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Briefly describe any algorithm development. How and to what extent will this development
be disseminated internally and/or externally?

The hydrogen refueler was modeled using the Aria multi-physics module from Sandia’s SIERRA
mechanics simulation code suite. The model consists of a two-dimensional (2D) axisymmetric
porous media reacting two-phase flow system. The Van Genuchten saturation model [1, 2] in Aria
was used to calculate the saturation in the domain. This model had significant limitations in the
regions where the liquid saturation is close to zero. As the liquid saturation approaches to zero, the
Van Genuchten model for capillary pressure approaches infinity. The Aria solvers failed to
converge to a solution once liquid saturation was close to zero. The low saturation regime is
important in the hydrogen refueler, because the refueler is initially filled only with air, so the liquid
saturation is zero. As liquid water enters the domain, it quickly reacts with LiH. The liquid
saturation remains close to zero until most of the LiH has reacted. In order to overcome this
limitation, the developers at SNL incorporated into Aria the extension to the Van Genuchten
equation developed by Webb [3]. This simple extension of the saturation curves retains the fit at
higher saturations obtained by the Van Genuchten equation and improves the fit at lower
saturations.

Another novel and extended capability in Aria was the addition of an energy equation for open
systems that solves for only one temperature by assuming that the solid, liquid, and gas species are
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at the same temperature. Aria can already solve for one temperature using the porous energy
equation for closed systems. However, the hydrogen refueler has an open boundary condition
where the gas is able to leave the domain, which Aria could not handle before this project. SNL
developers extended the main Aria code to allow for an open boundary condition.

Aria can solve for the fluxes at the boundary conditions using the residuals for the partial
differential equations being solved. This capability had been extensively used in 3-dimensional
(3D) problems. However, it had not been used in 2D axisymmetric problems. While working on
the hydrogen refueler, a bug was found in the calculation of the fluxes at the boundary for
axisymmetric problems. This bug was fixed and tested with the hydrogen refueler model.

SNL validated the model against experimental data produced by Skyhaven. In addition, SNL
expanded Sierra’s material property library with data provided by Skyhaven.

SNL will use all the new capabilities added as part of the hydrogen refueler project in other projects
that deal with similar physics, such as thermal batteries, material decomposition, and geothermal
systems.
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Executive Summary

Zero-emissions hydrogen fuel cell electrical vehicles (FCEVs) have become more popular in
recent years. However, the limited availability of hydrogen fueling stations is considered a critical
barrier to sustainable adoption of hydrogen FCEV. To enable the widespread deployment and
commercialization of hydrogen FCEV, the availability of hydrogen refueling stations needs to
improve. One of the consequences of the lack of hydrogen refueling infrastructure is that
consumers can suffer from “range anxiety”, meaning consumers would get anxious of running out
of fuel during long-distance trip [4]. A practical solution is to provide a compact emergency
hydrogen refueler that can be used if the consumer runs out of hydrogen before reaching the nearest
hydrogen refueling station. A safe, compact, and user-friendly hydrogen refueler would give
consumers the flexibility they need to feel comfortable using their hydrogen FCEV when planning
a long-distance trip. Offering this product would alleviate range anxiety, and it would make
Hydrogen FCEV a more attractive alternative to gasoline vehicles. The emergency hydrogen
refueler consists of a lithium hydride bed that reacts with liquid water to produce hydrogen gas
and lithium hydroxide.

This project brought the emergency refueler a step closer to commercialization. Skyhaven will use
the findings of this project to improve their emergency refueler. A peer-reviewed journal paper
will be published with all the findings of this work. Additionally, Sandia improved the
Multiphysics models of complex systems such as the refueler studied here. SNL validated the
model against experimental data produced by Skyhaven. SNL can now use this type of model for
projects that deal with similar physics, such as thermal batteries. In addition, SNL was able to
expand Sierra’s material property library with data provided by Skyhaven.

This emergency hydrogen refueler supports the DOE Fuel Cell Technologies Office (FCTO) goal
of advancing hydrogen and fuel cells for transportation by contributing to the U.S. energy
independence, security and resiliency, and adds to a strong domestic economy. Offering this
emergency hydrogen refueler to vehicle owners will help alleviate range anxiety, further helping
to commercialize hydrogen fuel cell vehicles and the continuing commissioning of hydrogen
refueling stations. This project will help drive the growth of both fuel cell vehicles and hydrogen
refueling stations by offering an emergency hydrogen refueling option to consumers. This project
supports the nation’s energy strategy by helping to diversify America’s energy sector, reducing
the dependence on foreign oil, and reducing petroleum combustion emissions by accelerating the
deployment of fuel cell vehicle technologies. The hydrogen refueler will greatly reduce barriers to
market penetration by allowing hydrogen fuel cell vehicle users to have an extended driving range
in case of emergency due to a lack of hydrogen refueling stations.
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Introduction

Problem Description and Motivation

The emergency hydrogen refueler consists of a lithium hydride bed that reacts with liquid water to
produce hydrogen gas and lithium hydroxide. A schematic of the hydrogen refueler is shown in
Figure 1. The hydrogen refueler consists of a cylindrical conduit filled with LiH powder. The
conduit wall is fabricated using a polymeric membrane with a 50% sulfonation, which allows
liquid water to permeate through the conduit wall. The outer wall of the conduit is surrounded by
liquid water at ambient pressure and temperature. Liquid water permeates through the conduit wall
and immediately reacts with LiH particles to produce hydrogen gas and LiOH according to
Equation (1). Reaction (1) is an exothermic reaction which causes the temperature inside of the
bed to increase. Under certain combinations of the water inlet flux and initial hydride content, the
heat from Reaction (1) can cause liquid water vaporization according to Equation (3). Water vapor
also reacts with LiH to generate hydrogen gas and LiOH, according to Equation (2).

