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Abstract

Novel metal hydride (MH) hydrogen storage tanksftml cell electric forklifts have been presentadhis
paper. The tanks comprise a shell side equippdd®iiaffles and a tube side filled with 120 kgsdlloy and 10
copper fins. The alloy manufactured by vacuum itidacmelting has good hydrogen storage performawié,
high storage capacity of 1.6 wt% and low equilibripressure of 4 MPa at ambient temperature. Twestyy
copper fins, including disk fins and corrugatedsfimnd three kinds of baffles, including segmebtzfies,
diagonal baffles and hole baffles, were applieéribance the heat transfer in metal hydride tanlsugéd the
finite element method to simulate the hydrogenetlfig process in MH tanks. It was found that thémjzed
tank with corrugated fins only took 630 s to reachwt% saturation level. The intensification oe thbe side of
tanks is an effective method to improve hydrogemagfe performance. Moreover, the shell side flaldfiand
hydrogen refueling time in MH tanks with differdvdffles were compared, and the simulated refudimg is in
good agreement with the experimental data. The Inhgtride tank with diagonal baffles shows the sbsir

hydrogen refueling time because of the highestotgi@f cooling water. Finally, correlations regangl the effect
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of cooling water flow rate on the refueling timenretal hydride tanks were proposed for future itrialsdesign.
Keywords
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Dimensionless correlations
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dout

Hs

Hc

Hi

Ly

Ly

Polynomial coefficients of equilibrium pressure (&)P

MH tank width (mm)

Hydrogen storage capacity of MH bed (-)

Specific heat capacity (J/kg/K)

Inner diameter of MH tube (mm)

Outer diameter of MH tube (mm)

Outer diameter of filter tube (mm)

MH tank height (mm)

Corrugated fin height (mm)
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X

Greek symbols

O

AH

u

Abbreviation

CF

CMPENG

CMPGF

DF

DG

EG

HL

MH

SG

Flow velocity of hydrogen (m/s)
Flow velocity of cooling water (m/s)

Reaction fraction (-)

Baffle cut (-)

Fin thickness (mm)

Absorption reaction enthalpy (kJ/mol)
Density (kg/m)

Thermal conductivity (W/m/K)

Dynamic viscosity (Pa-s)

Corrugated fin

Metal hydride compact with expanded natgraphite
Metal hydride compact with graphite flake

Disk fin

Diagonal baffle

Expanded graphite

Hole baffle

Metal hydride

Segmental baffle



1. Introduction

Hydrogen-oxygen fuel cell technology has attracséghificant interest worldwide, due to its ambient

operating temperature, high energy density, andir@mwental friendliness. It is considered a prongsi

technology for addressing growing energy and enwrental problems [1-3]. But, there are still sorhallenges

for its wide implementation in the electric forkliDne of the most significant obstacles is the gach storage of

hydrogen [4-6], as the placement of the fuel cedlves a small space to the hydrogen storage syMetal

hydride (MH) hydrogen storage method has the cleniatics of high volumetric storage capability ssafety,

which provides a feasible method to solve this [@wob Lototskyy et al. [7] tested the commerciab8+ie fuel

cell electric forklift equipped with the MH hydrogetorage tank. The results showed that the aetdoirklift with

the integrated MH tank could continuously operare31 and 7.25 hours in heavy-duty and light-chpgration.

The application of MH hydrogen storage tank inftled cell electric forklifts is feasible.

Generally, the low weight storage capacity of mbtalride is a major disadvantage to their use inoand

hydrogen storage. As for material handling forglifballast must be used for keeping balance aadystand then

MH devices could serve as the ballast as well adrdgen storage system simultaneously. The overall

performance of fuel cell electric forklift with iegrated MH tank is limited by slow hydrogen chaggind

discharging of MH tank, as a result of poor heahgfer in MH bed. The intensification of the heainsfer

between the MH bed and the cooling water is sigaift for increasing storage capacity and minimizefgeling

time. Yartys et al. [8] reviewed the developmentadivanced MH hydrogen storage tanks in fuel celttec

forklifts. The improved heat transfer performandeMH tanks can be achieved by adding copper fins or

expanded graphite (EG) into the MH bed, and/omicygasing the cooling water flow rate in the exaéjacket.

