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The Development of MH Heat-Upgrade System
for Recycling Waste Heat of Low temperature
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Summary

1. Subject
The development of MH  heat-upgrade system for recycling waste heat of low

temperature
II. Purpose and Significance

Heat transformation employing metal hydride as working materials is a very
promising technique in the field of energy conversion. Upgrading of thermal energy to
temperature below 100°C or above 200°C, which is difficult with ammonia-water or
lithium bromide-water system, can be achieved.

MIH heat upgrade system(MHHP) use the reaction heat between metal and hydrogen.
MHHP is composed of the two or tree reactors in which these metal hydrides having
each different plateau pressure are stored. Initially, the hydrogen is absorbed by the
absorbing part hydride. As the temperature is increased on this reactor, the equilibrium
pressure of the hydride is also increased. So, hydrogen moves toward to the heat
upgrading part hydride and the heat upgrading part hydride desorbs the heat to the
surroundings, now the surroundings temperature is increased. And as heat source is
removed from the absorbing part of reactor, then hydrogen flows toward to the
absorbing hydride, MHHP can save the extra energy to operate the conventional heat
pump, because the MHHP can get high temperature heat from the waste heat such as,
the factory waste heat, heat of the emission gas from the vehicle, etc. So this system
can be used as heat up-grade system to recycle industrial waste heat for factories in
close connection with energy save. Such advantages of MHHP correspond to our energy
save polices. In addition, MHHP does not use the today cooling medium as freon gas so
that no environmental problems is caused. The total energy consume of MHHP is 1/6 of
that for mechanical type system because of using possibility of waste heat.

To utilize the MHHP practically, it is necessary to research on developing the new
material which have a excellent hydriding characteristics and low cost, and increasing
the power of MIHIHP per unit weight. Also to increase the power of the MHHP,

absorbing calorie per a cycle should be increased and the cycle per unit time should be



increased through increasing the hydrogenation reaction rate. The hydrogenation reaction
rate of them should be improved only by heat transfer of the reactor.

In this third yvear study, we have studied on the development of the metal hydride for
heat pump system and the prediction of the dynamic properties of the metal hydride.
[For Zr-Ti{-Cr-Fe hased allov and Ti-Mn based alloy, we tried to investigate the change
ol hydriding propertied as adding the new alloying element. Based on above research,
various alloy pairs developed for use waste heat of various temperature. In the so
constituted prototype MHHFP system, the change of power was investigated in view
point of several operating conditions. So the effect of operating conditions on power

should be certified.
. Results and Recommendations.

1. To develop the alloy for heat upgrading system from the Zr-Ti-Cr-Fe based alloy
chosen, the ratio between the element having the high hydrogen affinity such as Ti, Zr
and the transition metals such as Cr, Fe is changed. As a Results, ZrooTio1CrosFei .,
Zroos TioosCrossFerls  alloy  pairs, LaNisgAloz, ZrogsTioesCrogFer2 alloy pairs and
Zrogs TioosCrisFeos, Zross TioosCrossFerts, ZroosTioesCrisFeos alloy pairs are developed and

have the high storage capacity of 1.6 wt.2%6 and the extremely low sloping property.

2. For Ti-Mn based alloy, TiosZrozsCriosMnosVooesCuor alloy is developed and it has a
very high storage capacity of 1.9wt.% and the hydrogen desorption pressure of 7 atm,
so it seems to be the most promising alloy for heat pump. But it should be studied on
its cycling propertiecs and the improvement if sloping at the initial stage of plateau

region.

3. The prototype MHHP was made using ZrogsTiosCrizFeos ZrogsTioosCrogFers,
ZrousTioosCrialFeos alloy pairs. Al (Cu) -fin was installed to 3mm distance inside the
reactor of the MITHD. In fin holes are formed for stainless filter to provide the transfer
path of hydrogen and easy storaging alloy. The weight of alloy inserted is 20 kg.