LiH) + HoOqy — LiOHg) + Ha (1)
LiH) + H2Og — LiOHgs) + Hagg) (2)
HzO(l) — Hzo(g) (3)

Although there are several advantages to using LiH as a hydrogen storage material, there are two
main challenges to designing a safe, light weight, and compact hydrogen refueler. The first
challenge is to control the reaction rate and temperature increase in the bed, especially when liquid
water (instead of vapor) is being used to react with LiH [5]. The hydrolysis of lithium hydride is
an exothermic reaction, thermal management is required for the system to function safely. Kong
et.al. [5] observed extremely rapid reactions rates and rapid temperature increases on a LiH bed
when liquid water was introduced. The authors showed that the reaction rate and heat release can
be controlled by limiting the amount of water fed into the chemical hydride bed and by dispersing
the water over a larger area within the bed to prevent hotspots. Unfortunately, in order to meet the
target hydrogen production rate for the refueler, higher water flow rates are needed. In addition,
larger lithium hydride beds complicate the design objectives of a compact and light weight
refueler.

The second challenge is the formation of the LiIOH-H>O film at the reaction interface. Several
authors noticed a reduction of hydrogen produced due to the rapid formation of a LiIOH-H>O film.
After this layer forms, water can only penetrate the rest of the LiH material by diffusion though
cracks in the film [6, 7]. If not all the LiH reacts with water, the refueler would need to be heavier
and larger to be able to produce the same amount of hydrogen that a refueler that can achieve
100 % reaction would.
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Figure 1: Schematic of water permeation through membrane into the LiH porous bed.

In order to address these two main challenges, a numerical model was developed to investigate the
design parameters and to improve the hydrogen generation and thermal management of the
reaction. In this project, a lithium hydride porous bed that reacts with water to produce hydrogen
was simulated using a two-dimensional multiphysics model. As shown in Figure 2, the model does
not include the membrane or the water reservoir; it only includes the LiH bed. The numerical
model was validated with experimental results obtained at the Skyhaven laboratory. A parametric
study was performed to determine ways to improve the design of the refueler. The parameters that
varied from a reference case were: 1) the initial temperature of the LiH bed, 2) the inlet temperature
of the liquid water, 3) the diameter of the bed, 4) the length of the bed , and 5) the initial mass of
lithium hydride. For the cases where the diameter and length were varied, two density subcases
were explored. The first case used a constant porosity and varied the initial LiH mass, while the
second case fixed a constant initial LiH mass and varied the porosity.

inlet

Axis of symmetry =

Figure 2: Numerical domain 2D axisymmetric domain for numerical simulation.
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Project Approach

Sandia developed and incorporated the physical and transport properties obtained by Skyhaven
into a Multiphysics model that solves the highly coupled equations that describe the hydrogen
generation process, namely the mass, energy, flow, and reaction rate equations.

Material Models

Kinetics

The net rate of change of density of species i , summed over all j reactions is expressed as,

Ny

ap " 17 ’

a_tl= W; =Z(Vij—vij)7‘j 4)
=1

r

where N, is the number of reactions, v;; is the mass-based stoichiometric coefficient for the
product species and v; ; 18 the mass-based stoichiometric coefficient for the reactant species. The
mass base reaction rate, 7j, is calculated according to the law of mass action,

Ny
Wij
1 = KjMyey npi ' ®)
i=1

where M,..; is the molecular weight of the reference species, Ny is the number of species 4 p;; is
the concentration exponent for species in reaction j. The kinetic coefficient, k;, for reaction j is
modeled using the Arrhenius form,

E:
ki = Ajexp (— ﬁ) (6)

where A; is the pre-exponential factor, and E; is the activation energy of reaction j. R is the
universal gas constant, and T is the temperature.

The overall mass-based continuity equation source term for material phase k was computed as the
summation of all the individual species source terms,

Ng
0px ap;
nr — — 7
Yek =79r = Lot @
=1
Evaporation
H>Op — H>2O) (®)

The phase change of water was assumed to be a finite rate derived from the difference between the
local thermodynamic state and the equilibrium state [8, 9]. The first term in Eq. (9) is the rate of
evaporation of liquid water, and the second term is the condensation rate of water vapor,
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dxy,0, .
rHZO — Mch R’; g (xHZO,gpg - psat) lf xHZO,gP > Psat (9)

Ked)Slpl (xHZO,gpg - psat) if xHZO,gP < Psat
where k. and k, are the condensation and evaporation coefficients, respectively. The condensation
and evaporation coefficients are given by Nguyen et. al. [10]. The partial pressure of water
vapor, Xy, 0,gPg- 18 calculated using the mole fraction of water vapor, xy, ¢ 4, times the gas phase
pressure, p,. The saturation pressure of water, Ps,., 1s calculated using the curve-fitted expressions
provided by Springer et al. [11],

l0g10Psar = —2.1794 + 0.02953T — 9.1837 x 107°T?% + 1.4454 x 1077T3 (10)

where T is the temperature of the bed.

Porous Media Two-Phase Flow

The porosity, ¢, of the porous material is defined as the ratio of the volume of pore space, V,, and
the total volume, V;, namely

b VitV
= =0 (11)
Ve Vi+V,+1
where V is the volume of the solid material, V; is the volume occupied by the liquid phase, and V;
is the volume occupies by the gas material.

