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HYCSOS: A CHEMICAL HEAT PUMP AND
ENERGY CONVERSION SYSTEM BASED ON
' METAL HYDRIDES

1979 Status Report

by

Irving Sheft, Dieter M. Gruen, and George Lamich

ABSTRACT

The current status of the HYCSOS chemical heat pump and
energy conversion system based on metal hydrides is described.
Heat transfer fluid loops were insulated and modified for
isothermal operation.

Software development for HYCSOS manual mode operation was
completed. Routines to handle data acgquisition, logging, com-
pression, correction and plotting, using a Tektronix Graphics =
system with flexible disk data storage, provide a rapid and
versatile means of presenting HYCSOS data for analysis.

Advanced concept heat exchangers to improve the heat trans-
fer. of the hydride bed with the heat transfer fluid are discussed.
Preliminary tests made with a LaNi. loaded aluminum foam test
unit showed that heat transfer properties are very markedly
improved. ’ ‘ '

JThefmodynamic expressions are applied to the selection of
alloys for use in HYCSOS. The substitution of aluminum for nickel
in ABg type alloys is shown to reduce hysteresis and permits the
use of potentially lower cost materials with added flexibility for
the optimization of engineering design and performance character-
istics of the hydride heat pump system.

. Transient thermal. measurements on hydride beds of CaNig and
LaNi- show no deterioration with cycling. Relatively slow heat
transfer between  -the hydride beds and heat transfer fluid in the
coiled tube heat exchangers is indicated by temperature lag of the
bed and heat transfer fluid. Improved heat transfer is anticipated
with aluminum foam heat exchangers.



I. INTRODUCTION ‘
Application of the "heat pump" concépt,'the usé of heat
rejected from a refrigeration’system to warm a space at some-
what higher temperature, has been diécussed for many years
and was first pointed out by Lord Kelvin. (1) _Intereét in
solar energy driven heat pumps, including chemiéal heat pumps

has recently been shown. (27%)

The Argonne HYCSOS system is a two hydride concept(S_S)
operating as a chemical heat pump for storage and recovery of
thermal energy for heating, cooling, and energy conversion. Low
grade thermal energy, as from a solaf colléctor, is used to
de¢0mpose a metal hydride With the higher free energy of dis-
sociation ana the released hydrogén is reabsorbed at an inter-
mediate temperature and stored és a second hydride with a lower
free energy of dissociation. The heat of reabsorption of the
second hydride at the intermediate témperature'can-be used for
Spaéé heating. The heat pump mode of the h.e.atn'.m.j cycle is,thq
use of low temperature qutdoor heat to decompose the secOnd‘
hydride and reabsorb the hydrogen at the intermediate tempera-
ture as the first hydride. The heat of absorption of the fifst
| hydride can now be used for space héating. By rejecting the
intermediate temperature heat of hy'quen absorption to the
outdoors and wifhdrawing the low temperature from indoors, the
heat pump cycle can be used for space cooling. The HYCSOS
system also lends itself to conversion of thermal‘énergy into.

useful shaft work. High pressure hydrogen from the high temperéture.



dissociation of a hydride could do work in an expansion engine
driving an electric generator before being reabsorbed on another
bed of the same hydride at a lower pressure and temperature.

The Argonne HYCSOS system‘g) designed and constructed to show
the scientific feasibility of the concept and to evaluate-system
components and materials for use as hydrides has been operational
for approximately a year. The scientific feasibility was demon-
strated by the rapid cycling of hydrogen between CaNi5 hydride
and LaNiSVhydride.at experimental conditionslapproaching~design
specifications. Optimum operational characteristics for this first
pair of hydrides are yet to be determined. Because the unit
was designed to be a versatile test facility and does not yet
have capability for regenerative heat exchange between hydride
beds,‘thermal efficiency measurements of the cycles would not be

(9)

meaningful. Since the last réport, equipment modifications.
to increase the usefulness of the fécility have been made and
will be discussed.
' II., HYDRIDE SYSTEMS AS. CHEMICAL HEAT PUMPS

A heat pump is a device which absorbs heat at a low
temperature and delivers it at a higher temperature. Mechan;—
cal heat pumps generally use a cbmpréssor to supply the driving
action. A chemical heat pumb uses the thefmal energy of a re-
Versible.chemical equilibrium to pump heat from a low tempera-
ture to a higher one. For such a thermally driven heat pump,
which could be used for either heating or cooling purposes, the

thermal energy need not first be converted to mechanical energy.

An additional advantage in the heating mode is the ability to



also use the driving thermal energy- for heating purposes.

The rapid kinetics of hydrogen absorption and desorption.
with A85 alloys, the ability to vary the dissociation pressure
by controlling'the chemical composition of either the A 6f B
component and the high hydrogen carrying capacity of these alloys
make them especially uéeful for chemical heat pump épplicaﬁions.
Alloys can be selected so that low gfade‘héat sources sﬁch as
solar  collectors, automobile heat exhanst, nf reject heat from.

a power plant could be used to drive,hydride heat pumps.

The treatment(1n) ot the following general heat pump egua-.
tions can be applied to any péir of compounds and can be used -
to determine alléy properties for best heat pump operation at
specified temperaéures.
| Consider.a thermally driven heat pump uéed for heating pur-
poses.. A quantity of heat Qh is supplied to the heat pump‘at a
high temperature Th' heat Qm isldelivered by the heat pump'at‘

, the intermediate temperature Tm used for space heatinq, and

heat Q2 is extracted from a lower temperature T For a rever-

-
sible process,

and

=}
l—-]‘-iO
=2

3
jag

H' @]
B ES)

|

~ An index of the efficiency of such a heat pump, the coefficient

A
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of the performance¥*, COPH, the ratio of the useful heat delivered

to the required high temperature heat imput, can be seen to be

0] T ., =T
cop z_m=_m[h 2].

H. . Oh Th Tm—TQ,

The coefficient as defined by the ratio of heats refers to

the -lowest T, achievable. Higher performances can be reached

2
ds the low temperature approaches the intermediate temperature to

which the low temperature heat is pumped.'
- For the specific case where the heat pump consists of a

- pair of metal hydrides M, and M, with hydrogen flowing freely

1 2
between them, M2 cycles between temperatures TQ and Tm with
corresponding dissociation pressures Pi and P2 and Ml cycles

between temperatures Tm and T, where its dissociation pressures

h

are P, and P, respectively. The equilibrium dissociation pres-

1
sures in the two phase region, which are plotted in Figure 1, are

determined by the enthalpies AHM and AHM of the hydride form-
2 1 -
ation reactions and by the entropies ASM and ASM .