Adding copper fins or expanded graphite into the bid has been investigated by many researcheng in t

literature [9-16]. Souahlia et al. [9] experimehtatudied the hydrogen storage performance irMhetank with

a finned tube heat exchanger. They compared thelne§ time of 4 g hydrogen in cases with or withfos. To
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absorb 4 g hydrogen, the tanks without fins andh idis took 3700 s and 1200 s, respectively. Sieigal. [10]
extended the conventional heat exchangers [11]reyepting a novel fin design inserted with coppekes. It
was found that the refueling time for reaching loggm storage capacity of 1.2 wt % was decreasetiliip
compared to that without copper flakes. Tarasoalefl?] investigated the MH tank in the form of MBG
compacts with copper fins. It was observed thaMhetank could reach the hydrogen storage capa€igd Nnt,
and provide a stable hydrogen supply for the fe@l Davis et al. [13] developed the cassette-iyipetank with
internal copper fins and external aluminum finsey lexperimentally determined that the combineddgsign
significantly affected the hydrogen refueling pregeThe time for reaching 87.5 % hydrogen saturdgwel is
about 4200 s. Chandra et al. [14] conducted numdesimulations on the MH tank, which consists afiical fins
and cooling tubes. Due to the large heat transts provided by conical fins, the novel systenedilwith 25 kg
LaNisonly took 1250 s to reach 90 % saturation.

Despite this, there is still room for improvemeamtéfueling time, stability, and cost of MH hydraogstorage
tanks for electric forklifts. The optimization of/dhrogen storage performance can be conducted gotthe
tube side and the shell side of MH tank simultaséoun this work, the MH hydrogen storage tankiedi with
novel ABs alloy, as illustrated in Fig. 1, were investigateging the finite element method. We focused on the
refueling process in the MH tanks with the comboratof tube-side copper fins and shell-side bafflEse
influences of device configuration and cooling wdlew rate on the refueling time were analyzearéasing the
cooling water flow rate has been considered arc&éffe heat transfer method in the literature [1T-Faju et al.
[18] found that the refueling time for reaching 3 Wt% saturation level decreased by 28.4% witheasing the
cooling water flow rate from 0.16 kg/s to 0.32 kdsit, the operation methodology about the flove @it cooling
water is still a knowledge gap in existing work.sBd on this, we proposed a set of dimensionlessrgers that
characterize the heat transfer and water flow énNi tank. We plan to quantify the refueling precesthe MH

tanks by establishing the correlation between thedsionless parameters.
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Fig. 1 Schematic diagram of MH hydrogen storage tanfor fuel cell electric forklift.

This article is organized in the following mannér:the next section, we discuss the numerical model
including the MH tube configuration, baffle layoand governing equations. Then, the numerical Ideadiopted
in this paper are described briefly with referen@sbsequently, in the “Result and discussion”isectve firstly
introduce the hydrogen storage properties of ABy based on experimental and simulated resbéisondly, we
validate the simulation models using the finitened@at method. Thirdly, we investigate heat and ntesssfer
intensification on the tube and shell sides of Midkis. The effect of cooling water flow rate on th@rogen
refueling time is described by the dimensionlessetation Fo = aRef (the Fourier number Fo and Reynolds

number Re are defined in the next section). Theskadtion provides the conclusions.



2. Simulation
2.1 Hydrogen storage tank configuration
2.1.1 Geometry of metal hydride tube

Fig. 2 shows one of the MH tubes arranged in tredl stide of a hydrogen storage tank. It contains a
cylindrical tank, a central filter tube made ofiskass steel, and several copper fins equally sbacedirection.
Two types of copper fins with thickness 4 mm, namdisk fins (DF) and corrugated fins (CF), have rbee
investigated, see the bottom panel of Fig. 2. Altolgy metal hydride compacts with graphite flak®@&SF) or
with expanded natural graphite (CMPENG) are loaidénl the MH tube. Table 1 presents the parametetiseo

MH tube.
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Fig. 2 Geometry of MH tube with (i) disk fins (DF), (ii) corrugated fins (CF) in the tank.
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Table 1. Dimensions of the MH hydrogen storage tank