The volumetric gas saturation, S,, is defined as the fraction of the interstitial pore space occupied
by the gas phase and is calculated from the assumption that the pore space is saturated with fluids,

Sg+S =1 (12)

Capillary pressure, p., and volumetric liquid saturation, §;, are related by the Van Genuchten
Model [1, 2],

1/n
11/~ Slr)‘”m
=—|l——= -1 >0 (13)
where S;, is the residual liquid saturation and n, m and a are Van Genuchten parameters that

depend on the type of porous material. The Mualem relationship [12] was used to find m =1 —
1/n. The capillary pressure, p., is calculated from the liquid pressure p; and the gas pressure py,

P1 =Pg — DPc (14)

The gas and liquid phase mass average velocities are calculated using Darcy’s Law [13]:

Ky (Opy
u, My((?xj +pyg]> 14 org (15)

where g; is the gravity vector, k, is the permeability of phase y, and u, is the viscosity of phase
y. The liquid density, p;, is assumed to be constant. The gas density, pg, is calculated using the
ideal gas law,
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paM
pg = ??Tg (16)

where p is the gas pressure and M, is the mass averaged molecular weight of the gaseous mixture
which is calculated from the summation of the product of Y; ;, the gas phase mass fraction of
species i, and M; 4, the molecular weight of the gas species i,

My =) YigMig (17)
Mixture Properties

The mass diffusivity for component 1 in a gas mixture is given by Welty and Wilson [14]:

1

Dy _mixture = h”Z h’3 h, (18)
Di—; " Dy D;_;
where D;_; is the mass diffusivity of the binary pair (component 1 and i), and the molar fraction
of component i in a gas mixture of the binary pair is defined as

oot (19)
T (A-hy)

_|_

where h; is the molar fraction of component i in a binary mixture of component 1 and i. The
diffusion coefficient for the binary pairs of non-polar, non-reacting molecules are assumed to be
constant.

The tortuosity factor is calculated from the Bruggeman model [15],

1
Y = ad)n
The diffusion coefficients are effective values modified via Bruggman correlation to account for
the effects of porosity and tortuosity in porous media [16].

T wherey =lorg (20)

D €
- wherey =lor g (21)
D 1-mixture Ty
The Carman-Kozeny model [17-19] was used to calculate the intrinsic permeability of the porous
bed,

kg = ! ¢
S ZTQZSE (1 - ¢)2

where S, =d/6 (d is the particle diameter). The relative permeability of the liquid phase is
calculated using the Van Genuchten-Mualem expression [2, 12],

(22)

ma2
S = Sir\ 2 Si =S\ ™
b= (S50 (1 (S8 1o 2
n=\1-s, 1-5, (m /m 2
The relative permeability of the gas is calculated using the Luckner expression [20],
2m
Si =S\ (1 (Si=Swr)'™
kr,g = (1 —1_—517‘) 1-— (1_—5”.) (m =1- 1/n) (24)
9
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Governing Equations

There are separate mass balance equations for the solid phase and gas phase.

Conservation of Mass
The solid phase mass balance equation is used to solve for the solid phase density, ps,:

dps
= (25)
at g
where a)}' "Q is the rate of formation of gases due to heterogenous reaction kinetics.

The gas density is used in the mass balance equation for the gas phase to solve for the pressure of
the gas phase, P

a(¢Sgpg) a(pguj,g) N7/
o ox, % (26)

The final equation used to solve for the gas pressure is obtained by substituting the velocity, u; 4,
with Equation (15) and p, with Equation (16),

0 P,M Jd |(B,M Kk, (0P, P,M
_Sgg)_(gg)__g_g aMg N\ 27
ot (d’ 9°RT ) "oz |\RT )\ "y \ow, T RT 9 “o @7
The liquid phase mass balance equation is used to calculate the pressure of the liquid phase P,,
(pSip) | 0 "
—at + a (pluj,l) = W (28)

The final equation used to solve for the liquid pressure is obtained by substituting for u;; with

Equation (15),
6(¢Slpl) 0 K 6Pl "
Tat ox M\ Tm\ax P9I )| T 9)

Conservation of Chemical Species

The solid phase species equations solve for the solid phase mass fraction, Y; ¢, of species i,

ap Y.: o1
astls = Qs (30)
The gas phase species equations solve for the gas phase mass fraction, Y; 4, of species i,
Yi,g
0(#SgpgYig) | ¥(PgtigYig) | O (qij ) - 31
+ + = wig ( )
ot axj ax] ’
10

7/17/2021 11:14 AM



The gas-phase species diffusion flux vector q;.i’g is modeled as

Y; O(Y-‘ )
4" = ~bpgDig— ;jg (32)

where D; ;4 is the gas-phase mass diffusivity for species i.

Conservation of Energy

The system is assumed to be in a local thermal equilibrium, so that the solid, liquid, and gas phases
have a common average temperature, 7. The energy balance equation that describes the system
takes the form

0 0
7t [(1 = P)pshs + p(p1Sihy + pgSghg)] + Ix [pluj,lhl + Pguj,ghg]

Xj
aqh
=——+43S
axj' + hs

where hg h;, and h, are the enthalpy of the solid, liquid, and gas phases, respectively. The energy

(33)

. . hg -
diffusive flux vector, q; 9 is represented as

" (qb 0, 2 4 gD ahg) (34)
qj = = ¢pDi5—+ pgDgo—
J ax] 949 ax]

The source term due to the heat of reaction is

Ny
Sp, = — Z Ahs (35)
) i=1
where Ah; ; is the mass-based heat of formation for species i at the reference temperature T .

Initial Conditions

The LiH bed is initially filled with air at ambient temperature and pressure. The boundary
conditions were specified as follows,

Tlt:O,r,z =T; (36)
where T; was 25 °C,
Rg|t=0,T,Z = Pgll (37)
where Py ; was 1 atm,
Sllt:o,r,z = Sii (38)
where S;; was 1,
Yiint=orz = Yiin,i (39)
Yiout=orz =1 =Y, (40)
where Y};,; ; was set to 1,
Yairt=orz = Yairi (41)

11
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Y, t=0rz = Ya,,i (42)
YHZOg,t=0,r,z =1- YHz,i — Yair,i (43)
where Y,;,-; was set to 1 and Yy, ; was set to 0.

