy
sl { > 7 A, pHe 130+
; C= AL AL My
Equation 1 ch =1, de,: My

d4e, = 34Cuaali

J«L} = dey, I\'I."!!-,

For reaction 2 involving the hydriding of NaH (in the ori iginal model form with no saturation
levels), we have

Mol
dC _ . v@,aﬁég;{'“. € o = “G*-hfi.e. e
Equation 2 2] & ()% _ ) QLT o
dr ) e‘_ s kl“-"—'! L @q_u
' ‘°—=;,LM.,J.£1.'., =
This produces a.Cy that will reach a limit as C; — 0, but it does not ensure that 0< Cy <1. = St
However, the relationship which balances the product formation rate with the reactant e e Ceg
consumption rate, =0 0
. o
dc, dcy\
Equation 3 [_.__LJ =<{ C’2J
d'r_ r2 d't_‘ 2

when integrated over a small time step, will pmduée .' .
' (acy),, =-(8cy),,
In this case, :
(AC) +ACy),, =(-AC; +AG,),, =0
If we consider pressure regime three where both reactions 2 and 4 are active, we will also have
(AC, +AC;) ra =0
If we add these two equations,

Equation4 (AC) +ACy) , +(AC, +AC, ).a=0
Since the model framework specifies that for pressure regime 3,
(Acl );gm[ {ACI )
. (ACZ );m'm' - (&CZ )r?, (ACZ )r4
(AC3 )Iam! = (QC3 )M
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Equation 4 becomes

(AC; +AC, +ACy) 0

toral =
or

C| + Cy +Cy =constant
If we start with values which sum to 1, then Equation 1 will be satisfied for all time.

Figurc 1 demonstrates that this indeed does occur during the simultations even with the potential
errors associated with numerical integration. The sum of C’s is 1.000000 +/- 8e-7.

l2pFprrr 1 T rrr o7 [T
¥ C+C,+C; for pt A ]
1.0
s | C, (NaAH,) 1
= _ 3 -
S 0.8 C, (NajAH,) S
pe E ]
L 06 —
A g
é e 4
8 0.4 n =
5 —A =
0.2 m— B =
N —cC -
0.0 (I VT T S O B B R S B AU 3

4] 2000 4000 6000 8000 10000
Time, [s}]

Figure 1: Composition results for four hole configuration.

1.2 Potential Issue with Numerical Integration which Should Be Corrected

With numerical integration, finite time steps are used. In this case, it is conceivable that the
value of a reactant would not hit exactly 0 but could overshoot and become negative. An
important influence of this is the value of the exponent ¥ on the composition variable. For the

specific reaction of Equation 2 with 5 =1,if C; <0 then dC,/dr <0 and by Equation 3,
dCy/dt >0 which will self correct the value of C; toward 0. However, if y, =2, the square of
a negative number is a positive number, so that C; will become more negative in a run away
numerical effect where C; becomes substantially less than 0 and C; becomes substantially
greater than 1. As discussed above,

(AC,+AC,),, =0 N
- would still apply but the'individual values of Cy and C, will diverge and be meaningless. Even
though a value of ¥ =2 has been used in ABAQUS simulations, this problem has not been
observed probably because the reaction rates slow down adequately as C} — 0 so that the finite
time steps do not produce an overshoot.

Nevertheless, modifications should be added to the coding to make sure that all of the
compositions stay within the physical bounds of 0 and 1. One approach is to simply check the
values of the compositions and if they are starting to deviate, to set them equal to 0 or 1 as
appropriate. For the particular reaction, it also might be necessary to adjust the conjugate
variable in the reaction to avoid any drifting of the composition sum. Another approach is to
modify the coding used to represent Equation 2 as
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dt

(2] = sl lasstci

r2 .

This has two advantages. First, the sell correcting nature 1s preserved even if ¥ =2, Second,
there will not be computation errors if C| is negative and the exponent is non-integer. Another,
perhaps perferrable approach is to have

L2 (g it 20

(d(,_z) =01if ¢, <0
dr 5

This essentially stops the hydriding reaction when the reactant concentration become slightly
negative.