S v
Geometric parameters
ymbol  alue

2
MH tank height (mm) H
60
3
MH tank width (mm) B
30
5
MH tank length (mm) L
06
D; 5
Inner diameter of MH tube (mm)
n 2
D 6
Outer diameter of MH tube (mm)
out 0
6
MH tube spacing (mm) H,
5
Outer diameter of filter tube do 1
(mm) ut 2
Fin thickness (mm) Ot 4
1
Corrugated fin height (mm) Hs
2.5
Corrugated fin length (mm) L¢ 5




Metal hydride compact thickness H 4
(mm) ¢ 6
9
Baffle spacing (mm) Ly
2
6
Baffle cut (-) 1

%

2.1.2 Geometry of shell-side baffle

Configurations of the MH tanks with segmental dff(SG), diagonal baffles (DG) and hole baffles)(kite
shown in Fig. 3. Six baffles with thickness 10 mma equally set in the shell side of the MH tanld amenty MH
tubes are installed in a square arrangement. Tifle bat of SG, DG and HL is set as 6%, which ifirded as the
ratio of baffle cutting area to shell tube crosetismal area. The cooling water flows across thilebaut in the

shell side to exchange the reaction heat genemtdte MH tube. All geometric parameters of thefleafare

listed in Table 1.

(a)
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Fig. 3 Geometry of MH hydrogen storage tanks withd) segmental baffles (SG), (b) diagonal

baffles (DG), (c) hole baffles (HL). Baffles with dferent orientations, indicated in different
colors (see the left column), are alternately mouet on the shell side of the MH tank (see the

right column).
2.2 Governing equations
The hydrogen flow, absorption reaction and heatster are found in the MH bed during the hydrogen

storage process. The MH bed is considered as haoreogs and isotropic porous medium with constant
thermophysical properties. The hydrogen flow isedeined by Darcy’s law of an ideal gas. The heatgfer in
the MH bed is assumed as a local thermal equilibpuocess, and thermal radiation in the bed isriggh20-23].

Mass conservation for hydrogen in the MH bed caprisented as follows:
11



dp dX
€p a_tg + v(pgug) =(1-g) (psat - palloy) E €Y
where,pgy andug are the density and flow velocity of hydrogen pessively; paioy andpsa are the initial density
and saturated density of MH, respectivelyjs the porosity of the MH bed]X/dt is the hydrogen absorption
rate.
The hydrogen velocityg is described by Darcy’s law:
K vp (2)
u, = ——
g .“g

where, P and u4 are the pressure and dynamic viscosity of hydrogespectively; The permeabiliti is

2.3
95 - with d, the metal particle diameter.

calculated by the Kozeny-Carman equatigh= —2~>—
150(1—¢p)

Energy conservation for MH bed can be written ds\is:
aT AH dX
(0Co), ¢ * PeCogttg?T = AeV°T + 37 (1 = &) (psar = Patoy) G 3)
where T is the effective temperature of MH and hydrog@ét is the absorption reaction enthalf@sy and Mg
are the specific heat capacity and molecular masydrogen, respectivelypCp)e and/. are the effective heat
capacity and thermal conductivity, respectivelyjalilcan be obtained:
(PCp), = ebpglpg + (1 — £5)PC; O]
e = epdg + (1 — &) (5)
where, p and C, are the density and specific heat capacity of Meégpectively;4 and iy are the thermal
conductivity of MH and H, respectively.
Energy conservation for copper fins can be fornealats follows:
PfinCpfin % = AinVTin (6)
where, T, andZs, are the temperature and thermal conductivity s, frespectivelyps, andCysin are the density
and specific heat capacity of fins, respectively.

Energy conservation for cooling water can be prieskas follows:

oT .
prpr + peCorugVTy = A¢V<T¢ @)
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where,T;, us andA;are the temperature, velocity and thermal conditgtof cooling water, respectively; and
C,r are the density and specific heat capacity ofiogalater, respectively.
The Reynolds number of cooling water in the MH tankth different baffles can be calculated:

For segmental baffles or diagonal baffles [24]:

Q
u= (8)
pf(B - NcDout)Lb
uD
Re = PsUl oyt (9)

Us

where,Q is the mass flow rate of cooling wat®; is the number of MH tubes in the central rqw;is the
dynamic viscosity of cooling water;

For hole baffles [25]:

R 40
e =
.ufT[[Z(B + H) + NtDout]

(10)
where,N; is the total number of MH tubes in the MH tank.