Boundary Conditions

The model does not include the membrane or the water reservoir; instead, a liquid water flux is
applied at the inlet boundary. A time dependent water flux was developed and applied at the inlet
boundary condition (at r = R;) to represent the membrane dynamics for the liquid water feeding.
The time-dependent inlet boundary condition was approximated as follows,

% (pluj,l) = max(m;-;ZOZ,maxl mZZOl,maxtanh(t/lo)e(_O'Ol ' t)) (44)
] tr=R;z
where m;,’zm,max is the maximum mass flux of liquid water at inlet, t is time. m;,’zm,max was
approximated from the average mass flow rate, m;;zm,a,,g , obtained in the experimental runs (see
Table 1). For run 1, 2, and 3, m;;zm,max was approximated to 0.003 kg/s-m?, and for run 4,

m;-;ZOZ,max was approximated to 0.013 kg/s-m?.
The liquid water was assumed to enter the bed at a constant temperature of T,

Tlt,T=Ri,Z = TRi (45)

where Ty, was 25 °C,

The outlet boundary condition (at z = L) is an open boundary that allows for the gas mixture
(hydrogen, air, and water vapor) and the liquid water to exit the domain. The radius of the outlet
boundary is smaller than the LiH bed radius, R. The axis of symmetry was specified at v = 0, and
bottom and top surfaces (z = 0 and z = L) are assumed to be insulated walls.

Procedures

Experiment

Four different experiments were used to validate the numerical model. The experimental setup
(Figure 3a) is composed of a water tank, the refueler, a dehumidifier, and a volumetric flow rate
meter. The refueler (Figure 3b) consists of two concentric cylinders, and the design parameters are
listed in Table 1. The inner cylinder is filled with 0.75 — 1.75 grams of LiH powder (with an
average particle diameter of 100 um), and the outer cylinder is filled with liquid water upon
activation of the system. The inner cylinder filled with lithium hydride is separated from the water
outer cylinder by a membrane that allows the liquid water to slowly permeate into the LiH porous
bed. Hydrogen gas is generated via the reaction of water and LiH. The conduit has a diameter of
Dy, = 0.375 inches and a length of L = 2.25 — 3.5 inches. The polycarbonate outer shell of the
refueler has an outside diameter of D,, = 0.75 inches and a wall thickness of 0.0625 inches, and
it is connected upstream to a water tank that feeds liquid water into the outer shell of the refueler.
The water tank contained 12.07 milliliters of liquid water. Gravity is used to ensure that the outer
shell of the refueler is always filled with liquid water. The inner cylinder of the refueler is
connected to a dehumidifier used to remove water vapor from the produced gas mixture exiting

12
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the porous bed. The volumetric flow rate of the gas mixture is measured downstream the
dehumidifier with an Omega mass flowmeter.
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Figure 3: a) Schematic of experimental setup which includes water tank, refuelers, dehumidifier,
and mass flow meter, and b) experimental refueler with dimensions.

Table 1: Design parameters of experimental refueler.

Experiment Run 1 \ Run 2 \ Run 3 Run 4

Bed diameter (D)) 9.525 mm (0.375 in)

Membrane thickness (&) 0.127 mm (0.005 in)

Water tank diameter (D,,) 19.05 mm (0.75 in)

Water tank thickness (£;) 1.588 mm (0.0625 in)

Length (L) 57.15 mm 76.2 mm 88.9 mm 69.85 mm
(2.25 in) (3.0 in) (3.51n) (2.75 in)

Initial LiH mass (m;;y) 0.75¢g 081 g 1.75 g l4¢g

Average Inlet liquld Water |, o1 1/ m2 | 0.001 kg/s-m? | 0.001 kefs-m? | 0.01 kefs-m?

mass flow rate (my, o, q4v4)

It is important to note that the uncertainty of the experimental measurements was mainly driven
by the uncertainty of the liquid water mass flow rate at the inlet of the bed. It was not possible to
measure the rate at which the liquid water permeates through the membrane. Instead, a constant
mass flow rate was estimated by dividing the change in the liquid water volume in the outer
cylinder by the time the experiment ended (listed in Table 1). From membrane theory, it is known
that the water flux increases with increasing temperature [21].

The temperature was measured for only one of the experiments due to the difficulty of inserting
the thermocouple into the LiH bed without damaging the membrane. In addition, having the
thermocouple inside of the bed disrupts the reaction and the uniform porosity of the bed increasing
the uncertainty of the experimental results. The thermocouple was placed at the center of the LiH
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bed (at L/2 and D,/2). The thermocouple was rated for a maximum temperature of 300 degrees
Celsius, so there were no accurate measurements once the temperature of the bed exceeded 300
degrees Celsius. At the end of this run, it was observed that the membrane had been damaged. The
damage on the membrane could have been caused by either the expansion of the solid when LiOH
was formed, by thermal degradation due to the rapid increase in temperatures, or by the insertion
of the thermocouple. The damaged membrane allowed water to enter the LiH bed freely which
rendered the measurements of hydrogen flow rates unreliable. The temperature measurements
were still used to validate the model. The mass flow rate for this run was one order of magnitude
higher than the mass flow rate for the rest of the runs.

Numerical Model

A Sandia-developed code called Sierra:Aria was used to perform the simulations [22]. Aria [23]
is a Thermal/Fluids Multiphysics finite element software suite that performs steady and unsteady
thermal analysis of 2D or 3D systems. In this work, a 2D axis-symmetric computational domain
of a cylindrical LiH conduit (see Figure 2) was used to solve for the coupled partial differential
equations listed in the Introduction-Governing Equations section. The mesh has a total of 6744
nodes. The mesh was refined closer to the outlet boundary to avoid any instabilities.

The thermal properties of liquid water, LiH, and LiOH were assumed constant, and are listed in
Table 2. The thermal properties of hydrogen, air, and water vapor vary with temperature and were
obtained from NIST [24].

Table 2: Thermal Properties of species in the system.

