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Abstract
A frequency response (FR) method is applied to a hydrogen/hydrogen-storage alloy system. The FR data
are analyzed on the basis of the two models composed of two or three rate processes: (i) X«>A«C and (ii)
X—A-B—C, where X denotes a hydrogen molecule in the gas phase; A, a hydrogen molecule (or atom)
adsorbed on the surface; B, an atomic hydrogen adsorbed on the surface; C, atomic hydrogen absorbed in
the lattice. Rate coefficients at every rate process in the model have been evaluated by computer
simulation. It is concluded that this FR method is valid to characterize hydrogen storage alloys, because

both rate coefficients concerned with adsorption-desorption and also diffusion occurring in series can be

determined.
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LaNi47Alps (JMC Hidemac No. 8; 100 mesh; 10.0 g)

580 K
FR Fig.1 V
®
V()=VAAV(L); AV(t= Vv exp(iot) 3)
{a) < R Fig. 1. Apparatus for FR measurement; (a) the top
WV AN : and (b) side views. (C) adsorbents; (B) metal
e == bellows, the other of which compensates the
- atmospheric pressure; (P) pressure gauge (MKS
&) 1t - _
- w 777z = Baratron, 223BD); (G) gear box to produce
- 8 1 = — | A sinusoidal oscillation; (M) variable-speed rotary
electric motor; (W) on-off switch to indicate the
&) b—EE— / minimum point of volume variation; (S) stop cock.
Ve v oca 107 V.,
AP(t)
P(=P+AP(t); AP()=P.p*exp(iot);  p*=p exp(i¢) “
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Fig. 2. Pressure change after admission of
| hydrogen gas to the cell. After an equilibrium
I| T . . .
\ — attained, the volume is varied and the response of
4] '-_| Lt L
:% ~._\ / i \] /-,-\: the gas/absorbent system is observed by the
7 I ) I \‘
@ _ i / e .
£ — hq? SAP pressure variation induced. T denotes the period
p l (0=27/T); p, the relative amplitude given by AP/P;
[
¢, the phase difference between V(1) and P(t).
0 £
3.
3.1.
H, 303 K Fig.3 (a), (b) FR
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Fig. 3. Absorption isotherm at 303K in the course of increasing P.. (a) the amounts of hydrogen
absorbed versus P, , (b) log P. versus H/M, where M means total number of metal atoms. At P./kPa =

0.98 (indicated by [1), 39.6 (by (1), and 88.9 (by =), FR measurements were carried out.
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Fig. 4. Variation of (a) the relative pressure, p and py, and (b) the phase difference between the volume
and pressure variations, ¢ and ¢, versus log o (P.=0.98 kPa). () with the alloys, (©) without alloys.

Solid symbols represent the values at definite log » inter- or extrapolated (see text).
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Fig. 5. Variation of (a) p and py, and (b) ¢ and ¢ versus log » (P.=39.6 kPa). Notation in that of Fig. 4.
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Fig. 6. Variation of (a) p and py, and (b) ¢ and ¢, versus log o (P.=88.9 kPa). Notation in that of Fig. 4.
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Figs.4-6
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(  0.00,0.20

fc(obs) fs(obs)

(Po/P)sin(¢—go)= £ (5)
P Po ¢ do log ® 0.2
) (Figs. 4-6 )

log ® Figs.7-9

Fig. 7. FR data of fc and fs versus log o (P.=0.98 kPa): (©)
fce=(Po/p)cos(§-¢o)-1; () fs=(po/p)sin(¢-¢o). (@ , =)

computer simulated results by Model I with the four

parameters given in Table 1.

Fig. 8. FR data of fc and fg versus log ® (P.=39.0 kPa): (©)
fe=(po/p)cos(¢-¢o)-1; () fs=(po/P)sin(¢-¢y). (@ , =)

computer simulated results by Model I with the four

parameters given in Table 1.

Fig. 9. FR data of fc and fs versus log o (P.=88.0 kPa): (©)
fc=(po/p)cos(9-¢o)-1; () fs=(po/P)sin(¢-¢o). (@ , mm)

computer simulated results by Model 1 with the four

parameters given in Table 1.
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4.1. Model I
(X) (A) (1)
dX(t)/dt = -KpAP(t)+k A AA() (7)
dA(t)/dt = KpAP(1)-k xAA(H)-dC(t)/dt (8)
AP(t) AA(D) AV (1)
r Fick
At)
C

C ()=CHATTr/3)k{83:(D; 0)- i83,(D; ©)} AA(t) 9)
AC ()=gac{85¢(D; w)-183(D; @)} AA(Y) (10)

[6] 33¢(D; @)  834(D; )
83(D;0)=(3/m)(sinh n-sin n)/(cosh n—cos n) (11)
835(D;0) } =(6/m){(1/2)(sinh n+sin n)/(cosh n—cos n)-1/n} (12)
n=Qw/D)"*; D=D’/r (13)

D’ Fick
X

X(t=P(OV(t)/(RTo) (14)
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G @ 14

AX()=(P.V/RTp)(p*-v)exp(iot)

(7, (8) dX(tydt  dA(ty/dt FR
i0AX(t), ioAA(t) (1), (8), (10),
AP(1)

AX(t)+AAL)+AC(t)=0

(V/p*)-1=(kp/K Al ac)[ 1+0ac {83¢(D; ) -i834(D; w)} ]

ke=(RTo/ Vo) Ko

[ ac=[Kkatio{1+gac(8:¢(D; ®) -id3(D; ))]1/ Ko

) ¢ L

£, “=Re [(kp/k AT ac) {1+Gac(83¢(D; ®) -i834(D; ®))}]

fsl(calc)EIm [(kp/k.AFAC) {1+gAC(83C(D; (D) -i635(D; (D))}]

ke, KA, 9ac, D,

£ l(calo) (0 - 0)=kp/ka(1+gac) = G’
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a,c

a=(dA/dP)/G

(kp/k.A) =aG’

c=(dC/dP)/G atc=1

(kp/K-a) 9ac =CG’