Note that it is illustrated that the shell sidenfls fully developed turbulent for Re>100 in sheaild tube tank
[25, 26]. In this study, the Reynolds numbers amatpr than 100. Realizabkes model is used to solve the
turbulent flow of cooling water in the shell sidé tbe MH tank, because of its superior performatwehe
standardk-¢ model for the flow involving rotation and bypag3 | 28].
2.3 Numerical details

Based on the mentioned above, the MH tanks witferdifit combined configurations were simulated by
using the finite element method. Three simulatiomdins were defined, one solid domain which is hietdride
bed in the MH tube, and two fluid domains which lyerogen in the MH tube and cooling water in thellsside
of the MH tank. The thickness of the MH tubes iglaeted in the simulations for simplifying the gndmbers.
Table 2 lists the parameters of the materials abipt this study.

Table 2. Thermodynamic parameters of materials
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Parameters Alloy Hydrogen Copper Water

Initial density paioy (kg/m’) 8200 - 8700 1000
Saturated density, (kg/nt) 8328 - - -
Specific heat capacity, (J/kg/K) 419 14890 385 4183
Thermal conductivity of CMPGH, (W/m/K) 4.7 0.22 400  0.5989

Thermal conductivity of CMPENG, (W/m/K) 7.2 - - -

Porosity,ep, (-) 0.3 - - -

Metal powder diameted, (um) 28.3 - - -
Initial temperatureT; (K) 293 293 293 293

Initial pressureP; (MPa) 4 4 - -

The inlet temperature of cooling water was cons&ideasthe initial temperature of;,=T;=293 K. The
pressure in the hydrogen filter tube was set agnitial pressure oPy=P;=4 MPa. The wall of the MH tank was
thermal insulating and non-flowing. The heat transfate between the MH bed and the cooling wates wa
qo = ho(T —Tp) with hy set as 1000 W/HK. The commercial software COMOSL was adoptediftwkate the
hydrogen refueling process in the computational alom The segregated solver was used for solvieg th
governing equations with the implicit time-steppingethod for time advancement. The simulations redch
convergence as the relative tolerance’ 20d absolute tolerance 10

Fig.4 shows the gird independence tests for CMPGFSB. Three groups of test grids are composedQof 1.
million, 2.4 million and 3.6 million grids, respéatly. The good agreement in terms of average begérature
and average bed storage capacity is demonstratedibhg the middle and fine grids. Therefore, thetesy with

2.4 million grids was selected to investigate tigdrbgen refueling process in the MH tanks.

14
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Fig. 4 Effect of grids on average bed temperatureral average bed storage capacity for

CMPGF-DF-SG atPi=4 MPa, Ti;=293 K andQ=0.5 kg/s.

3. Result and discussion
3.1 Metal hydride material
3.1.1 Thermodynamic equilibrium pressure

Metal hydride used in this study is based on the-&Be hydrogen storage alloy manufactured by our
co-authors from GRINM Group Co., Ltdhe novelty of this alloy is their moderate edarilim pressure for
electric forklift application. Fig. 5a shows theepsure-concentration isotherms of the alloy sangil€s293, 313
and 333 K, as well as the polynomial fitting of tkethermsIt can be observed that the metal hydride possesse
maximum hydrogen storage capacity of 1.6 wt%, anthtaequilibrium pressure lower than 4 MPa during
operating temperature. The results indicate thatMiiH tank filled with the metal hydride can absdnle same
mass of hydrogen as the separate compressedriposite cylinder charged Rt35 MPa, but at lower hydrogen
supply pressure (<4 MPa) and lower tank volumeFibn 5b, it can be found that the heat generatethén
refueling process is minimized due to the low riescenthalpyAH=-26 kJ/mol, calculated by using the van't

Hoff equation [29]. Meanwhile, the reaction entraiangeAS is found to be 205 J/mol/K.