2 1

_ ‘ _
Not to be contused with coefficient of performance, COPC, of
refrigeration cycles which is the ratio of the refrigeration

effect to the heat input. 1In terms of notation used here
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To operate the hydrides Ml and Mz'in the heat pump mode,

saturated with hydrogen at Tm and Pl' Heat Ml to

and hydrogen to desorb.

start with Ml

Th causing the pressure to rise to P2

The released hydrogen is absorbed by M at‘Tm and P the heat

2 2!
of absorption AHM being released at.Tm. The temperature of M
2
is now lowered to Tm and that of M

1

5 to Tz. Hydrogen desorbing

from M2 at Tl'absorbs heat from the environment while the heat

of reaction, AHMl, is again released at T - Hyarogen gas is the
working fluid in this closea cycle which can be repeated indefi-
‘hitely.

It is clear that to optimize the choice of metal'hydride
pairs for a particuiar mode of heat pumo operétion, the relaﬁion-

ship between the thermodynamic quantities governing the hydride

h’ Tm and T2

formation reactions and the operating temperatures. T
needs to be established. |

Three possibilities are shown in figure 1 for the relétion—
ships between the thermodynamic quantitieé'of M2 and Ml' They'are
és follows:

‘1. AH < AH, ;AS > AS

M2 Ml M2 Ml
2. AH < AH., ;AS = AS

M2 Ml M2 Ml
3. AH, = AH_ ;08 > A8

M, Myt My My

1. For the general‘case-in both heating and cooling

cycles, AH # AH _ , AS # AS . , inspection of Figure 1 shows
M, M, M, 7M.
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that

AF AF
-R Tn pz = TMZ = T 1
m ‘h
AF AF.,
-R 1ln p, = M2 = Ml
1 T, T

Straightforward substitution and rearrangement gives

MHy - T (88, - AS, ) T
2 _ 2 1= (1)
AR —AE . - T A
M . M) h
and A
MHy T (S, - 8s,) T,
2~ 2 - T (2)
B, BH, =7 4
1 1 m

My

AHM (QQ) from the low temperature, Ty, toO Tm’ and is itself used
2

for heating at Tm, the heating cycle coefficient of performanpé

Since AH is the high temperature, Ty heat (Qh) used to drive

of the hydride heat pump,is

Combining with equation (1) and (2) shows ‘that, for the general

case, the performance of a hydride heat pump in the heating cycle,

H Th(Tm—TR)‘

is the same as that for a mechanical heat pump operating rever-

sibly for heating purposes.
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For operation in the cooling cycle where

equations (1) and (2) reduce to

cop = ;2 (pim
c T T -T,]’
. h
also the same as for a mechanical heat pump.

2. Four the speclal case: AS = AS

[4
) My
AHMZ Tm Tl
AHM1 Th Tm
from which it follows that
2 _
Tm = ThTQ'
In the heating cycie,
T
T, = — and
h T2
T
o -T
Tm Ty L
COPH = —=
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éﬂsﬁv
N~—
H

- R’ . |
2 -2
Tm EE Tg 2
. AT TR 1 - T
‘cop,, = ‘X = n
: H T T T
mo_ ey 2
m Tm "m
- T
_ 2
COPH = »l + T -
m

The performance approaches 2 as T approaches'Tm..

L

In the,cooling-cYcle for this restricted case,

approééhing a maximum of 1 as Th approaches T, ©OF TZ;

3. For the special case: AH., = AH_ = AH
M M
2 1l
AS - AS

2o M1 1
AH o Tm Th
As - AS .
" M1 1

5H T T
2 m

from which it,follows that

m m _
e + o 2 .
h %
AHM.
: ;o . S 2
In thg heat;nq cycle for thls case, COPH =1 + Kﬁg— = 2,
. My
In the cooling cycle
AAHM2
COPC = E—H-l\d—-= l-
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One may also use equations (1) and (2) to calculate T

h

2 for a range of Tm in both cycles of hydride heat pump

operation if one has available the AH and AS for each of a

and T

~particular pair of métal hydrides. 'Such calculations have

been made for the pair CaNi -hydride'(AHM = .31.6 kJ/mole,

5

1
ASM = 100 J/mole) and LaNis—hydride (AHM = 30.1 kJ/mole,
1 . X 2
ASy = 109 J/mole). The results are listed in Table I.
2 B A .
Also listed in Table I are calculations of Tz for Lhe special
cases ASM2 = ASMl and-AHMz = AHMl using thg Tm and Th values

of columns 1 and 2. It can be seen that, as shown graphically

“in Fig. 1, for fixed T and T the lowest refrigeration tem-

h!
peratufe, Tz, in the chemical heat pump mode isvreached for the

case ASM = ASM while the least effective heat pump action
2 1 ~

arlses when AHM2 = AHMl.

Table 1, Exa@pleé of Chemical Heat Pump Operating Temperatures

Hydride pair involving T and T}, values of columns 1 & 2 -
. . AS,, = AS AH, = AH
LaNJ.5 and CaN15 Ml M2 Ml M2
[] : .
Tm( C) Th(°C)- T2(°C): . Tz(°C) e Tz(°C)
20 64.5 =15.6 -18.6 -14.1
30 77.2 - 7.5 ' -10.8 - 6.0
40 ©90.0 + 0.5 - 3.1 + 2.1
50 102.8 +8.5 + 4.6 - +10.2

60 115.8 +16.4 L 412.2 +18.2
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III. HYDRIDE MATERIALS

The selection and availabliiity of desirable pairs of hydrides
are important to the éfficient and economiéAl opefatibn of HYCSOS,
as seen from the heat pump relations developed in Section II.
"The optimum hydride properties depend on the operating tempéfature
regime and so particular pairs could well vary with ge0graphi§
location. Although a theoretical understanding sufficient to
predict dissociation pressures of metal hydrides does nqt yet
exist, a number of attempts to correlate dissociation pressure
empirically with other parameters have been made with some degree
of success.

The importance of geometric factors in determining the
stability of transition metal hydrides has been known for some time.(ll)
The additional importance of crystal structure to the affinity of
metals for hydrogen and ﬁhe stability of the resulting hydride

has been reporte Among sets of hydrogen absorbing alloys

having the same crystal structure, the thermal stability of the

hydride (or logarithm of dissociation pressure) correlates well

with the size of the tetrahedral holes in the metal lattice.(l4)

(15)

These considerations led to a direct correlation hetween the

crystal cell volume of the alloy and the plateau dissbciation press-

ure. Figure 2 shows a linear plot(ls)

of the logarithm of the plateau
dissociation pressure vs. cell volume for alloy material collected
in Table IT.

(23-27) to prédiCting‘the dissociation press-

Another approach
ures of ternary alloy hydrides is the rule of reversed stability:.
"when considering a series of intermetallic compounds containing

a given hydrogen attracting element (say La) it appears



18

TABLE 2

Plateau Pressure and Alloy Cell Volume Data

o3

Number Compound Peq(at 20°) (atm) = Reference Cell Vol. (A7)
1 LaCo, 0.04 : 17,18 89.74
2 CeCo, 1.55 18 | 84.30
3 Prco, 0.51 18 87.13
4 NdCog 0.68 18 86.79
5 smCo, 3.30 18 | 85.67
6 Gdco, 24 o 18 85.19
7 Voo, 17.1% 1a - 83.96
8 LaNi 1.5 20 | 86.54
9 PINi, g° | 21 84.73
10 SmNi, 30° 21 | 83 .44
‘11 GaNi, 120 = 21 , 82.58
12 LaCo,Ni 0.055" 22 89.01
13 Laco3Ni2 0.12¢ 22 88.44
14 LaCo,Ni , 0.22° 22 87.80
15 NdNi 12,72 15 | 84.32
16 LaNi, (Al, , 0.572 16 . 87.28
17 LaNi, (Al , 0.22% 16 88.24
18 LaNi ,Al 0.005 16 90.51

fCalculated from given data or equation.