Property LiH LiOH H, H,0l H,0g Air
Molecular Weight (g/mol) 7.948 23.94 2.015 18.02 18.02 28.97
Density (kg/m?®) 780 1460 | Ideal Gas 997.0 Ideal Gas | Ideal Gas
Specific Heat (J/g-K) 3510.0 | 2070.0 NIST 4184.0 NIST 1000
Thermal conductivity (W/m-K) | 12.5 0.65 NIST 0.607 NIST 25.72E-3
Viscosity (Pa — s) - - NIST 1.753E-3 NIST 1.81E-5
Enthalpy of reaction (kJ/mol) | -90400 | -487500 - -285820 -241820 -
Mass Diffusivity (m?/s) - - 4.0E-7 4.50E-9 | 7.8E-9[10] | 2.82E-5

The values used for the Arrhenius equation (see Equation (6)) for Reaction (1) and (2) are listed in
Table 3.

Table 3: Values for Arrhenius reaction rate equation for reaction (1) and (2).

Parameter | Reaction (1) [7] | Reaction (2) [25]
A 1.72B-6 s71 -
E, -6700 J/mol -
k; - 0.0044
n 1.0 1.3
m 1.0 0.25

A parametric study was performed to determine the effects of varying design parameters on the
hydrogen generation and the temperature in the lithium hydride bed. A reference case scenario was
used as the starting point for the parametric study, specifically Experimental run 1. The inlet mass

14
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flux of liquid water was kept constant in the parametric study, where m;;zm,max =
0.003 kg/(m?s) was used.

The parameters varied from the reference study were:

initial temperature of the LiH bed,

inlet temperature of the liquid water,

diameter of the bed with constant initial lithium hydride mass,

diameter of the bed with constant porosity,

length of the bed with constant initial lithium hydride,

length of the bed with constant porosity, and

initial mass of lithium hydride in the bed.

The parameters used for the reference case scenario as well as the range used for each parameter
are shown in Table 4.

NNk W=

Table 4: Parametric study values.

Parameter Reference Range
Case

initial temperature of the LiH bed, T; (°C) 25 2-50
inlet temperature of the liquid water, Ty, (°C), 25 2-50
diameter of the bed with constant initial LiH mass, R; (in) 0.375 0.2-0.5
diameter of the bed with constant porosity, R; (in) 0.375 0.2-0.5
length of the bed with constant initial LiH mass, L (in) 2.75 2-5
length of the bed with constant porosity, L (in) 2.75 2-5
initial mass of lithium hydride in the bed, my;y =0 (kg) 1.4 0.25-2

For presentation purposes, the parameters in Table 4 were normalized to have a range of 0 to 1 as
follows:
n=——9mn_  forq="T, Top,R; L m; 46
PR Ry Lr=Ry Iiy Ly Myip =0 (46)
where the minimum (a,,,;;;) and maximum (a,,,,) values are obtained from the lower and upper
limits of the range listed in Table 4.

Results and Discussion

Validation

The results from the four experiments run by Skyhaven were used to validate the numerical model.
The dimensions and initial LiH mass listed in Table 1 were used for the numerical model. The
validation effort consisted of calibrating the mass flow rate of water at the inlet boundary condition,
and the temperature at the center of the bed. Experimental runs 1, 2, and 3 were used for the mass
flow rate validation only since no temperature measures were performed. Experimental run 4 was
used for the temperature validation only since the mass flow rate measurements were not correctly
recorded due to the fracture in the membrane.
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Figure 4 shows the comparison between experimental and numerical results for the outlet mass
flow rate of hydrogen. The numerical model is able to predict the general behavior of the mass
flow rate of hydrogen leaving the bed. The model does a good job of reproducing the mass flow
rate until the maximum is reached. Once the maximum is reached, the numerical results start
deviating from the experimental results. This is most likely due to the decrease in the permeability
of the bed due to the formation of the LiOH solid layer. The permeability in the model is calculated
using Equation (22), where the particle diameter of LiH and LiOH are used. In the model, the
particle diameter of LiH and LiOH is assumed to be constant, when in reality, the particle diameter
of both LiH and LiOH changes with time. In addition, since the model is not solving for the water
flux through the membrane and a time dependent water flux approximation was developed to be
applied at the inlet boundary condition (at r = R), some of the dynamics happening in the
membrane from pressure changes in the LiH bed are most likely not captured by time-dependent
approximation, which would result in a different outlet hydrogen mass flow rate.

H2 Mass (ml/min)

Time (min)

Figure 4: Comparison between experimental and numerical results for the outlet mass flow rate of
hydrogen gas of run 1, 2, and 3 (see Table 1).

Figure 5 shows the comparison between the experimental and numerical temperature at the middle
of the bed. The numerical model does a good job at predicting the temperature rise inside of the
bed, and it predicts a maximum temperature of 400 °C. It is important to note that the membrane
fractured in this experimental run, water was able to flow in more freely than in run 1, 2, and 3.
This resulted in a higher hydrogen outlet mass flow rate and a higher temperature than observed
in experimental 1, 2, and 3. Run 4 had an inlet water mass flow rate almost an order or magnitude
greater than the one observed in runs 1,2, and 3.
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Figure 5: Comparison between the experimental and numerical temperature at the middle of the bed for
Experimental run 4. The numerical model faithfully predicts the temperature rise inside of the bed.

Results

The inlet mass flow rate was varied in order to determine its effect on the temperature inside of
the bed. Specifically, My, o1 max In Equation (44) was varied from 0.008 kg/m?-s to 0.015 kg/m?-
s. Figure 6 shows the temperature at the middle of the bed as a function of time using parameters
for experimental run 4. The LiH bed temperature significantly decreases as the inlet liquid water
mass flow rate decreases. The temperature of the bed decreases 100 °C when the mass flow rate is
decreased to almost half its value. By reducing the inlet mass flow rate, the reaction slows down,
but if the same amount of water is fed into the bed, the toal amount of hydrogen generated at the
end of the process will remain almost contant. It was also observed that slowing down the reaction,
can also be beneficial to achieve closer to 100% LiH reaction conversion because water is able to
reach more LiH before the LiOH is formed and decreases the water permeation. For the emergency
refueler, the reaction cannot be slowed down too much because it still needs to be able to produce
enough hydrogen for the customer in less than 15 minutes. The mathematical model demonstrates
the importance of a controlled water feed to the LiH bed to maintain a stable LiH bed temperature
and prevent thermal runaway. The numerical model further demonstrates that decreasing water
flux decreases maximum temperature while maintaining an overall hydrogen production.
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Figure 6: Temperature at the middle of the bed as a function of time using parameters for
experimental run 4.