15
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Fig. 5 Thermodynamic data of AB alloy (a) pressure-concentration isotherms (PCT)o) van't

Hoff plot.

The Eq. (11) is the polynomial function [30-32] tdfe experimental equilibrium pressurBed. The

nine-order coefficients, are presented in Table 3. The deviation betweerfitting data and the experimental

data can be ignored, see Fig. 5a.

iaiCiexp <%<%_Tlo)> (11)

i=0

P.q

where,C(wt %) denotes the weight percentage of absorbedolygn and metal hydrid&; andToare the ideal

gas constant and reference temperature 333 K,atgglg.

Table 3. Coefficients of the nine-order equilibriumpressure polynomial function

Coefficients (MPa) Qo a a a3 a as as ay ag A

2520¢°  7.754 103.3 -547.9 1070 -867.8 -0.7761 486.4 £809.62.84

3.1.2 Absorption kinetic equation
The absorption kinetic equation of metal hydride ba written as the following Eq. (12) [33]:

16



dx Eq p
—=C exp(——)ln(P—> 1-Xx (12)
eq

where, X indicates the fraction of the absorption reacti@gand E, are the reaction constant 59.1 1/s and
activation energy 21.17 kJ/mol, respectively.

Fig. 6 shows the comparison of absorption kinetiesveen the experimental and simulated results. The
kinetic experiments were performed using a Siemgpe apparatus (GRINM, China). The lab-scale wasts
submerged in a bath in which the temperature isrotbed at 293 K. The hydrogen pressure was sétMfa. It
can be found that the simulated results, solve&dpy(12), are in good agreement with the experiaiaesults.
For instance, the experimental saturation timeyafrdgen storage is 425 s, and the simulated setaraine is
432 s. The alloy shows fast absorption kineticsctvirs beneficial to improving hydrogen refuelingné for MH
tanks. In the next section, the Fourier numbeefnedd F, = AtLSW{%/pCpDiZn with t; syieethe refueling time for
reaching 1.5 wt% saturation level. We plan to Udmedimensionless refueling time to characterizehygrogen
storage efficiency in MH tanks, and investigate #ffiect of cooling water flow rate on the hydrogefueling

process.

1.8

o Exp

0 125 250 375 t(s) 500

Fig. 6 Absorption of ABs alloy at P=6 MPa andT=293 K.

3.2 Model validation of MH tank
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We verified our mathematical models by simulating hydrogen refueling process inside the cylindlrica
tank studied by Singh et al. [34]. The tank streetand operating conditions were kept the sambeawork [34].
The average bed temperature and average bed stmpageity during the hydrogen storage processharersin
Fig. 7. Clearly, the present simulated bed tempegainatches quite well with the experimental d&8#,[better
than the simulated data in the work [34], see F&g.The time history of average bed storage capabtained by
the present simulation is in reasonable agreemghttiae experimental data of Singh et al. [34]jllastrated in

Fig. 7b. The results show that the saturation tmm@ur simulation and the literature is consistent.

365 T 1.5
O Exp (15 bar, 298 K) o -
- -Sim (15 bar, 298 K) =% o
-~ —Present Sim (15 bar, 298 K) Z|
=~ Q
=
330 0.75+
O Exp (15 bar, 298 K)
(a) S (b) :Slm (15 br.;lr, 298 K)
Present Sim (15 bar, 298 K)
295 : 0¢ :
0 1250 t(s) 2500 0 1250 t(s) 2500

Fig. 7 Model validation with literature data from Singh et al. [34] (a) average bed temperature,

(b) average bed storage capacity.

3.3 Intensification on the tube side of MH tank

In this section, the hydrogen refueling processes the CMPGF-DF-SG, CMPGF-CF-SG and
CMPENG-CF-SG were studied. The operating conditiwere set aBy=4 MPa,T;;=293 K andQ=0.5 kg/s.