Given at 23° only.

cEstimated from data at 40°
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lthat the lower the stability of this.compound, the higher its

n(27) In the two phase plateau region,

tendency to absorb hydrogen.
the dissociation pressure Can-be approximated by the van't HOEf
equation '

In Peq = AH/RT - AS/R

where AS and AH are the entropy and enthalpy changes per moleAH2
for - the hydriding reaction. Since the entropy is assumed to be

-~ close to the high entropy of gaseous H (3l‘cal/(deg mole Hz)), and

2
approximately constant, the dissociation pressure.is predominantly
determined by enthalpy changes. The heat of:-formation of the
ternary hydride, AH(ABnHZm).is said to be composed of three terms:

AH(AB_H
n

om) = AH'(AHm) + ,Aa(BnHm) - AH(AB_) .

The heats of formation of many binary hydrides have been determined

(24,28) involving contact inter-

experimentally and -a simple model
action between first neighbor atomic cells is used to calculate
the heat of formation of the cohpound AH(ABn).

Although the rule of reversed stability may be useful in the
limited sensé of indicating an order of stability in a series con-
taining the. same hydrogen allracting element, it proved unreliable
for calculating olateau pressures. Using calculated values for
AH(ABnHZﬁ) combined withd"reasonably good estimated entropies" in

(23). obtained’

the van't Hoff equation,'Steward Lakner and Uribe
calculated plateau pressures for some ternary hydrides that were
lower than experlmentally determlned values by 6 to 23 orders of

magnltude and concluded the error must lie in the calculated

enthalpies for the intermetallic compounds and that the present



level of sophistication given by the empirical formulae does not
allow reasonable accuracies in éalculating tefnary'hydride stabil-
ities in terms of their plateau pressures.

The use of limited correlations has been useful in obtaining
hydrides with specified properties. Although varying the ratio

of nickel to lanthanum in LaNi., partially substituting other

5'
lanthanides for lanthanum or other transition metals for nickel

(12,23)

have been ltnown for some time to change the plateau dissoc--

iation pressure by a factor of about 4, there has been nOHSystem—

atic way of changing the enthalpies of hydriding reactions over a

(16,30,31)

wide range. It has recently been shown that aluminum sub-

5_
‘lowers the plateau pressure by a factor of about'lo3 in going from

stitutions for nickel, forming the LaNi xAlx ternary alloy system,

LaNi5 to'LaNi4Alq Mgasurements~on well annealed. samples in the
LaN;S_XAlx system show the entropy chanyes over a wide composition
range to be virtually constant.(?Z)-

Also, a linear relationship has been observed betweenthe
-aluminum content and the heat of formation for the hydriding
reaction. Within experimental errur; a 0.1 change in "x"; the
aluminum content,‘cﬁanges the heat of formation by about

- (33)

0.5 kcal/mole. This relation is shown in Figure 3. Aluminum

. ’ ®
has also been substituted for nickel in mishmetal (Mm) pentanickel

x - :
Mishmetal is the unrefined rare earth mixture of average compos-
ition; 48-50% Ce, 32-34% La, 13-14% Nd, 4-5% Pr and 1-2% other

rare earth.
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alloy with similar reduction in plateéu dissociation preésure.(34)
A substantial additionai benefit.is'the reducfion in the impractical
high hystéresis in the unsubstituted alloy. Thé use of low cost
mishmetal results in alloy raw material costs 35-45% that_of
present LaNi '

5
hydrogen storage basis. The advent of these ternary alloys adds

costs ‘and about 70% of future costs on a per unit

flexibility ‘to the selection of alloy pairs for the optimization
of engineering design and performance characteristics of the

hydride "“heat pump system. :

IV. SYSTEM DESIGN DESCRIPTION
The system as originally conétructed has already been des-
cribedg(g) A numbef of modifications in design.dictated'by
operatibnal experiénce ha&e beeﬁ incorporated. Tﬁe current
systém; including operating charactefistics aﬁd measured proper-
.ties,Awill Se aescribéa. |

A. Heat Transfer Fluid System

1. Iﬁsulatién

To impro%e thé reliability of thermal measurements, heat
transfer with the ambient was reduced by insulating the heat
tranéfer %iﬁid loops with a double.iayef of fiberglass wrap
ihsulation, The heater sections and.hydride heat exchaﬁéers
(HHE) were insulaﬁeé with rigid 1" fibergiass insulation.
Figureb4 shows the effect of pump'frictional heat input on loop
C and HHE;4 with”and withouf insulation. 'After 2 hours, while
the ﬁnihsﬁlateé éysteﬁ at 45°C was losing}as ﬁﬁch heat as the

pump was adding, the insulated system at 62° was still increasing



22

in temperature at about 7°C/hr.
--2. Isothermal Installations

For the measurements made_with the HYCSOS system to be more
indicative of the manner in which'such é systeﬁ would be used,
the heat transfer fluid system was modified ﬁo permit each loop
to be used isothermally.

Lpop A, the primary thermal energy input with 18 kw electric
heat, was already operating isothermally and was not changed.

Loop B, including a building water cooled (loop W) heat
exchanger of 25 kw heat transfer capacity representing the space
being heated in the heating cycle and serving for the ambient
.heat rejection during the cooling cycles, was modified to include
a temperature modulating Qalve, Sterlco Model #R-150-F with an
operating range 29°C~51°C, in the discharge leg of the cooling
loop W. The thermostat bulb sensor was located in the 1loop B
outlet leg of the heat exchanger. A 1 kw heater, regulated by
a constant power controller, Qas place in the loop B inlet leg-
of the heat exchanger, ‘Heat is removed at COnétant temperature
by varying the flow in cooling loop W. |

Loop C, the refrigeration héat ioad in the éooling cycle
aﬁd the ambient heat supply during the heat pump heating cyéle,
has a 6 kw electric heater in a 1 1/8" coppe;'tube. For iso-
the;mal operation a double walled copper tube heat exchanger is
used with chilled ethylene glycol-water in the outer jacket and

the heater and loop fluid still in the inner tube. A Haskris
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Model R075 Chiller with a 3/4 hp condensing unit and 2200
BTU/hr water to water heat removal capacity at ~20°C provides
the cooling. . Heat could“be extracted at an appropriate low
temperature by varying. the heat input to the loop.