The optimum condition of the prototype MHHP was as followed ;

. the inserted amount of the hydrogen : 2.3~24 H/M

..9~_



- the heat source temperature @ > 80 T
- cyveling time @ heating time ; 5 min, cooling time ; 5 min
- water flow rate @ > 3 liter/min

* Cooling power output : 98 kal/kg-alloy - h

4. In the third year study, upgraded system is being constructed and the dependences of
heat upgrading power outputs on the operating parameters such as the hydrogen
charged amount, cycle time, water flow rate and heat source temperature will be

investigated. And the possibility to use in factory will be discussed.

The effects of each parameters on heat upgrading power are described as follows

* The power output shows the maximum behavior as the initial amount of hydrogen
charged is increased. Charging the system with the excess hydrogen cause the reduction
amount of the hydrogen transferred and an increases of system pressure.

The power shows the maximum behavior as the heating time is increased at
constant condition. and the effect of cooling time is found to have the same tendency
with respect to the heating time.

The transferred amount of hydrogen and the power are increased with the heat
source temperature. This increasing behavior becomes dull, as the increasing Tu
continuously.

As the water flow rate increases, the cooling power increase and this increasing
behavior becomes dull, as the increasing water flow rate continuously because the heat
transfer rate at the surface is increased, but the heat conductivity of hydride bed is not
changed. And rate limiting step changes from the heat transfer rate at the surface to
the heat conduction rate of hydride bed.

The optimum condition of the final MHHP was as followed ;

- the inserted amount of the hydrogen : 23~24 H/M

+ the heat source temperature @ > 8 C

< ¢cycling time © heating time ; 6 min, cooling time ; 6 min
- water flow rate @ > 11 liter/min

+ Cooling power output : 118 ka/kg-alloy - h

_10_
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- Maximum system power .

5,300 kcal/h
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Fig. 1(b) Schematic van't Hoff plot of metal hydride
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Fig. 2 Schematic diagram of hysteresis and sloping effect on MHHP system
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Fig. 3 Schematic drawing of (a) cubic (C15) and (b) hexagonal (C14) Laves
phase structure @ o. A atoms; o B atoms. Three types of tetrahedral interstices

are also shown : a, B4, b, AB3: C, AZB2 sites
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Fig. 7. Schematic diagram of hydrogen transfer in CDMHHP
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Fig. 13. Schematic diagram of P-C-T curves
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Fig. 14. A photo of arc-melting system
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Fig. 15(a). A photo of automatic P-C-T measurement system
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Fig. 18. P-C~T curves of LmNis-xAlx alloys
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Fig. 19. P-C-T curves of LmNisgAlo at various temperature
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Fig. 23. P-C-T curves of ZrogTiosCrosFe; 1
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Fig. 27. The change of P~C-T curves of ZrogTioiCrogsFer1s during thermal

cycling
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Fig. 29. The relation of plateau pressure between ZrogTio1CrogFei2 and

ZrooTio1Cro7Fe1s at 20°C and 70°C
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Fig. 30. The relation of plateau pressure between ZrogTio1CrogFer2 and
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Fig. 31. The relation of plateau pressure between ZrooTioiCrosFei2 and
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Fig. 32. The relation of plateau pressure between ZrogTioi1CrosFei2 and
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Fig. 33. The relation of plateau pressure between ZrogTioiCrozFers and
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Fig. 34. The relation of plateau pressure between ZrogTioi1Cro7Fe;s and
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Fig. 36. PCT curves of Ti; xZrxCrizMnog ( X = 0.1- 0.25) alloys at 30°C
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Fig. 40. Thermal desorption spectra of Ti;-xZrxCri2Mngs (X = 0.1- 0.25) alloys
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Fig. 42. The changes of FWHM of (112) diffraction peak
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Fig. 43. PCT curves of TiorsZrozsMnosCrizyCuy ( Y = 0.0- 0.2) alloys at 30°C
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Fig. 44. PCT curves of TiozZrosMnosCriosCuoesVos alloy at 30°C