Fig. 8 shows the time histories of average bed ézatpre and average bed storage capacity in tee thr
types of tube-side intensification design. It isviols that the improvement of hydrogen storagegoerance is
present in the CMPGF-CF-SG and CMPENG-CF-SG. Coatpaiith the CMPGF-DF-SG, the cooling time to

reach the average bed temperature of 300 K is eedlny 16% and 30% in the CMPGF-CF-SG and

18



CMPENG-CF-SG, respectively, see Fig. 8a. The laaster in MH tanks with tube-side corrugated fsfaster
than that with tube-side disk fins. In Fig. 8b, tieéueling time to reach 1.5 wt% saturation leefdaund to be
830 s in the CMPGF-DF-SG, while the CMPGF-CF-SG @MPENG-CF-SG only 730 s and 630 s, respectively.
It should be noted that the refueling time in thdRGF-CF-SG or CMPENG-CF-SG is less than that of MH

tanks in the literature [17, 35, 36]. Our MH tankhatube-side intensification design can provide tilograms

of hydrogen after 10 minutes of hydrogen charging.

336 : ; 1.6
—CMPGF-DF-SG
. —CMPGF-CF-SG 3
X —CMPENG-CF-SG S
I~ A
O
313 0.8}
—CMPGF-DF-SG
—CMPGF-CF-SG
(a) (b) — CMPENG-CF-SG
290 : ‘ - 0 : ' ‘
0 500 1000 1500 t (S) 2000 0 500 1000 1500 t (s) 2000

Fig. 8 Comparison of three MH tube configurations &) time history of average bed
temperature, (b) time history of average bed storagcapacity atPz=4 MPa, Ti\,.=293 K and

Q=0.5 kg/s.

Fig. 9 shows the simulated bed storage capacitsitwlition for three MH tube configurations. It cha seen
there are two reaction fronts in the MH tubes, deaitng the saturation regions from the rest of the
unsaturation regions. One moves from the surrogndiea of the tube wall to the interior of the MHbe¢, and
the other starts in the region of copper fins arales to the neighboring fins. As the corrugated fiould
provide a large thermal contact surface, the hyanogtorage performance of CMPGF-CF-SG and
CMPENG-CF-SG is much better than that of CMPGF-E5=-Furthermore, the variation of bed storage
capacity inz direction is clearly demonstrated, see snaps@30 s. We can find that the bed storage capacity

in MH tubes decreases with the negative directibm-axis, in accordance with the flow direction aoling
19



water. This is because the cooling water takegiorabeat generated by the MH bed, leading to #wahse of

temperature difference between the MH bed and tleding water, thus reducing the driving force ofahe

transfer along the flow direction.

t=600 s

Fig. 9 Distribution of bed storage capacity in thre MH tube configurations (a)
CMPGF-DF-SG, (b) CMPGF-CF-SG, (c) CMPENG-CF-SG atPy=4 MPa, Ti,=293 K and

Q=0.5 kg/s.

3.4 Intensification on the shell side of MH tank

In this section, the influence of shell-side bafflesign on the hydrogen refueling process was figated.
The MH tanks with segmental baffles, diagonal lesffland hole baffles were named CMPGF-CF-SG,
CMPGF-CF-DG and CMPGF-CF-HL, respectively. The agiag conditions were set 8s=4 MPa,T;;=293 K.
3.4.1 Simulated flow field

Fig. 10 shows the streamlines and velocity distidou of cooling water in the shell side of the

CMPGF-CF-SG, CMPGF-CF-DG and CMPGF-CF-HL. Basetherturbulent criterion mentioned in Section 2.2,
20



we consider the flow witlQ=0.5 kg/s and Re=4037 is turbulent. It is found tin@ flow characteristics in the
shell side of MH tank are dependent on baffle deslg Fig. 10a, the zigzag flow pattern is presenthe
CMPGF-CF-SG. Adjacent segmental baffles form fibelsside chambers, in which the cooling water pass
through the MH tubes close to a vertical pattetnisl noted that a helical flow pattern appears he t
CMPGF-CF-DG, as shown in Fig.10b. Due to the eftddtelical flow, the dead flow zone in the shédlesof the
MH tank decreases obviously. The flow velocity abling water in the CMPGF-CF-DG is found to be the
highest, compared with the CMPGF-CF-SG and CMPGHCFThus, it can be deduced preliminarily that the

heat transfer in the CMPGF-CF-DG could be the bestamong the three baffle designs.