The water in all the neat transfer loops was replaced with
a 50 volume percent ethylene glycol-water solutiqn. |

3. New Pumps and Flowmeters.

The original 0.5 hp neat transfer fluid pumps were sized
to design goal cycle response times. The power generation mode,
with the shofteSt cycle time, set the pump size. Hydrogen trans-
fer rates in simulated heating and cooling mode experiments were
not significantly affected by fluid flow rates. Figure 5 shows
the effect of fluid flow rates between 5 1/min and 12 1/m on
instantaneous -and integrated‘hydrogen transfer. The differences
in the instantaneous hydrogen flow rates are generally within =
flowmeter limits. Small differences are commulative and cerf;éd
forward in the integrated flow measurements. Since the power
generétion mode, where the larger pumps'were required, has assumed
a lower priority and since fluid friction heating and the limited
-flow’variation made these.0.5 hp pumps unnecessary and less
suitable, they were replaced by 60 watt Centrifugal Micropumps,
- Model 10-41-316, -with 'a continuously variable flow up to about
12 1/m for the ethylene glycol fluid at 100°C. The smaller
pumps simplify low temperature isothermai operation of the fluid
loops and their reduced power consumption make for greater effic-

iency.
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Flow Technology Model FT-8 flowmeters with a nofmal flow
range of 3.8 to 38 1/m and calibrated down té 0.95 1/m replaced
- the élder higher range meters to achieve greater accuracy at the
lower flow rates. The meters are described in greater detail in
Section IV-D. |

B. Hydrogen System

1. Hydrogen Recovery and Mass Spectrographic Analysis.
After approximately four months of operation and ten complete
cycles, the 37.19 moles of hydrogen (Matheson ultra high purity,

'99,999%) initially charged into one CaNi. and one LaNi5 pair

5

of. heat exchangers was removed and analyzed mass spectrochemically.

bed and from the LaNis

with 0.01-0.02%

A sample was taken from both the CaNi5

‘bed. Both samples were greater than 99.9% H2
nitrogen impurity,' The gas from each bed was expanded into a
known volume. Pressure and temperature were measufed and the
gas.then pumped out. This w&s repeated séquentially until the
pressure, with £he alloy bed at 100°C, was less than 0.1 atm.
Based on the pressure—coﬁposition diagrams for the two alioys,

the residual composition of the CaNi. was assumed to be CaNi H0 55

5 5

~holding 4.77 moles H, and the LaNi. to be LaNigH, ., holding 0.23
'mdles H2. - The total amount of hydrogen recovered, including the
residual corrections, was 37.55 molee or 101% of the amount orig-

inally put in. New hydrogen, 37.20 moles, was added to the HHE-2

(CaNiS) - HHE-3 (LaNiS)'loop.
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Hydride heat exchanger 1 and HHE-4 were filled with the
same amounts of alloy as in HHE-2 and HHE-3, HHE-1 with 5786 gm,

.17.344 mole, of CaNi,. and HHE-4 with 5004 gm, 11.561 mole, of

5
LaNi_.. Purified hydrogen, 37.20 moles, was added to this loop

5
and the alloys activated. Hydrogen transfer‘characteiistics of
the old and new alloys are reported in Section V.
2. Heat Capacity of Hydride Heat Exchangers (HHE).

To better evaluate the thermodynamic.operation of the HYCSOS
system and reduce the effect of the piping and heat transfer fluid
in the systém beyond the hydride heat exchahgers (HHE) in lowering
'systeﬁ efficiency, the heat capacity of.thé HHE including the
coﬁtained alloy and heat transfer fluid was determined.

o In a calérimetric measureﬁent.the.temperature rise éaused
by the absofption in the center of the plateau region of-approx;
iméteiy 5 moles 6f hydrogen on the alloy, i.e., 30-40 kcal, Qas
vmeasurea. A copber constantan thermocouple was strapped to theﬁ
outéide of the HHE and éemperature recorded on the digital data
‘ldgger.. Readigé; were taken every eight seconds during the
several}minu%e.addition of hydroéen and every fiQe minutes during
‘4the température‘drift toward.ambiént. With two inches rigid plus
two inches fibérglasé ihsulation arouné the HHE, the temperature
drift was about'1;5°C/hr. By extrapoiation of the drift back to
the éenter point ofrhydfogen addition, the_femperafure rise due
tofhydroéen abéorptibn, was détefmined. Thewdetefmined heaﬁ

capacity using accepted heats of absorption is shown in Table 3
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for a LaNi5 and CaNi5 containing heat exchanger.
Table 3.

" Heat Capacity of Coiled Tube Hydfide Heat Exchangers

Heat
HHE® MOLES H, Alloy Comp. Temp. °C AHzps = Capacity
Added : Range - Initial Final kcal/mole kcal/°C
3 4.90 LaNigH, o -LaNiH, o,  19.0 35.4 7.2 2.15
3 4.92 LaNigH, co-LaNi H; 5. 17.6 34.5 7.2 2.10
2 5.66 CaNi H, ,,-LaNi H, .. 19.1 39.5 7.5 2.08
2 6.43 CaNi_H -CaNigH, o; 18.0 41.2 7.5 2.08

272.08

*Hydride Héat Exchanger

For comparison,.a value for the heat capacity was calculated
from the blueprint dimensions for the volume oflconﬁained heat
transferifluid (water, specific heat ='l) and the weight of metal
in £he heat éxchanger'from 1l 5/8" of hydrogen inlet tube to the'
thermocouple. location iﬁ the heat transfer fluid inlet and outlet
'tubes. A Dulong and Petit value of 6.2 cal/°C was used for the ’

(35)

atomic heat capacity of the metal. A heat capacity of 155.00

joule deg"qlmole_l (37.02 cal deg;l

mole™}) was used for LaNig and
.for CaNi5 a value of 37.16 cal deg-l,molez; was calculated from
the atomic heat of 6.2 cal/deg. A heat capacity of 1.88 kcal/deg
was calculated for HHE=3 and 2.08 kcal/deg for HHE-2. |
3. Advanced Design Heat Exchangers,
The rclatively hiéh cost of the alloy hydrides makes rapid |
'cycling necessary in order to achieve economic use»of the alloyé;

The intrinsic reaction rate of the alloys with hydrogen is believed

to be very rapid and observed reactions to be heat transfer
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limited, i.e., rates are determined by the rate at which heat
of reaction can be removed from or added to the alloy bed.
Because of poor particle contact, the thermal conductivity éf
LaNi5 is low. At a void fraction of 0.4, typical for LaNi5
pbwder, the thermal conductivity is 0.27 BTU/(hr.ft.°F),(36)
only 3% that of 'stainless steel. (See also Section V for measured
thefmal conduqtivity in HYCSOS LaNivaeds and evidence that thé
slow step in heat transfer of the hydriding reaction is going

from the alloy bed to the first wa1l.)

| Under contract to the Argonne National Laboratory,'Energy
Research and Generation, Inc., Oakland, California is designing
and fabricating a high performance heat exchaﬁger which can re-
place and be compared with a current HYCSOS hydride heat exchanger.
The LaNiS.powder is poured into the interstices of a reticulatgd
opén—cell aluminum foam that will provide enhanced heat transfer
between the hydride powder and the heat transfer fluid. The foam
is 93% void with approximately 20 pore to the inch. The reduced
half thickness of the hydride bed, from 0.12" to 0.02", should.
significantly increase the heat transfer rate. (See Section V A).
A stack of six foam matrices is brazed to aluminum sheets which
form the fluid flow channels. The flow channels merge to form
integral headers that connect to the external plumbing. One

micron porous 316 stainless steel sheet is brazed around the alloy

containing foam Lo retain the powder and provide for hydrogen
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access to the alloy. Two such six-~high stacks are installed in
a preséure Véssel which contains access for hydrogen. A per-
specfive drawiﬁg is shown in Figure 6.