_.95._



220 kgel ool ¥astd. e 5A4E A7) fste] AMEg arc-melting ¥
HJE o & ¢ e F5e HAdFe] FH g A AYA ol FAHF
g AA SEEokd AR&EY] s e dFEME Sty . 4E &
3rbdxel A HoHoZ 50 kg A Al FF, F 150 kgl FEFol Hasti &3
2 ) A FEEAS et 7 180 kg 7HES] &V 79T FaE 50 ke
F2o VIMY] A% olx & 7§Eog ¢ Aolng AA FaAFIEEY &37ts
22 30 kgolvh webr] z}z} 2314 631e] FErt &7 30 kg 54 AF5
z+z} 384 939 uYHLHrt eFEY. 28H FAAFETE AR
3 EANS Ugr] wEe duwrioz g3 WEe VIM(Vacuum Induction
Melting) W& o] &3 F&s7t F& o]F2 Ut VIME °|-&3 dfF&3)e
AL 1 &80l £4 kgdA F tonl® UgEn AzE FFL ingotPFHolmE
olZ Eslo] AlEsA U olFA Axd FAAFTELS dutdoer #HY U
Aol AR it A#FAZR @ FAAZEF vl 3 Aol AHeE B4
o] glo] ol& #Asty] Y8ty AHHE FHFAY FERHLE TE AxFTAHS
ball milling W $& 5 Fastl A% AxE 7= Foh sHA ojHFT W
HES ods] HAgE A% A7 % FrEAA g FEdez A K
oz AzZtEAE ged. wEgA e ANG B ANEAE nHd W HFEE
A galEAe FHHste Ao ¢

Zasold FRAEFr @ 5 de Aeze T FAeA, =7

s

zz 9 WZ&n 22 5 F r} oo x §F9 &3] F evaporations L5}
o 2712 FYsteE s o olF Fod% AL ®rHY TR d4EE £
Zolgti @ 4 . By FH2E &Fuy =M, graphite =714, vk
Aol w7by Yol Q. dwrd o2 Ti MnAl o] FoUAA A AaAAN}
Ayl go] 2% FER o)X EeEE Al E/UE AMEE A &3 e
o] glo] olEE A AME wEA J&E = Graphie =7HHE AMESHA €

_.96__



it
o
oo
o
2
ol
rir
ok
o
)
op
offt
-
i
o
olo
s
N
A
o
ot
Q
jaV)
0
jang
=
ize]
R=
2

ol vl casting# A& 2 Aol we} Sz & JFS Fi ol WE FF

of Ga3l Ay mE W Fad FAoly. UvHew A

e} Lg =
Aol xulstyal AM2de] AL shEAdel Ak wE FWe AME Ads e

W 2] A} 8E = Au8s] 8 arc meltingdl] 93 &5 2A 3 FAbs) ok @A
MA ge AFrtEd g3 FE&E Al WAL= dve Wiz
& W s 2o Wgrt 99l 42 9 AV|sEtAd Ao oud FF
S ulxl=ke] et A R BudE vl gloy ol YREe] SAFF A
o] BAL naAsAY NEH] & ZAL AFATol7] Wil A At A
e wAldel glol ol ti¥ A7t 43 a7HL At
F2 AL HE casting YO EE TS o] 371A17F 9t

) =d o 2R UlelA Al SnATE W eR ARl 285 I

2) Mold casting : %% FE2 TE moldol] oA WA 7+ W

) F9 0 $9e moldd] oM BHAE e ZAW molddl WAFE &

#lao] #4373 Wae A7E Y
B Ao A9 TIARATE D FIALAT A VIMS o] §sto] &|E T+

=2
=)
R
rr
o,

o

Ak 9 189 A$ 2F mold casting WHE AlE-gt), Fig. 45 (a), (b), ()
AAFA VIM AHl9 =7HY % molde] Al-E vERd Aotk Ak

Z Fig. 45 (b)el vehd A 2ol A GFuy =7ty E AR 45 =7
A o] FE W FH BEE] FfirEH o] 27 &3 Al vbEol o8 FEF
Aol AstEE AL et wEkA o & z<tste) WA baking M E
g Az 139 &a& FAT F AHHA &HE AU Fig. 46,