2 Modelmg of Saturation Weight Percentages Whlch Vary with Temperature
Wt i-},.. Iy H

1 Srared Hoed. v ! _ [
2.1 Introduction : = L u’ﬂ,dm«( Y

As shown in Figure 2, the saturation weight fraction absorbed can vary significantly with
temperature. The value of 90 C is 0.02 and that for 100 C is 0.027. In the present modeling
structure, the hydrogen weight fraction stored in the material is calculated from tllp comp9§1t| on

variables as Hu ol .. HMa, €00 M = 2o 9/ 0
ml{ / - e A M:UA,Al vy = 5 aa ‘*.f".l.f/;:“-‘?
Equation 5 w=v*{. 018?’*0; +0.0 osb*cg ) . M. 2itoeshat”
M,

,1,!'-{ - re g, DlﬁgfuuQ__I
The variable v represents the nonideal capacity. As a first attempt to fit the data i in F: gure 2, this

variable was made temperature dependent,
Equation 6 w=w(T)*(0.0187*C, +0.056*C5)

and the comparison with data in Figure 2 is reasonably good at longer times. The complexities
of the incubation period where not modeled and therefore the short time comparison is not good.

This approach is adequate to match the constant temperature data, but it will have unrealistic
behavior when temperature is changing. As an example, if at 10,000 s, the temperature is
changed from 90 to 100 C, the weight fraction will jump instantancously from 0.02 to 0.027
which would not occur physically. Additional experiments in which the temperature is changed
will be conducted to examine lhv-. effect.
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0.03 -
0.025 i ~— 80 Cdata
~=-= 80 C fit
E 0.02 ~—— 90 C data
g ~-- 90 C fit
2 0.015 —— 100 C data
", ~-- 100 Cfit |
I 001 —— 120 C data
* ~=- 120 Cfit
S 0.005 —— 140 C data
-== 140 C fit
0 i ol
-0.005——— : .
: 0 5000 10000 15000
Time, [s]

Figure 2: Absorption data for 6% TiCl3 with fit to constant temperature model.

2.2 Saturation Form for Single Composition, C;

The framework modifications to allow for saturation weight fraction differences for arbitrary
temperature histories are discussed next. One modeling approach is to have

(%L =l-gaf? o

which should be represented in the coding as

Equation 7 [d;’—f] o< {Cl -G (T)]"? if C;-C}*(T)20
: ) r2
Equation 8 (flg—z—) =0 if ¢;-C/(T)<0
4 r2

The value of this saturation C) is calcuated by considering the resulting long-time composition,
| C =C", C3=0, C3=1-C{*

and substituting these values into a modified version of Equation 5 where the obsolete factor of

v has been removed,

Equation 9 w=0.0187*C, +0.056*C3

This results in a saturation value for the weight fraction under an isothermal temperature history
of :

widl =0.056* (1 - )
or )
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¢-v1_
_ o _
“psat (T] Cc.j- (t)= :::-t _'j—)
Equation 10 Ci(T)=1- L2 .

0:056°

sal

The parameter wiy, (T') represents the saturation level at long times for the absorbed weight

fraction of hydrogen under an isothermal temperature history.

Because reaction 2 is a hydriding reaction, it can only proceed in the direction where C5 is being

produced and therefore we must have C| > C. If not, then Equation 8 applies. -

The equation for the second hydriding reaction would not necessarily need to be altered with a

saturation level for the reactant,

d

._C3_ = (C2 ]2’4 )

dr rd
To illustrate this with an example, consider if wjy, =0.020 and so C{*' =0.643. If we start off
with C; =1, C,; =0, C5=0, then after a long amount of hydriding, we would obtain
C;=0.643, C;=0, C3=0357.

then we will obtain the desired value of _
' w=0,0187*0+0.056*0.357 =0.020

This approach appears to give reasonble physical behavior when changing temperatures for C f“’ :
increasing with time. If for example, we hydride at 90 C for 10,000 s and then increase the

sat

‘temperature to 100 C, the value of C;™ will decrease and reaction 2 will become active again.

This will produce a gradual change in w rather than the step change of Equation 6. Whether this
rate of change matches experiment is another question which needs to be addressed with’
additional experiments. ' -

2.3 Saturation Form for Two Compositions, C; and C; )
If we are not able to match experiments (or if we just prefer the approach below with more

adjustable parameters), a possible modification is to have a saturation level of C3%' for
reaction 4

" (dC _
Equation 11 [?3‘] o [c2 ~c3 (1*')}1‘i if Cp—C3*(T)=0
r4 ’
d
Equation 12 L3) -oif ¢ -G53 (T) <0
. di r4

and to choose values of C;* and C3% from wjy

so that they are consistent with the final
capacity. For this, after long times of hydriding in pressure regime 3 at a certain temperature 7,

Cl = Ci\‘af (:{1), Cz — C.ziﬂ'l' (T), C3 =1- C]Sﬂ'f (T) _ C'.Zfaf (T) k)
Applying Equation 9,

Equation 13 w5 (T) =0.0187* C3* (T') +0.056* (1 -CHNry-Cy (T))
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There are two unknowns and one equation, so we cannot uniquely determine €, and C3%'.