Figure 7a) shows the minimum porosity as a function of the seven normalized parameters. The
minimum porosity is the same for all the cases except for the case where the diameter and length
of the bed were varied with a constant initial LiH mass, and where the initial mass of LiH in the
bed was varied. As the diameter of the bed decreases, the minimum porosity approaches zero
which indicates that water is not able to flow to the rest of the bed.

Figure 7b) shows the maximum pressure inside of the bed as a function of the seven normalized
parameters. A maximum pressure exceeding 10 MPa is observed for the bed with the smallest
diameter and a porosity of 0.19. Since the porosity is very low, liquid water is able to permeate the
bed easily and reaches more of the LiH before the LiOH layer starts forming and obstructs water
to permeate further. The outlet of the bed is not sufficiently large to quickly release the hydrogen
being produced to lower the pressure of the bed. In addition, once the LiOH layer starts forming,
the porosity decreases to the point where the water and gas will not be able to leave the bed,
resulting in an increase of pressure. Note that in the real system, the membrane decreases the mass
flow rate going into the system in order to stabilize the pressure in the bed. In this model, the
membrane is not being modeled, and this effect is not captured. A similar effect is observed in the
case where the initial LiH increases (yellow-dashed-dot line). As the initial LiH increases, the
initial porosity decreases (as shown in Figure 7a)). As porosity decreases, the pressure in the bed
starts increasing. For the rest of the cases, the pressure remains almost constant. This is because
the bed is able to release the produced hydrogen at the rate needed to maintain the pressure low.

Figure 7c) shows the total hydrogen produced by the LiH bed as a function of the seven normalized
parameters. As expected, there was no change in the total hydrogen produced when the inlet or
initial temperatures are varied. There was also no change for the case where the initial LiH mass
was increases. This is because m;,’z olmax 10 Equation (44) was kept constant during the parametric
study, so even though there was more LiH to react with water, the amount of water fed to the bed
was the same. An improvement on the hydrogen production was shown for the cases where the
geometry was modified, namely the diameter and length (both case 1 and 2). The reason for this
is that when the diameter or the length is increased (surface area also increases), the total amount
of water fed to the bed increases. There is more water to react with the LiH. One important aspect
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of the model is that the water flux that going into the bed is the same, so for some cases there won’t
be enough water to reach 100% LiH reaction conversion.

Figure 7d) shows maximum temperature of the bed as a function of the seven normalized
parameters. The maximum temperature of the system can significantly be reduced if the inlet or
initial temperature are below 2 °C. Even though there is a significant decrease in the maximum
temperature in the bed if the initial or inlet temperature are at 2 °C, it is not recommended to design
the refueler at this low temperature since freezing of water can occur. The model did not take into
account water freezing. Except for the 2 °C, there was no significant advantage of changing the
inlet or initial temperature of the bed. On the other hand, a minimum on the maximum temperature
was observed for the case where the diameter of the bed was increased while maintaining the LiH
mass constant (changing porosity). Specifically, the minimum temperature decrease (only 5 °C
decrease) was observed at R; = 0.23. As the diameter decreases, a sharp increase in the maximum
temperature can be observed. For R; = 0.2 in, the temperate increased 46 °C. This increase in
temperature is mainly driven by the increase in pressure in the system. As mentioned before, when
the diameter is small, the porosity decreases so much that the liquid water and the gas mixture
cannot reach the outlet of the bed. Increasing the length of the bed resulted in the best results.
When the length of the bed is increased, the temperature is maintained low as the production of
hydrogen is increased.

The parametric study shows that lower liquid water inlet flow rates resulted in a more stable
hydrogen production and a lower temperature in the refueler. The model also predicts that the inlet
water temperature of the bed has no effect on the maximum temperature of the bed because the
heat of reaction predominates. Longer reactors exhibit higher LiH reaction conversion and lower
maximum temperature.
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Figure 7: a) Maximum porosity, b) maximum pressure, c) total hydrogen produced, and d)
maximum pressure as a function of normalized: initial temperature of the LiH bed, inlet liquid
water temperature, diameter of the bed with constant initial mass of LiH, diameter of bed with
constant initial porosity, length of the bed with constant initial mass of LiH, length of bed with
constant initial porosity, and initial LiH mass.

Implementation

Technical Objectives

The technical goal is to develop a robust Multiphysics model of the refueler reactor that will be
used to improve the design and performance of the current refueler prototype. Specifically, the
following performance goals need to be achieved:

b o

Phases of the Project

7/17/2021 11:14 AM

100% LiH reaction conversion within 15 minutes

Maximum pressure inside the reactor bed below 2,000 psia
Temperature inside the reactor bed below 100 degrees Celsius
Reduce the reactor’s mass and volume
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This project was split into three phases. The first phase was the development a single cell model
of the hydrogen refueler, conducting validation testing, and conducting parametric studies. The
second phase was the expansion of the single cell model to a multi-cell model of the hydrogen
refueler, which included conducting validation testing and parametric studies. The third phase was
to prepare and deliver a final report.

Due to the changes in the refueler design and operation, phase two was replaced by incorporating
the new physics and mesh modification to the model from phase 1.