A three-high stack test module containing 1030 gm LaNiS,
Figures 7 and 8, has been received for preliminary examination. -
The‘alloy was readily hydrided and dehydrided several times.

In a single adiabatic experiment, 1.74 moles H2 were desorbed.
Figure 9 shows the subsequent rapid adiabatic absorption.of 1.07
moles Hz; Equilibrium absorption pressure is reached in approx-
imatélyl30‘seconds showing the temperature of the unit to be uni-
form. The pressuré rise after 10 minutes is due to abéorption
of ambient heat and the resulting temperature increase of the
alloy bed, |

Another scheme(37)

to improve heat transfer'characteriétics
of metal hydrides is to make compactions witﬁ a metal powder,
i.e., Cu, Ni or Al, having a much larger thermallconductivity
thanlthe hydride. Calculations show(37) a three-fold inc¢rease

in heat transfer rate for a compaction over a powder bed. Metal
hydride electrodes -for electrochemical storage have been prepared(38)
with an excess of fine copper or carbqnyl—nickel powder and cold-
pressing the mixture. These electrodes have been hydrogen cycled

- without disiptegration, In connection with the use of hydrogen

in motor vehicles, Daimler-Benz AG reported(gg) the preparation of

hollow cylindérs 10-20 cm long, 36 mm OD and 8mm ID; the alloy

powder is mixed with 7.5% fine aluminum powder and hot pressed at
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500-600°C.. 'The thermal conductivity is 10-20 times better than
the alloy powder, approaching that of sintered:-aluminum.-

C. -The Current HYCSOS System.

" The Argonne HYCSOS system is a demonstration test facility
to evaluate materials and components for use in the hydride heat
pump concept. In this dual metal-metal hydride'concept, hydrogen
gas ‘is transferred from heat exchangers containing a metal hydride
bed of one composition to heat ‘exchangers containing a metal
hydride bed of another composition by the action of applied thefmal
energy. The heat of formation of.oﬁeltype of hydfide compound
(termed M1l hydride) and sensible heats associated with system heét
cépacities will be supplied, at a:specific temperature level
which is commensurate with required system hydrogen -pressure
..level, to decompose the M1 hydride and drive the hydrogen to the
other metal (termed M2) system where the hydrogen is absorbed;

The dual metal-metal hydride demonstration unit consists bf
four heat exchangers (HHE) of appro#imately-onevhalf gallon |
volumetric capacity eéch, éontaininé two different types of metal
powderé.of'metal.hydride powders. . (See Figurc 10.) The hydride
heat exéhangérs'and hydrogeh piping system are made of 316 type
stainless steel. For the heét storage and refrigeration tests,
two of the heat exchangers-cohtaiﬁ lanthanum-nickel and/or its
hydride,  the other two contain calcium nickel-and/or its‘hydride.

For the power generation‘tests, only three heat.ekchangers'are



30

used containing either lanthanum-nickel or calcium-nickel.
Two hydride heat exchangers, HHE-1 and HHE-2 contain 17.334
moleg CaNi5 each and two, HHE-3 and HHE-4, contain 11.561 molg
LaNi5 each. A hydrogen filter, one micron retention, is incorp-
orated immediately above the hydride heat exchangers to preclude
transfer of hydride powder through the lines and to prevent con-
tamination of other hydride material.

Iulernal heaL Liansfer‘surfaces in the form of coiled
tubing, are.provided in each-of the hydride beds (Figure 11) with
the heat transfef cooling or heating fluid circulating inside the
tubing. The alloy powder is between the loops of the coils such
that no powder is more than 1/8 inch from a coil surface. Safety
relief valves, filters, flowmeters, shutoff valves,. and mani-
folds betweeh the hydrideﬁbeds are provided in the.hydrogen‘proceés
systemq‘xThevheat'transfer fluid (50% water-50% ethylene glycol)
is heated electrically (18 kw) in this demonstration system; with
automatic variable power input controls, to simulate a solar
heat source. Tap water is used as the heat sink in a 25 kw heat
exdhanger system, Préssufes, temperatures and flowrates ére
measured remotely, monitored and reéorded using’a digitaiqdata
acquisition system. |

:The sizc of the test facility wac chosen ae a compromise
to permit large enough flow rates within the process'flﬁids SO

‘standard flowmeters are used, and pumping and heating power
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requirements are met from available laboratory supplies. Heat
losses are kept to a minimum with proper insulation and by
,-keeping heat‘transfer fluid volumes to a minimum. For personnel
safety considerations, the hydride containers are surrounded by
a well ventilated hood through which a large volume fiowrate of
air (2009 CFM) is drawn and exhausted outdoors. COntinueus-hy—
drogen concentration'monitoring,‘with an-alarm set»beiow the
flammability limit, is provided to warn of.potential danger.

Three heat transfer flﬁid loops, Figure 12, are available
‘and can be remotely.valved'and pumped to the appropriate con-
tainers. The eolar or other suitable low temperature thermal
energy input, loop A, is simulated by an 18 kw electric heater.
Loop B, including a water cooled heat exchanger of 25 kw heat |
transfer capacity, represehts the space heing heated in winter
and serves for ambient heat rejection during coollng cycles.A'A
heat exchanger cooling water circuit is provided from the bulldlng
water supply. A third fluid loop, loop C, with a 6 kw electrlc
heater and water chiller is the refrigeration heat load in the
cooling.cycle and the ambient heat supply.during the recovery
cycle. |

Information from the various sensors, e.g., temperature,
pressure, flow and pewer is digitized and transmitted by a data
logger to a Tektronix data handling system. impertant variables

are also displayed on the remote graphic panel, Figure 13, from
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which the system is controlled. A detailed description of the
controls, instrumentation, and data handling and generation
is in Section IV D.

D. System Instrumentation

The overall objective for the design of the instrumentation
system for HYCSOS was fourfold: 1) provide real-time indication
of important system characteristics, 2) provide for logging of
data generated during system operation, 3) provide a means of
‘proceséing raw data, and 4) provide a way to automatically con-
trol HYCSOS system operation. The first three segments of the
design objective have been met, while the fourth, automatic
operation, is in the equipment procﬁremént and development stage.