m/s

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Fig. 10 Streamlines and velocity distribution of coling water in MH tanks with (a) segmental

baffles, (b) diagonal baffles, (c) hole baffles &:=4 MPa, T{;=293 K andQ=0.5 kg/s.
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Fig. 10c shows the flow pattern in the CMPGF-CF-tlcan be observed that the plug flow is induced a
MH tube bundles are scoured by the high velocityfligd. The maximum velocity of cooling water isghtly
higher than the conventional segmental baffle sesige to the enhanced scour caused by the higisityejet.
3.4.2 Simulated refueling time

Fig. 11 shows the comparison of the refueling timethe CMPGF-CF-SG, CMPGF-CF-DG and
CMPGF-CF-HL. It can be found that the refuelingdim MH tanks with three baffle designs decreasids tive
increase of cooling water flow rate. 8sincreased from 0.09 kg/s to 2 kg/s, the experiaigsfueling time in the
CMPGF-CF-DG decreased from 880 s to 690 s, andithelated time decreased from 800 s to 648 s,dh#te
simulated results are in good agreement with thegemmental data. The maximum deviation between the
simulated results and experimental data in the CFHEE-DG is 9.1% at lowe$), and the deviation decreases to
6.1% at highesQ. As for the discrepancy between the simulatedexpetrimental data, one reason might be the
thin-wall assumption for the MH tube wall. Anotheason might be that single turbulence model was @isr
variousQ, because the model provides better predictiongat@ in comparison with that at lo®.

Moreover,t; swio the simulated refueling time in the CMPGF-CF-DGoisnd to be shorter than those in the
CMPGF-CF-SG and the CMPGF-CF-HL@+0.5-2 kg/s, as shown in Fig.11. This is becausalthgonal baffle
design produces a higher velocity of cooling watesulting in the notable thermal intensificatiorthe shell side

of the MH tank.
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Fig. 11 Simulated and experimental refueling timen different MH hydrogen storage tanks at

Px=4 MPa, Ti{,=293 K andQ=0.09, 0.18, 0.25, 0.5, 1, 2 kg/s.

However, there is a different order for the refugltime when the mass flow rate decrease3-0.18 kg/s.
We can find the simulated refueling time in the GBRCF-SG, CMPGF-CF-DG and CMPGF-CF-HL is 778,
770 and 760 s, respectively, where thgo, in the CMPGF-CF-HL is the shortest. To addressniieehanism of
this variation, the heat transfer process in the tdirkks was analyzed, as shown in Fig.12. It isexidhat the
outlet temperature of cooling water in the CMPGHMIF is lower than those in the CMPGF-CF-SG and
CMPGF-CF-DG. This means the high temperature diffee between the MH bed and the cooling water is
present in the CMPGF-CF-HL, which increases theimyyiforce for heat transfer. As shown in Fig.12tg high
driving force for heat transfer is clearly seerha last two chambers of CMPGF-CF-HL. It happernsabse the
flow pattern in the CMPGF-CF-HL is more inclined tee the plug flow, which can take away the
high-temperature water of the last two chambersermaickly. In contrast, the fluid recirculation adelad zone in
the CMPGF-CF-SG and CMPGF-CF-DG would promote tleekinixing of cooling water at different
temperature, thus reducing the heat transfer irMHetank. Based on this, the plug flow pattern itHNank is

considered to be a better flow pattern at the dgipgraondition of low cooling water mass flow rate.
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Fig. 12 Variation in cooling water temperature atQ=0.18 kg/s (a) time history of outlet
temperature (b) temperature distribution in MH tank s att=200 s: (i) CMPGF-CF-SG, (ii)

CMPGF-CF-DG, (iii) CMPGF-CF-HL.
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3.4.3 Establishment of correlation

Fig. 13 shows the relationship between Fourier remalnd Reynolds number in three types of MH hydnoge

storage tank. It can be found that the Fo decresitesncreasing Re, and the decrease in Fo is sigstficant in

the CMPGF-CF-DG. We established the correlation) ds8ween Fo and Re to quantify the effect of cwpli

water flow rate on the hydrogen refueling time, 8e=dotted line in Fig. 13. The regression resafiesin good

agreement with the numerical data, and the coiwelabefficients are shown in Table 4.