An assumption on their relationship to each other or additional data is required to proceed. If we
relate the two saturation values by (an alternate relation given in Equation 17 below was used
ultimately in the coding implementation)

!lﬂf (T}
¢ i“”t )

sat _
R

assuming that R**' does not depend on temperature, then
Equation 14 Cy"(T) = R* % (T)
and from Equation 13, )
wi(T) =0.0187* R™ *C “”{7 )+0.056 *[ -CI*(T)-R* *C™ m]
Solving for C‘“_‘,
widl = *(0 0187*R™" +0.056*(—1— Rm‘))+0 056
wisy —0.056 = *(R”’ *(0.0187-0.056) —0.056)

csor - Wiso ~0.056

R* #(0.0187 - 0.056) - 0.056

and multiplying numerator and denominator by —1,

0.056 — wi%
0.056+ R*™ *(0.056—0.0187)

Equation 15 ci¥ =

<And putting the temperature dependencies back in,

. ' sat -
Equation 16 ‘“‘ (T) = e 0.056 — wig, (1)

0.056 + R* *(0.056 - 0.0187)

As a check, if we only have C/*, so that R*¥ =0, then

sar sat
sat _ 0.056 — wis, _y_ Wisp

! 0056 0056

which agrees with Equation 10.

The parameter R** is an additional model parameter that can be adjusted to give the best match
of all the data. In particular, it is expected that the data from temperature change tests will be the

most useful in determining a representative value of R*¥ . Also, it was noted in parameter ﬁts
£ p P

that the value of R** produced an inflection of the curve in some circumstances.

Returning to Equation 13 and solving for C3%(T),
Wiso (T) = (0.0187 - 0.056)* C3* (1') +0.056 *(1 -Ci (r)]
(0.0187-0.056)* C5% (T) = wjs (T) - 0.056 * (1 - i (T)]

150
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T o] | G S
39 (1) = Wiso (T)—O.USG*(I—Cl (F}J‘J * Coqurr
2  (0.0187.20.056)

N 0.056* (= ¢ (1) |- wse! 1 =
C38(T) = ’(1()) YD) - Cogpge i TO

(0.056 - 0.0187) T
If we hydride at 100 C to achieve the greatest capacity and then increase to 120 C‘,ewc would not
expect the saturation weight fraction to drop 10 the lower level of a constant 120 C history.
Experiments need to examine this. If experiments do find that the saturation weight fraction
does not change after the temperature change from 100 to 120 C, then this will be consistent
with the model described above. To step through examination of the model, when the

temperature is increased from 100 to 120 C, the value of Wise (T) will drop. The values of
Ci™(T') and C3*(T) determined from Equation 16 and Equation 14 will increase so that the

. arguments (C, - Cf‘”) and ((,‘2 - CQ““) will be less than zero and according to Equation § and
Equation 12, the reaction rates will be zero as desired.

Physically, if C;'(T') =1, then both reactions r2 and r4 will be eliminated and the saturated
‘weight fraction can be set as low as 0. However, sctting C3“(T) =1 by itself will only restrict

reaction r4. If Clmr (T') = 0 associated with large values of R*¥, then the minimum weight
fraction stored will be 0.0187 and this will all occur during reaction r2 giving little opportunity
for an inflected curve. Because of this, restrictions on valid values of R* and will(T) would
be needed.