. 1. Component Description. |

The components of the HYCSOS instrumentation éystem can
be divided by function into three catagories: data generation,
data acquisition,'and data processing. |

a. Dbata Generation
1. Temperature

Temperature is sensed with copper—cohstantan (type T) un-
grounded junction thermocouples. The thermocouple assemblies
consist of 1/8" dia. 316 s.s. sheath over ceramic oxide insul-
ation, with 3/4" of the tip end reduced to 1/16" dia. A type n
conﬁector‘isvmounted to its free énd. Standard type .T shielded
extension cable is used'to connect the‘thermoéouple aséembly to

the temperature measuring equipment. Of thirty-two thermocouples
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used, twenty-six are for temperature recording, four are for
graphic panél heat transfer fluid temperature indication, and
two are used for loops A and C temperature control.

Control of loops A and C fluid temperature is accomplished
through the use of two Leeds and Northrup series 6430 "Electromax
III" solid state controllers. These controllers are configured
for use with thermocouple input to produce an output current of
0-5 ma d.c. which is proportional to process temperature deviation
from setpoint. An alternate mode of operation permits setting a
fixed output current within the raﬁge, which enables operation
of the heater -at a constant power level. Each output signal
current is then fed to a Robican Corp. series 413 .SCR power
controllexr (208 v 30 27.6 kva for heater A, 208 v 30 '10.8 kva
for heater C) which in turn feeds .208 v 3@ time prdportioned‘
current to its respective heater. The power controllers are
zero voltage firing to minimize line‘ﬁransients and radio freq-
uency interference which might affect other instrument operation.
Three safety features have been- incorporated into the control
circuitry for heaters A and C. .To‘prevent-inadvertant operation
of a heater, each heater contactor coil and "start" switch
receivés»powef from its corresponding fluid pump contactor; i.e.,
the pump must bée energized before the heater can be energized.

A flow switch, wired in series with each heatér contactor "stopfv'
"switch, deenergizes the heater in the event of loss of fluid or

flow. Finally, a Love Controls Corp. model 48 on/off controller/
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indicator, also wired in series with each heater contactor
"stop" switch, will déenergize its heater in tﬁe event of fluid
tempefature rise beyond the value set on its setpoint selector.
These devices also serve as graphic panel indicators for their
respective heater outlet temperatures.

The 1 kw heater in loop B is fed from a Watlow model 52-00-01
percentage power controller. This device permits selecfion
ul Lhe portien (0:100%) of rated poﬁor to be applied to the
héater. It is, like the power controllers for heaters A and C,
a zero voltage firing controller.

Temperatures of loops B and W, measured at their respective
heat exchanger outlets, are presented on the graphic panel by
two Love Contro;s Corp. model 100 temperature indicators.

2. Heat Transfer Fluid Flow

‘Heat transfer fluid (HTF) flow rate through the-hydride
tanks is measured in the fluid inlet line of eacﬁ tank with‘;
Flow,Technology, Inc, model FT-8N2.5LJ graphite journal turbine
flowmeter. One additional flowmeter of the same type is uséd
to measure loop W flow rate through heat exchanger HXB. The
flowmeters produce self-generéted a-c current outputs that are
fed to‘individﬁal Sensotec, .Inc. model FD—7 signal conditioners
which have been modified to be compatible with the output char-
acteristics of the FT-8 flowmeters. The signal conditioner
circuits in turn. convert the fiowmeter a~c signal to a d-c voltage

between 0 and 10 v which is linearly proportional to input signal
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‘frequency. The signal conditioners provide zero offset and
gain controls, the latter a convenience in providinéAan infegral
voltage/frequency relationsﬁip to the output. The signals are
then routed to Control Products Div. (Bell & Howell Co.) model
20-320 dual potentiometer/amplifier modules where they are -
scaled to convenient engineering units for ‘logging and graphic
panel indicators.

3. Power

The power consumed by the HTF pumps and loops A and C
heaters is individually measured with Ohio Semitronics, Inc.
model PC-5 power transducers. These units produce a 0-10 v d-c
output which is proportibnal to instantaneous power through the
circuit. The output signal of each transducer is fed thfough
a scaling potentiometer to a Control Products Div. model 19-
407A dynamic response module configured as én integrator. TheQ
integrator outputs aré voltages (0-10 v d-c) which represent
the total power consumed by each heater or motor with time.

This information is logged but not displayed.

In the case of heaters A and C, the power transducer out-
put is also fed through separate Control Products Division-model
19-422 adﬁustable lag modules to individual heater power demand
indicators on theé graphic panel. The lag modules are c¢configured
as low pass filters and are used to provide smoothing of the
highly intermittant power transducer signals béfore they are’

applied to the power demand indicators.
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4. Hydrogen Mass Flow

The mass flow rate of hydrogen leaving each HHE is sensed
in the line between the HHE and 1ts associated manifold valvé
by a Brooks Instrument Division (Emerson.Electric Co.) model
5812 thermal mass flowmeter. Each flowmeter output signal
(0-5 v d-c) is amplified by one half of a Control Products
Division model 20-320 dual potentiometer/amplifier module
‘which is set to scale the mass flow rate signal in grams H2/min.
This gain element output signal 1s used for logging the mass flow
rate and is also avplied through a voltage divider/rahge selector
switch combination to a mass flow rate indicator on the graphic
panel. Integrated mass flow information is obtained by feeding
the mass flow rate signal from the gain element through a scaling
potentionmeter to a Contfol Products Division model 19-407A
dynamic response module, configured as an integrator, which
provides a suitably scaled integrated mass flowxsignal for log-
_ging and graphic panel indicators.

5. Dressurc

Hydrogen pressure is sensed in the line above each HHE by
Sensotec, Inc. model TJE'bonded strain gage pressure transducers.
Excitatioﬁ_for the strain gage bridge and conditioning of the . .
bridge output signal is provided by'separate Sensotec, Inc. model
SCA-7 signal conditioner amplifiers. The output of each signal
conditioner is a scaled d-c voltage (100 psia/v) which is avail-

able for logging and graphic panel pressure indicators.
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HTF static preload and pump outle£ pressure indication is

provided locally.by standard Bourdon tube gages.
,b' bata Acquisition

The system requirement for data logging, data processing
and, eventually, system control dictated the need for a conven-
ient, automaticAmeans of converting analog data (thermocouple
and transducer outéuts) to digital data, recording the data,
and transmitting the data to a data processor/system controller.
This need was met by a Fluke Mfg. Co., Inc. model 2240B pro-
grammable data logger which, by the incorporation of various
optional circuit boards into the mainframe, provided the required
capabilities. The configuration of our instrument includes
thirty analog Voltage and thirty thermocouple input channels,',
the temperature measurement section providing linearization and
scaling of the thermocouple signals to produée temperatufe read-
out in degrees Celsius. Up to fifteen'positive or negative
Valugs can be designated as high or low limits and applied to
individual measurement channels to provide "out of limit" alarm
indicétion.