Jac=C/a

4.2. Model 11

Model 1
A B

X, A B, C

dX(ty/dt = -KpAP(t)+k A AA(L)

dA(tY/dt = KpAP(t)-k sAA()-KaAA(t)+K AB(t)

dB(t)/dt =kaAA(t)-k sAB(t)-dC(t)/dt

AC(t)=gnc {83:(D; ©)-153(D; w)}AB(t)

(27)-(30)

Model 1

d/dt
AA(t), AB(t), AC(t) AP(t)
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AX(+AAD)+AB(H)+AC(H)=0 31)

(v/p*)-1=(kp/ K A AB)[1+(Ka/ K-8I'BC) { 1708c(33¢(D; ®) -id34(D; ®))}] (32)
Cap={Katkatio-(Ka/Tsc)}/ Ka (33)
Ipe=[kptio{l+ gsc(d3¢(D; w) -id35(D; ))}1/ ks (34)

Model II

£, “I=Re [(kp/ kAT as)[1+(Ka/ K8 Bc) { 1+0c(83(D; ©) -id3(D; 0)}1]  (35)

£, “9=1m [(kp/ kAT a)[1+(Ka/ Kaac) {1+ Gc(83(D; @) -i83(D; ©)}1]  (36)

ke, K, ka, K, Gac, D (6)
£ (@ - 0) = (k/ka kp) (Ka+ K+ Ka Osc) = G 37)
a,b,c G
a=(dA/dP)/G b=(dB/dP)./G c¢=(dC/dP)/G atb+c=1 (38)
G’ (37)

(kp/ k.») =aG’ (39)

(kp ka / ka kg) =bG’ (40)

(kp Ka / kA K.g) 9Bc =CG’ (41)
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U= c/b (42)

5.
Model I (£ eale) g Mealery Figs.7-9
fe fs X oy
Figs.10-12 Model 11 (g et
fSII(calc)}
Table 1
Jac Osc (26) (42) a,b,c
015 Fig. 10. Polar plot of various (fc, fs) shown in Fig. 7
01 (Pe=0.98 kPa). x-axis: fc=(po/p)cos(¢-do)-1 and y-axis:
wm fs=(po/p)sin(¢- o). (©) observed results of (F, £
(CJ) simulated ones by Model I, (fe @), fg T1). (mm)
O 1 1
0 o1 09 a3 simulated ones by Model 11, (fe 419, fg (29,
fe
01

Fig. 11. Polar plot of various (fc, fs) shown in Fig. 8
(P=39.6 kPa). x-axis: fc=(po/p)cos(¢-ho)-1 and y-axis:
fs=(po/p)sin(¢- ¢o). Notation in that of Fig. 10.
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00e

Fig. 12. Polar plot of various (fc, fs) shown in Fig. 9
(P=88.9 kPa). x-axis: fc=(po/p)cos(¢-ho)-1 and y-axis:
fs=(po/p)sin(¢- ¢g). Notation in that of Fig. 10.
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Table 1 Rate Coefficients Given in Figs. 1 and 2 Evaluated by Computer Simulation Corresponding to the
Results Shown in Figs. 7-9 and also in Figs. 10-12.

P/kPa  kp/min®  k,/min' ky/min' kp/min' D/min’ a b c dev(%)
0.98 6.47 36.0 - - 0.088 0.647 - 0.353 2.68
(0.98)  6.54 36.7 6.60 119.4 0.091 0.643 0.036 0.321 2.70
39.0 8.90 113.8 - - 0.037 0.291 - 0.575 2.56
(39.0) 8.8 94.1 3.64 14.8 0.042 0.340 0.083 0.575 2.67
88.0 3.31 68.0 - - 0.017 0.305 - 0.695 3.31
(88.0) 331 62.9 2.70 10.1 0.081 0.477 0.127 0.395 2.93

a) dev= (1/N)ZN[ { (fc(ObS) _ fc(calc) ) 2 }1/2 + { (fs(obs) _ fs(calc) ) 2 }1/2] / { (fc(ObS) ) 2 + (fc(calc) ) 2}1/2max ,
N = number of date

FR Figs.10-12 XA
XeC
[5] Figs.10-12
FR H
H, A H(B) Model 11
Model II Model 1
(7) K kp
®) At K a
ke
FR
Model 11 A R, B Ra
A
R.A(A) =K’ AA Ra=KkAA (43)
A RA(t) = K AAA(Y) A Rp =K AAA(D) (44)
K.a ka K'a Ka (katks) A
(katka)™ A Table 1 A 0.6-1.5s
(ka/K-a) A C B
Table 1 kp Ka
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D Table 1
, ,D
100 mesh 70 pm D=0.090, 0.041, 0.139 min™
D’=7.35=10", 3.35=10%, 11.4=<10* cm’/s
LaNigsAlgsHos 298 K D’ 3.5x<10"%m%s[7] LaNisHys 298 K D’ 8><10°

10cmz/s[8]
Fick j = -D(Ac/Ox) (Dc/
oXx) D
Fick D
FR Fig.3 2
D FR 2
[9]
(6) £ ©—0) G Fig.3 (a)
Pe GO
G/Gy=0.13 (P;) 0.7(P,) 0.03 (Ps) (45)
o  G/Gy=1
® FR
0.6 < w/rad min™ < 300 10 1.3 FR
6.
FR
FR
FR

Y. Y)
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