9_,5’1
Rather than attempt such restrictions,&zﬁd alternate form relating C{*(T') and C34(T) was

developed. In order for C;* (1) 20,
| 0.056*(1 - c5 )2 wi ()

sat .-
Cii‘(.ﬂ' (T) <1- Wiso (F)
) . 0.056
A convenient way to impose this restriction is to define
sat
iso (T)
C.W.l'f,mﬂx T =l__wl5'ﬂ :,
! ) 0.056

Then define a new independent parameter, r*

sat
Equation 17 ' rat _ M)_
. Cisaf L,max (T)
such that

Cimr (T) = Fsat *Clsm‘.max (T)
or
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. \(h' (T}
Equation 18 CIS"” (T)=r"# 1= {r}s;‘s(
056

In this way, the restriction is easier to remember and enforee as 0 < r*@ < 1. Note that the right

hand factor in Equation 18 will also be between 0 and 1 for reasonable values of Wil (T) so that

ar

after multiplying these two factors, we will have 0 < CImr (T)<1. Once r*@ is chosen, compute

C{*(T") from Equation 18 and compule Cm'(i') from

1
0.056* 1— r-*” #| 1= I‘::J U) sa:

0056 ||
(0.056 -0.0187)
(0.056 — e * (0_056 - Wity (T))) o (T)

150 I.'FO

(0.056 -0.0187)

(1 sat ) (0 056 — wien (T)]
(0.056 - 0.0187)

()

CZSUI (T) =

or

. _ psat : sat
Equation 19 C;f‘:(['.) =. (l ) {0056 Wiso (T))
T (00056 -00187)

1 { srpe
The form of Equation 19 shows that C3* (T") must go 1o zero as r’e approdc,hes 1 or wise (T)

approaches 0.056. This is intuitive since the first condition is if all of the nonideal capacity is

accounted for in C{*(T") -and the latter is that the actual capacity equals the ideal level, i.e. no
need for saturation compositions. An additional restriction is needed however, because it is

possible for C3% (T) to become greater than 1 if wiig (T) is less than 0.0187 and r* is 0 or
nearly 0. To examine this second restriction,

¥ (T) <1
(1 "") (0 056 — wi, (r))
(0.056—-0.0187)
(1— ‘“’] ﬁooss wf;g(l))<(0056 0.0187)
| psat ¢ (0:056-0.0187)
(0 056 — wi% (1))

rm} >1 ;I\_,\(J._O‘S_G -0.0187
0.056 —wig (T)
One characteristic of the model with both C{%(T’) and C3“(T") is if we start out with an initial
composition of Cp =0, the first hydriding reaction will need to proceed to the point were

C, > C3% before reaction 4 will begin. Thus there will be a time lag between when some Cp

reactant is available and when reaction 4 becomes active. This may produce an inflection in the
curve.
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2.4 Modified Form for All Pressure Regimes

The previous examination has focuscd just on pressure regime 3 for which both reactions are
proceeding in the hydriding direction. For reversible reactions, we would anticipate that the
amount stored would need to equal the amount released, at lcast after steady state has been
reached. Because the amount stored was limited by introducing saturation levels for C, and 2,
the amount released will already be limited and we do not need to change the form for the
dehydriding reactions (although the parameters will need to be modified from previous
estimates). Another way to consider whether to have saturation levels on the dehydriding
reactions is to think that in the dehydriding direction, we want all of the reactants to be consumed
so the compositions can return to the initial state of Cy =1, C, =0, C3=0. If we have

saturation levels for C; or C3, then the dehydriding rate will go to zero before the compositions

drop to zero. Therefore, we do not want saturation values on the reactants for the dehydriding
reactions.

In the current model framework, the composition at the start of hydriding test after complete
dehydriding would be

Cl=l, CQ 20, C3=0 .
- and the composition at the start of dehydriding after complete hydriding at temperature T would
be

Ci=C{"(T), C=C3"(T), C3=1-C}(T)-C3(T)

A sketch of the three pressure regimes is shown in Figure 3.

Py (NaAlH,) . -

P Pe_i®1 X

r; and ry active

r; and ry active

T

Figure 3: Reaction pressure regimes.
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The complete model for all three pressure regimes will be,

Table 1: Complete listing of reaction rate equations.

Revision 0

Pressure regime 1 ' dr ), RT ey
(fsz ] {dcl]
. 3 et ue s — ——
rl and r3 active dr ), dr |,
110Cy20, (£2) _ppeng-B o[ L2=P i
dt )3 RT P, ;

acy ) _ [(dCy
dt 3 dt r3

Pressure regime 2

dCyy  (dC,
r2 and r3 active ? " =- ? S
If G320, & = Ajex _E )| Fe3=F ()%
dt 3 RT }_78'3 z

4G\ _ (4G
dt )3 dt )3

I ) I’I—P-
If C;—Cl‘“'(T)g(}, acy = Ay ex _ B, e2
dt r2 RT P_2

]’“(Cl ~cimf”

Pressure regime 3

(dq) B {dC2}
2 and r4 acti o T
T2 and r4 acuve d! 2 dt La .

dC, _(dC3 -
d{ rd d.!' rd

P-P
If ¢ ~C2(T)20, [ %2) _ayexg - B2 | 2202
dt RT | | B,

* (Cl - Clsmr U-))ZZ

[ P-P |
If ¢ -3 1) 20, [ %2 = ageng - oo LTet ""(Cz—cim('”}x '
_ dt |4 RT Fp4 2

If the quantitics stated in Table 1 which need to be 20 are actually < 0, then' the associated

reaction rate is set to 0.