Pressure generation up to 2000 psia

Internal temperature distribution less than 100 °C
Minimal mass

Minimal volume

TASKS MILESTONES COMPLETED
1- Single Computational model of a single-cell unit of the refueler, v
Cell Model accounting for
Development )
e conservation of mass
e conservation of momentum
e conservation of energy
e radial and axial spatial dimensions
e transient operation
2- Single Validation of the single cell model to measured single cell v
Cell performance data to include
Validation . ]
Testing e Hb> delivery rate over time
e Thermal distribution over time
e Pressure over time
3: Single Execution of the model to identify design parameters that v
Cell optimize the single cell reactor focusing on
Parametric
Studies 100% LiH reaction conversion within 15 minutes

4- Multi Cell
Model
Development

Computational model of a multi-cell refueler that
encompasses the single cell model from Tasks 1-3,
accounting for

e Internal heat transfer fins between single cells
e External heat transfer fins

O

Replaced with
adding new
physics for new
design

5:Multi-Cell
Validation
Testing

Validation of the multi-cell model to measured multi-cell
performance data to include

e Hb> delivery rate over time
e Thermal distribution over time
e Pressure over time

O

Replaced with
validating new
model from task
4.

7/17/2021 11:14 AM
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6: Multi-Cell | Execution of the model to identify design parameters that ®

Parametric optimize the multi-cell refueler focusing on
Studies Renlaced with
e 100% LiH reaction conversion within 15 minutes cplaced wi
i : parametric
e Pressure generation up to 2000 psia study using new
e Internal temperature distribution less than 100 °C model from task
e Minimal mass A
e Minimal volume
7: Writing %

Report

Issues or Challenges

The main challenges of this project were:

the addition of liquid water to the system

unknown inlet mass flow rate of liquid water

changing diffusivity of the liquid and gases on a LiH and LiOH bed
changing permeability of the bed

the Van Genuchten parameters

6. rapid reaction rate of liquid water with LiH

Nk W=

Modeling the addition of liquid water to the system required the extension the model with two-
phase flow theory. The Van Genuchten parameters, n and «, in Equations (15) needed to be
obtained experimentally for the system that is being considered. This was not part of the scope for
Skyhaven’s project, and we were unable to find these parameters specifically for LiH and LiOH
in the literature. Instead, the parameters for a soil called “L-soil” given by Webb [3] were used in
the model, and they were assumed to be constant. However, the Van Genuchten parameters are
not constant for the LiH and LiOH bed because they change as LiH reacts with water to form
LiOH. Phase change was also introduced, which makes the differential equations in the model
numerically stiffer.

Since the inlet mass flow rate of water was unknown, a time-dependent expression was derived to
reproduce the experimental results. The diffusion coefficients of the liquid and gases were assumed
to be constant, and values from literature were used. The permeability of the bed was assumed to
be a function of the particle diameter of LiH and LiOH and mass fractions of LiH and LiOH. The
particle diameter of LiH and LiOH were assumed constant. Skyhaven was not able to measure the
reaction of liquid water with LiH because it finishes too quickly. Instead, we relied on values found
in the literature.

Difficulties encountered while running the validation experiments, added additional uncertainties
to the experimental data, making validation of the model more challenging. The validation effort
took longer than expected because determining reliable boundary conditions for the model
required delicate control of experimental measurements. We discussed this with Skyhaven, and
Skyhaven agreed to run a new set of experiments where both temperature and hydrogen mass flow
rate were going to be measured. However, these experiments were unexpectedly postponed
indefinitely as a result of the COVID-19 pandemic.
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Impact

Company Impact: Describe the economic, energy, and/or material consumption impacts your
company expects to realize due to this project. Impact examples include energy and material
savings, increased competitiveness, job  creation or enhanced job  stability.

Describe how collaborating with the National Laboratories has impacted your organization’s
operations and competitiveness. Descriptions can be qualitative or quantitative in nature as
appropriate.

This collaboration enables the development of a numerical model that helped improve the
emergency refueler design from Skyhaven helping the U.S. The technical challenges were beyond
the modeling capabilities of Skyhaven, so it was informative to work with Sandia’s experts on how
they approach such challenging modeling environments. Numerous technical discussions between
Sandia and Skyhaven kept evolving the refueler design and modeling approach leading to a better
system ultimately.

National Impact: Describe how the results of this project can or will lead to national scale impacts.
What economic, energy, and/or material impacts be to your industry? Examples include energy
and material savings, increased competitiveness, job creation or enhanced job security or stability.

Offering this emergency hydrogen refueler to vehicle owners will help alleviate range anxiety,
accelerate the commercialization of hydrogen fuel cell vehicles, and promote the continuing
commissioning of hydrogen refueling stations. This early-research and development project
supports the nation’s energy strategy—helping to diversify America’s energy sector, reduce the
dependence on foreign oil, and help reduce petroleum combustion emissions by accelerating the
deployment of fuel cell vehicle technologies. The hydrogen refueler will greatly reduce barriers to
market penetration by allowing hydrogen fuel cell vehicle users an extended driving range in case
of emergency due to a lack of hydrogen refueling stations. This project will contribute to the goal
of advancing hydrogen and fuel cells for transportation and diverse applications which contribute
to U.S. energy independence, security and resiliency, and add to a strong domestic economy for
taxpayers.

Future Work

The model was not able to fully reproduce the experimental results because there were too many
unknowns. These unknowns include:

the Van Genuchten parameter for LiH and LiOH porous bed,

the permeability of the bed as the LiOH layer forms,

the mass diffusivity of the gas and liquid phase species as the LiOH layer forms, and
the liquid water inlet mass flow rate.

b o

The saturation and capillary pressure parameters (Van-Genuchten parameters) for a LiH/LiOH
system with a two-phase flow should further be explored. Experiments need to be conducted to
measure the capillary pressure and saturation for solids. From these measurements, the Van
Genuchten parameters can be obtained. This is a difficult task since the Van Genuchten parameters
change as the LiH reacts with water to produce LiOH and hydrogen. An alternative to this approach
is to calibrate Van Genuchten parameters in the model using more experimental data.
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In order to improve the agreement between the numerical and experimental results, the membrane
should be characterized experimentally, and also added to the numerical model. This would
eliminate the reliance on the approximated time-dependent inlet mass flux in Equation (44). In
addition, more experiments should be performed in order to collect more temperature data. The
diffusion models should be improved to better capture the decrease in water permeating in the bed
due to the formation of a LIOH-H>O film.