Fo = aRef (13)
0450 0 CMPGF-CF-SG |
! o CMPGF-CF-DG
o 0 CMPGF-CF-HL
%o, ],
| °, ],
0.35f °, N
L b \\\8
0.3 : : :
10° 103 10* Re 10°

Fig. 13 Correlation between Fourier number and Reyalds number for different MH

hydrogen storage tanks.

Table 4 shows that the exponents of Re are negatitteee MH tanks, and the absolute values obfaet
andg are both smaller in the CMPGF-CF-HL. It indicateat the CMPGF-CF-HL are expected to provide the
shortest refueling time in the low Reynolds number the effect of Re on the hydrogen refuelingess is not

obvious in the CMPGF-CF-HL.
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Table 4. Regression results of correlation betwedfo and Re

MH tank a B R

CMPGF-CF-SG 0.6343 -0.0662 0.9950
CMPGF-CF-DG 0.6390 -0.0685 0.9976
CMPGF-CF-HL 0.5085 -0.0592 0.9927

The following correlations transformed from the edd&q. (13) can be used to evaluate the refueling in
MH tanks. Based on these methodologies, we carstatfija hydrogen refueling performance of the MHktam

meet the application requirements of fuel cell gledorklifts, or choose the optimal configuratiand operating

condition of the MH tank.

For CMPGF-CF-SG:

pCpDizn
t1 5wt = 0.6343TRe‘°'°662 726 <Re < 16149 (14)
For CMPGF-CF-DG:
pCpDizn
t1 5wt = 0.639OTRe‘°'0685 726 <Re < 16149 (15)
For CMPGF-CF-HL:
pCpD
tiswtn = 0.508STRe‘°'0592 103 <Re < 1148 (16)
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4. Conclusions

In this paper, a series of MH hydrogen storageddakfuel cell electric forklifts have been devedal. The
MH tanks are filled with novel metal hydride manctfaed by our co-authors from GRINM Group Co., | &hd
comprise the tube-side fins and the shell-sideldmafiThe finite element method is applied to sttieyyhydrogen
refueling process in the MH tanks.

Time histories of average bed storage capacity average bed temperature were predicted in the
CMPGF-DF-SG, CMPGF-CF-SG and CMPENG-CF-SG. It ignfb that the MH tank with tube-side disk fins
takes 830 s for reaching 1.5 wt% saturation lewdije the CMPGF-CF-SG and CMPENG-CF-SG only 730 s
and 630 s. The refueling time in the MH tank witlhé-side corrugated fins is less than those in titesature
[17, 35, 36].

For intensification on the shell side of MH tankge compared the shell side flow field and hydrogen
refueling time in MH tanks with different bafflesegmental, diagonal and hole baffles. Simulated field in
the shell side shows that the flow velocity of éoeglwater in the CMPGF-CF-DG is higher, comparethwtie
CMPGF-CF-SG and CMPGF-CF-HL. This leads to the besat transfer performance present in the
CMPGF-CF-DG, thus obtaining the shortest refuetinge 648 s afQ=2 kg/s, and the simulated refueling time
matches well with the experimental data. But, thsran interesting finding that the refueling tisequence is
CMPGF-CF-HL< CMPGF-CF-DG< CMPGF-CF-SG, when @elecreases to 0.18 kg/s. The flow pattern in the
CMPGF-CF-HL is more inclined to be the plug flowgieh can reduce the backmixing of cooling water.

Based on this, a dimensionless correlatian= aRef is proposed to describe the effect of cooling wate
flow rate on the hydrogen refueling time in diffieteMH tanks. The hydrogen storage performance rimgeof
refueling time in MH tanks can be obtained by therrelations: trswtos = 0,6343%1}9-0-0662 for
CMPGF-CF-SG.t, 5 15, = 0.6390 25220 Re=00685 for CMPGF-CF-DG N, g,,15, = 0.5085 222 Re-0052

for CMPGF-CF-HL. It could be regarded as the refees for the design of MH hydrogen storage tankisiéh
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cell electric forklifts.
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