For all three pressure regimes, the total rate of change for C, will be the sum for each of the two

active reactions,

dt total dt rlorr2 dr r3orrd
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As present previously, the equilibrium pressure is

AH AS
In(P,)="0 22
n(Fe) RT R
or
AH
Equation 20 P(T)=exp — _4S .
RT R_

3 Effect of Parameters on Curve Characteristics

Some parameter fitting and sensitivity studies were conducted with the initial relation of

Equation 14 using R*¥ for the saturation compositions. The value of R** influences the weight

fraction level at which the inflection point occurs for the transition between the reactions. This is
shown in Figure 4 through Figure 7 for the 100 C data. A slightly different set of parameters was
used to fit the 120 C data shown in Figure 8 through Figure 11.

Using Equation 17 to choose different values of the saturation compositions, it seemed more
difficult to produce the inflection point in the curves during parameter estimatation trials using
MATLAB. There is no restriction in the new form that should make this happen, and it is likely
that this was caused by having different values of the other model parameters that affect the
relative rates etc. of the two hydriding reactions. A small amount of thought was invested into
what conditions would lead to a more prominent inflection region, but this was shelved in the
interest of completing the model and its application. For an inflection region to occur, one needs
reaction 2 to slow down, to have reaction 4 become active, to have reaction 2 still proceed to
produce more reactant for reaction 4 but to have reaction 4 accelerate in hydrogen production. Tt
is still unclear what values of the parameters (or dependencies between them) will produce a
pronounced inflection region,

The fit to experimental data using Equation 17 is shown in Figure’l12 using the parameter values
of Table:2.. The value of r* 5@ was set equal to 1 for all temperatures, which in effect sets
/ 165 o ﬁ would appear to eliminate the possﬂ)lllly of an inflection region. Other parameter

“cemhmallon are still pOS‘alble to give a better match. Névertheless, the results are reasonably
good. The fit at 140 C is the poorest due to the large inflection region. The model was also-fit to

the desorption data shown in Figure 13. A different value for C;* = 0.5 was used to best match *

« 5t

the resulting capacities. We could argue that such flexibility in choosing C[" is acceptable

since we do not known the actual composition of the as received / milled malcrial‘
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00—

0.025 -

Wi % H, absorbod

Time, (5]

Figure 12: Absorption with starting C_1 = 1 and T dependent

C_1_sat (r_sat(T) = 1 so C_2_sat = 0). The dashed lines are the

model with red=80C; blue=90C; cyan=100C; green=120C; and
magenta=140C.

Table 2: MATLAB coding giving model parameter values.

Tsa_C=[0 80 90 100 120 140 300 J; % lemperatures associated with w_iso
w_sat=[0.021 0.021 0.023 0.029 0.022 0.018 0.018]; % saturation weight fractions at tempertures T_iso_C

rsat= [l "I 1 1.0 1 1 1 1 % ratio of C_1_sat/ C_]_sal_max N
r_sal_threshold = | - (0.056 - 0.0187) ./ (0.056 - w_sat); % restriction level for r_sat, 1 - (0.056 - 0.0187) / 0.056 = 0.333
r_sat = max(r_sat, r_sa(_threshold); % check for values of r_sat that will maintain C_2_sat < 1.