J AR [ AR (19} &8 FAAGTT AHEs)

19
i

L

2
2
)

o

e
~J
N
o0
.«{l o
Q]
N
2y
H
=2
2
ol
e
N

o gusd B T FaALEH4S 46 B Qo AR [ #F A% 14 44

-
SaAdgTe So% ok AU AL AT LT Ae FAR B4

i

vebuly gael Adsko]l F21gel wel sloping @4e] RS & ¢ UH-

o

o] Fig. 499 vtebd Az o] &3] Al slag7t 849 AL2FE &9 =4

_9’7_



of Mtk A7) Wl Aom 4AY + 93 SEM B4 A3 (Fig, 49)2 e

slag @Adell olal) el AoM 9 stoichiometry 7t B3] o} a5 2o

Y,
jo

A A2ge] AAH ARG site7t T2 Q18 slopinge] A=
Lol ool ol2ldk WlE AVEY 1A4e A RE 9422 RE F

LBl rAste]l gajAIzte]l HolX e @4g yElWlon ole wil slag WAl
g Ao gy, wetA slagg FAA7] el e wA Aoz
ezl A d8d ¥ Zre 91 Yt 98 4N F g8 =L Cr
R Tig W7ol &3ste o] asthes A& &+ Uk o9 e Ao
A&l S FAaARGFY SAE FYsisich 1 A &

of %ol s FAHYOY AAS FaFEFo] gasts AR Holw U

a4
ol
-

L

mlru
N

k%
ofy
N
i
nﬂ:

ohooleRt e Tig F7F Hyh Al vlatEe] a&&o FAHE dN oz RE
e W Ti Fol Fasr] WEY A& ¢ F A "y Ti F

AR Joigel Al 8 EH AL wEA 23 §8 A 5%E Fsbete] 43
ST 2 23 22 BT FFE AFEE E wo SAo A dXEE 54

2 A% + AN AR SR FAATYFI A 14 49Y Y2 =
ol wl ¢ AzsA et A & 4 Aed (Fig 48) ol& Fig. 5000 Yepd 3

W o] g3 F eAFoF ld WHhRze] @A gol W vk Ay ol
g Aol 7RIt oA ZRE VIM &3lAANA Saiage w4y A,
s 4 €4, $% 2% 59 Sz YoE WAEE 2 WFEY gL 43
S BEE XElste B4 w3 3% 2998 & F Uk wEA seR g
22 oM E JAFE 44 2 Ar purging @ HEE 3t chamber W A
7154 S AT #AADLEAN HFHoE 2T A9 95% o4 AxS

__98_.



Fig. 45 (a) Photo of the used VIM
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Fig. 45 (b) The furnace used in VIM

Fig. 45 (¢) The metal hydride ingot purged in mold

- 100 -



100 +
10
g ]
&l
= Zr, Ti, Cr, Fe,,
Q.
0.1 A= \IM 1%}
—o—VIM 2%t
—eo— arc melting
0.01 ; , , ; , .
0.0 05 1.0 1.5
wt%H

Fig. 46. P-C~T curves

of ZrooTipiCrosFeis after VIM
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Fig. 47. P-C-T curves of ZrosTio1CrosFe12 after VIM
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Fig. 48. P-C-T curves of ZrogsTioosCrosFer
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Fig. 49. Photo of ingot and SEM of ZrosTio1CrosFe1s4 alloy
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Fig.50. Photo of ingot and SEM of ZrogsTioosCrosFer; alloy
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Fig. 51 Schematic diagram of test apparatus
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Ifig. 53. Schematic diagram of unit reactor
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Fig. 54. Pressure change with time in the unit reactor
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Fig. 55. Temperature profiles of the reactor
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Fig. 56. The results of simulation
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Fig. 57 Schematic diagram of MH heat upgrade system
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Fig. 58 The photo of hydrogen transfer line in MH heat upgrade system
(2000)
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Fig. 59 The photo of hydrogen transfer line in MH heat upgrade system
(2001)
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