Pictures for Publication:

H,, H,0 (g), air

vembrane [$44]
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Liquid Water Reservoir

Hydrogen refueler consists of a cylindrical conduit filled with LiH powder. Liquid water permeates

through the conduit wall and immediately reacts with LiH particles to produce hydrogen and
LiOH.
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Temperature at the middle of the bed as a function of time for varying inlet mass flow rate. The
LiH bed temperature significantly decreases as the inlet liquid water mass flow rate decreases.The
mathematical model demonstrates the importance of a controlled water feed to the LiH bed to
control LiH bed temperature and prevent thermal runaway.
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Laboratory PI Experience Feedback
(1) Why were you interested in working with the HPC4EI Program?

I have been previously involved in the hydrogen group at Sandia National Labs, where |
used my expertise on heat transfer and fluid dynamics to model hydrogen releases. I also
have expertise on modeling reactive flows in porous media, so I found the proposal of
Skyhaven very interesting and within my area of expertise. BHPC4Materials gave me the
opportunity to collaborate with a company outside Sandia, which has been a learning
experience for me. This program allowed me to focus on the modeling of this complex
system, and leverage Sandia’s tools to solve impactful research questions. HPC4Materials
also gave me the opportunity to learn about the research other labs and companies are doing
in different fields.

(2) Was your overall experience as part of the HPC4Energylnnovation Program positive,
neutral, or negative? Why?

My experience was positive overall. I did face modeling challenges due to the change in
the refueler’s design as well as the lack of material model characterization of the system.
The validation effort took longer than expected because the experimental measurements
needed to be more controlled in order to have better boundary conditions for the model.
We discussed this with Skyhaven, and Skyhaven agreed to run a new set of experiments
where both temperature and hydrogen mass flow rate were going to be measured.
Unfortunately, these experiments could not be completed due to the COVID-19 pandemic.

(3) Did your experience as an HPC4EI PI help build your capabilities and expertise? How?

Sandia was able to improve the physics models of complex systems such as the refueler.
SNL validated the model against experimental data produced by Skyhaven. SNL will be
able to use this type of models for projects that deal with similar physics, such as thermal
batteries. In addition, SNL was able to expand Sierra’s material property library with data
provided by Skyhaven.

I was able to expand my expertise on two-phase flow. Having two-phase flow was not part
of the project initially. However, the design of the refueler changed to have liquid water
(instead of water vapor) react with LiH. By introducing liquid water to the system, we
needed to add two-phase flow and phase change equations to the model. I had no previous
experience modeling two-phase flows, and now I can include that as part of my skillset.

(4) How can the HPC4EnergyInnovation program be improved?

One thing that I struggled with being part of this program was not knowing who to reach
out to when I had programmatic issues. When the design of the refueler changed, I had to
add the new physics to the model and change the domain and boundary conditions. This
delayed my progress on the deliverables I had agreed to. Looking back, I should have
probably reached out to the program managers to discuss the changes and how they were
going to affect the project deliverables. Instead, I agreed to the changes and still tried
(unsuccessfully) to meet all the deliverable timelines. I ended up reducing the scope of the
project due to the 1-year restraint. Two things that could be improved:
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1. Give a clear descriptions of what the expectations are for the program to both the
Lab and the industry PIs.

2. Have a point of contact that PIs can reach out to in case there is an issue Pls need
to resolve.

Company Experience Feedback

(1) Have you already or do you intend to submit a Phase 2 proposal for this project?
a. Ifyes, when?

b. If no, why not? There is no intention of submitting a follow-on proposal for
modeling the hydrogen refueler. There are sufficient results from the Phase I
modeling work to provide some insight into the hydrogen refueler operation. On-
going development work at Skyhaven on the hydrogen refueler continues to evolve
the design and operation of the refueler, and with such dynamic changes underway
it is not really amenable to a modeling effort that would be better served via a fixed
design.

(2) Is this your first project funded through the HPC4Energylnnovation Program? If not, with
how many previous projects have you been involved?

This is Skyhaven’s first project with the HPC4Energylnnovation Program.

(3) Was your overall experience as part of the HPC4Energylnnovation Program positive,
neutral, or negative? Why?

The overall experience for Skyhaven working with Sandia on this program was positive.
The refueler has a high level of technical complexity including transient operation,
transient and spatially changing porous media, reactive flows, two-phase flow, and heat
transfer. These technical challenges are beyond the modeling capabilities of Skyhaven, so
it was informative to work with Sandia’s experts on how they approach such challenging
modeling environments. Numerous technical discussions between Sandia and Skyhaven
kept evolving the refueler design and modeling approach leading to a better system
ultimately.

(4) Are you interested in working with one or more HPC4EI affiliated laboratories on one or
more future HPC4EI projects? On one or more future projects outside of the HPC4EI
Program?

Skyhaven is open to future collaborations with HPC4EI affiliated laboratories for other
projects the firm is conducting. The firm continues to innovate on a number of DOE funded
projects via the SBIR program, where upon conducting a Phase II SBIR program the firm
would be amenable to discussing how HPC4EI modeling initiatives can further advance
the technology to support the firm’s commercialization of the product.

(5) How can the HPC4Energylnnovation Program be improved or augmented to better serve
your needs?

No substantive changes are needed for the HPC4Energylnnovation Program. Skyhaven
found the programmatics easy to execute, although the technology solutions were very
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difficult to implement. This was a good example of a government-industry partnership
where programmatic and contractual details did not get in the way of progress, thus
enabling the teams to focus on the challenging technical development.
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