Tsa _K=T sat C+273;
| o o Ty
i_t = 1: % directional teaction || dehydriding of Na3AIH6 to NaH | - "1;/
param{i_r,1) = -6150; % A or delta H/ R, slope in van't Hoff plot™
param(i_r,2) = 16.22; % B or -dclta S / R, intercept in van't Hoff plot B
param(i_r,3) = 6.0e12; % A_T, lcading coefficient in temperature factor, time unit of seconds
param(i_r,4) = 110000; % E, thermal activation energy. J / mol of H_2
param(i_r,5) = 1.0; % chi, exponent on reactant weighlPﬁfﬁUﬂ
1_r=2; % directional reaction 2, hydriding of NaH to Na3AIH6 | — v
param(i_r,1) =-6150; % A, not used, value fori_r= 1 used.. -
param(i_r,2) = 16.22; % B, not used, value fori_r= 1 used
param(i_r,3) = 1.5¢5: Do A_T .~
param(i_r4) = 70000, % E L
param(i_r,5) = 1.0; % chi TR
i_r=3; % directional reaction 3, dehydriding of NaAlH4 (o Na3AlH6 (; g /
param(i_r,1) = 4475, % A, used for 13 and r4 p_-
param{i_r,2) = 14.83; % B, used for (3 and rd (14.83)
param{i_r,3) = 4.0e12; B AT
param{i_r,4) = 110000; %E —
param(i_r,5) = 2.0; % chi 7
i_r=4: % directional reaction 4, hydriding of Na3AIH6 to NaAl A H f[l
param(i_r,1) = -4475; % A, not used, value fori_r =3 used
param(i_r2) = 14.83; % B, not used, valuc fori_r=3used (14.83) — A$/p.

param(i_r3)=10e8; %A_T A
param(i_r,d) =80000; % E E
param(i_r.5) = 2; % chi o
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0.005

Figure 13: Desorption from as milled condition (assume
C_1_sat = 0.5). Dashed lines are model. Temperatures are
black=70C; red = 80 C (two experiments); blue=90C;
¢yan=100C; yellow=110C; green=120C;

Note that the equilibrium pressure for the lower van’t Hoff line using a modified Equation 20
. and parameters in Table 2 is

P,(T)= cxp[f + BJ = exp[‘(’lso + 16.22J
T T

- Solving for the transition temperature for the desorption pressure of 1 atm,

. . |-, Y, T,
In{P,(T))-16.22  In(latm)-16.22 .
Thus, we would expect significant differences in capacity for temperatures above 106 C versus
those below it. This is reflected in the model predictions of Figure 13 (yellow and green lines)
- but not in the experimental data, Ini fact, after 8,000 s, the desorbed capacity at 90 C is greater
than at 120 C. Additional experimentation and modeling is required to understand this effect.

The modifications to the kinetics model were made to the ABAQUS subroutines and check with
a simple isothermal test problem. The user subroutine “powder_user2.for” was developed from
the previous “powder_user.for” file based on additional modeling and parameter estimation in
MATLAB. The implementation of changes required adding parameters to calculate saturation
compositions and also the addition of these saturation levels to the hydriding reaction rate
equations. Simple simulations were conducted in ABAQUS to verify that the implementation
was accurate. These were nearly isothermal simulations of a cube 0.1m in size. A slight
temperature difference was produced by imposing a convective boundary condition which was 1
degree C higher than the initial temperature to avoid numerical problems of taking to small of a
time step in transient thermal analyses. Such a small time (100 s) is needed to integrate the
reaction equations,
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Figure 14: 0.1 meter cube used to test implementation of model in ABAQUS,

The results below are very similar to the comparison of data with the MATLAB implementation
as expected. "After these simulations were run, code was added to the user subroutine HETVAL
to check whether the compeosition factors were positive. A simulation at 140 C was then rerun
and the results did not changed at all. This is expected since the value of r_sat was 1 for all
temperatures so that C_2_sat = 0 and therefore there would not be any negative composition
factors for an isothermal history starting with C_I = 1. Note that the checks for negative
composition factors were in the MATLAB code used to fit the parameters. Therefore, though
the code was modified, it 1s expected that the results for the other temperatures besides 140 C
will also agree as in the figure. .

The results in Figure 15 show good agreement with Figure 12 indicating the coding of equations
including their integration is accurate, at least for these conditions.

ABAQUS Comparison, 0.1 m Cube

0.035 : -
0.03
. 0025
——dala, 80C
o —— ABAQUS, 80 C
. |——data, 90 C
% ABAQUS, 90 C
£ oot —data, 100 C
§ . ABAQUS, 100C
. | ~—adata, 120 C
2.0 1 ABAQUS, 120C
——data, 140G
ooos| —— ABAQUS, 140C
0 — . . . . . —
1000 2000 3000 4000 5000 6000 7000 - BOOO 9000 10000
0.005

Time, (5]

Figure 15: Results for absorption conditions.
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