. All data logger functions, i.e.} channel selection, limit
designation} scan mode (interval, single, or continﬁous), scan
intéfval, time, run identifiéation, start, and stop, can be pro-
gramﬁed.or selected either from the 2240B front panel or remotely
by the computer. Communication with the data processing equip-

ment is via an RS-232C full duplex data communications interface
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‘at a data rate of 2400 baud. A paper tape printer is built
into the 224bB and provides hardcopy of measurement data and
program listing when‘the data logger is operated under local
control, but is not available during remote mode operation.
An LED display on the 2240B front panel also provides measure-
ment data, time, and "out of limit' indication as wellAas
verification of program inéut data during programming.
c. Data Processing

The instrumentation system described up to this pbint
represents a minimal data gathering and.logging arrangement.
Two interdependent limitations on system performance are imposed
by such an arrangement; i.e., low measurement rate and large
data volume. The 2240B data IOggér, although capable of a
measurement rate of approximately.lZ channels/sec., is slowed
to < 2.5 channels/sec. by the paper tape printer whicﬁ limité
the ability of the system to resolve fast process transients.
Furthermore, the large volume of data generated during HYCSOS
operations, if handled and plotted manually, reguires a consid-
erable expenditure of time and ‘effort. Obviously, any solufion
to the problem of low measurement rate must also address the
‘problem of large data volume. The addition of a Tektronix, Inc.
model 4051 graphic-computing system alleviated these problems
and fulfilled a major portion of the design requirement for

automatic system operation i.e., it can act as an "intelligent"
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system controller. ‘ ,

The Tektronix 4051 and its éeriphexals, a Tektronix 4662
interactive'digital plotter, a Tektronix 4907 flexible disc
mass storage aevice, a Tektronix 4923 digital cartridge tape
dri&e, and a Tektronix 4641 matrix line printer, comprise the
system data processing equipment. The 4051 is a small self—
contained computer system which utilizes an extended BASIC
programming ianguage, has extensive. graphics capability, and
includes a full ASCII 128 character keyboard and direct view
storage CRT as primary input/output devices. User workspace
consists of 30k bytes of access memory {(RAM). A built-in
magnetic tape cartridge drive unit provides approximately 300k
bytes/cartridge of data and program local storage. Communication
between the 4051 and each device external to it is accomplisheé
through one of two separate ports: an RS—232C_(serial) data
.communicatioﬁs interfaceﬁand an IEEE-488 (parallel) general
purpose interface bus (GPIB). The 4662 digital plotter, é mic;o-
processor controlled unit with a 25x38 cm plotting surface,
serves as the hardcopy output device for graphic data. Graphic
data can consist of'alphanumeric characters as well as Véctors,
and the characters can be scaled and rotated independently of
plgt size; A 1600 byte input buffer prevents the plotter from
slowing system operation. The plotter can also be used as a
digitizer to send coo;ainate information back to the cémputer

from the plotter surface. Hardcopy output of program listings,
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test and numeric data is produced by the 4641 line printer. The
4907 "floppy disc" system is the primary data and control pro-'
gram storage device. The flexibility of its file and command
structufe, together with-its.large (l.8MAbyte) storage capacity
and relatively high speed (compared to mag tape) provide the
necessary capabiiity for fast data acquisition during both manual
mode and eventual automatic mode HYCSOS operation. The 4907
system is microprocessor controlled and requires none of the

4051 RAM for its operation. Communication between the 4907 and
4051 1s over the parallel (GPIR) bus.

The 4923 magnetic tape drive can be“inserted into the serial
(RS-232C) data link between the data logger and the coﬁputer such
that its presence is transparenf to either device. This permits
system diagnosticé involving communication between the data
logger and the computer, as well as a back-up daﬁa logging
capability.

2. Operation

The programmability of both the 4051 computef and the 2240B
data logger provides wide flexibility in the operation of the
system; Depending on the requirements of the éxperiment, data
can be logged on paper tape only, on paper tape and magnetic disc
Or tape simultaneously with the data processed and disp;ayed‘or
plotted later, or the data can be logged on a magnetic diéc
while selected channel data is processed and presented in feal;

time on the CRT and/or the plotter. Concurrently, data can be
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output to the line printer if required.

As no computer actuélly performs'multiple tasks simultane-
ously, the throughput fate of channel daté depends on the number
and type of'inpu£/output»operations per data scaﬁ as well as.
the operational speed of the computer. Because of this, trade-
offs mﬁst be made améng scaﬁ rate, number of éhannéls scénned,
éomplexity of aata processing steps involved, and type and
quantify 6f output,‘ Typical throughput rate with moderate pro-
cessiﬁg requirement and outputting two or three channels to the
CRT or plot£ef is abouf 8 meagurement channels/sec.

Ain addition to real-time graphic presentation of process
variables duriné HYCSOS operation, the data processing gapabilipy
of ﬁhe systém permits rapid recall and plotting of previous data
for ;ompariéons, tfend analysis, record keeping, visual present-

ation slides, etc.

V., SYSTEM OPERATION
Thé‘Argonne HYCSOS system was designed and corstructed

as a facility. to evaluate materials énd components as can-
didates' for use in the hydride chemical heat pump concept.

Since most hydride materials are relatively expensive, economic
‘considerations require rapid cyciing to obtain maximum thermal ~
benefits. Measurement of rapid thermal and pressure transients
are thus important for the evaluation of materials and components.
‘The* HYCSOS -instrumentation and data handling system is-designed

to measure system transients and ocutput data for further evaiuation..
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In multichannel logging, HYCSOS data can be collected at rates
up to eight channels per second. Successive readings of a
single channel can be recorded up to four per second.

L4

A. System Transient Measurements

The performance of old hydride beds cycled at least 70
times was compared with that of new beds which had been hydrided
and dehydrided about 10 times in¢luding the initial activation
of three cycles. With an initial composition near the center
of the plateau in both old and new alloy beds, approximately
5 moles of hydrogén Qere transferred from LaNi

5
and then back (Run 90). The old and new heat exchangers were

to CaNiS {Run 89)

in parallel for the appropriate heat transfer fluid (HTF) loops.
The data channels, temperature, hydrogen pressure, fluid flow

and hydrogen mass transfer, were read at 12 second intervals.
Figures 14 and 15 compare the performance of the o0ld hydride
beds, HHE-2 and HHE-3, and the new beds,'HHE-l and HHE-4.

The hydrogen pressure behavior of the old beds (channels 45

and 46) and the new beds (channels 44 and 47) are similar and
show no déterioration of the old beds; Although the 18 kw.
heaters were able to keep constant the inlet temperatures |
(channels 13 and 15, Figure 15a) during desorption from CaNiS, the
water chiller (2200 btu/hr heat removai) was not able to maintain

the inlet temperature during absorption on LaNi. (channels 17

5
and 19, Figure 15b). Note also the increase in low temperature flow

rate (channels 50 and 51, Figure 15b) with increase in temperatﬁre



43

due to decrease in viscosity of the ethylene glycol-water
heat transfer fluid.

'Figure 16 compares hydrogen desorption at 39°C (Run 89)
.and at 59°C (Run 91) from LaNig. 1In half the transfer time
at 59°C, 12 seconds, more hydrogen was transferred than in
24 seconds at the lower temperature. 1In both cases absorp-
tion was on CaNig at 14°cC.

A comparison of hydrogen transfer as a function of heat
tranSfer.fluid flow rate is shown in Figure 17. Approximately’

5 moles of hydrogen were transferred from CaNi. at 106°C to

5
LaNi_ at 8° at fluid flow rates between 3-12 1/m for the de-

5
sorbing units and 2.7-7.3 1/m for the absorbing alloy beds.
At the lowest flow rates in both cases the hydrogen behavior,
as monitored by hydrogen pressure, is slower. Heat removal
at flow rates below 3 1/m has apparently become slow enough to
affect the heat. transfer from the hydride bed. Since film
coefficients are large, the insensitivity of hydrogen behavior "
to heat tranéfer fluid flow rate at the high flow rates would
indicate these reactions to be heat transfer limited with the
slow step being the transfer of heat from the reaction site
in the‘bed to the first wall of the heat transfer fluid tube.
The more rapid temperature recovery at the fast flow, Figure 17a,
is because of a shorter hydrogen transfer time and so an earlier

recovery start. The longer cycle temperature fluctuations of

the low flow rate follow the cycling of the heater input..

s
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The héat transfer characteristics of the hydride heat4
exchangers can élso be évaluated by comparing the temperature
of the hydride bed with the temperatufe of the heat transfer
fluid leéving the heat exchanger. The bed temperature, cal-
culated from.the measured hydrogen pressure using the appro-
priate hydride vapor pressure equation and assuming rapid gas
sorption kinetics, is a measure of the lo&est bed temperature.
Figure 18 compares.the bed temperature, normalized to the fluid
temperature at 15 minutes, with the heat transfer fluid temp-
erature for both absorption and desorption of approximately’
6 moles of.hydrogen. The large lag of the bed temperature
shows the relatively slow heat transfervﬁetween the bed and
the fluid.

A gquantitative measure of the heat transfer in the beds

can be obtained from the time for half recovery of the temp-
'erature after cessation of hydrogen transfer. Using the extra-
polated peak and the bed temperature at 15 minutes for a peak
base, the time for half peak-height recovery (Figure 18) as a
function of fluid flow rate for hydriding processes is listed
in Table 4. For flow rates above 3 1/m, the time to recover
half the temperature is approximately 30 seconds. The slight
bias in favor of the desorption process for both alloys may
indicate the slower, continued absorption of hydrogen and
release of heat after hydrogen flow into the chamber has

ended. The slower recovery, 44 seconds, at lower flow rates
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is consistent with the previous (Figure 17) observation

that fluid heat removal becomes limiting at flows below. 3 1/m.

Table 4. Time for Half Temperature Recovery

5

Process. . HTF flow rate Time:.1/2 recovery

' (1/m) oo (sec)

Desorb. CaNiS 12.1 28

Desorb.ACaNig. o 3.0 g . 44

Desorb. LaNiS' ‘ 7.2 ' 28

Absorp. CaNi. - 5.2 35

Absorp. LaNi5 _ 7.3 ' © 33

Absorp. LaNig 2.7 ) 44

Absorp. LaNi ‘Al Foam HHE ‘ 4.5

The limiting effect of fiuid.heat removal coulé cause the’
.time'fOr'absbrptién‘and desorption to be the same'if the rate
of heat removal was slow compared to the heat addition after
.hydrbgén'transfer has ended. The timeé for half recovery for
the LéNis loaded aluminum foam test module ﬁeat exchangér,'
Figures 7 and 8, for a similar, bﬁt not the same, experiment,
Figure 9, was about 4.5 seconds compa;ed to 33 seconds for

the coiledAtube heat exchangers. The reduced hydride bed half
thickness (Eee.Section v B3) is:fesponsiblé for the imprbved

heat transfer.
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B. Simulated Cooling Cycle

An effort was made to simulate a complete cooling cycle.

Hydrogen was transferred from CaNi_. hydride (HHE-1) at 110°C

5

to LaNi5 (HHE-4) at 33°C while at the same time hydrogen was

desorbed from LaNi5 hydride (HHE-3) in the cooling loop at 9°C

and absorbed on CaNis (HHE-2) at 33°C for cooling cycle I. The
hydrogen and heat transfer fluid flows were then réversed‘so
hydrogen was tranofcrrcd from CaNi5 hydride (HHE—2) a£ 110°
to LaNi. (HHE-3) at 33° and from LaNi  (HHE-4) at 9° to CaNig
(HHE-1) at 33° for cooling Cycle II. Base line integrated power,
that required to maintain the fluid loop and hydride heat ex-
changer at conétant temperature without reaction, was measured
for loop A, the high temperature loop, to be 15.70 kcal/min, -
and for loop C, - the cooling loop, to be 2.31 kcal/min.A The net
increase in 1oo6p A intégratéd power (I.P.A.) is the high Lemp-

erature heat input required to dissociate the CaNi_ hydride.

5
The net increase in loop C integrated power (I.P.C.) is heat
required to balance the cooling effect of hydrogen desorption in

the cooling loop and maintain a constant temperature.. The meas-

ured coefficient of performance for cooling is

_ I.P.C.
COPC - I'P.A. ‘

For this_simulat;on, hydrogen valves were left open-and
heat transfer fluid loops were manually switched at cycle

times of about 7-10 minutes with data taken at 1 minute inter-

vals. Five complete cycles were run starting with a thermally
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equilibrated system. Data for the first Cooling Cycle I,
is given in Figure 19. Corrected for the lower hydrogen
transfer in the cooling loop of the cycle, the coefficient

" of performance is measured to be

. I.P.C. H,(HHE-1 > HHE-4)
COPC = X
- I.P.A. H,(HHE-3 > HHE-2)
_ 44,37 kcal _ 17.30 Mole

= 123.27 kecal X T5.77 Mole - -1 -

Using the general heat pump equation for cooling cycles (Section II)

and the experimental temperatures, T, = 383°K, Tm = 308°K and

h
T, = 283°K, a theoretical coefficient of Performance of 2.1 is

L
calculated. A similar ﬁeasurement fof other cycles would be
"less meaningful because laék of régénerative heat exchange coupied
with_thé large heat capacity of the. loop external to the heat
A exchanger would require substantial amount of heat to arrive at
the starting“temperaturéé. The temperatures used were not
optimum and should be‘selécted to prevent hydrogen buildup in

one heat exchanger.

C. Thermal Conductivity

Thermal conductivity is an important characteristic deter-
mining heat transfer of powder beds. - Lehrfeld and Boser(36)
have: measured an effective thermal condﬁctivity of activated
LaNiS,,Figure‘ZO,-and found that filiing factor, the ratio of
powder packing density to the bulk material density, affécts

thermal :conductivity more strongly than either temperature or

hydrogen pressure, This finding is consistent with the generally
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accepted model that conduction in a powder bed is limited by

the point contact between adjacent particles and the greater

the compression the higher is the thermal conduction. To be
better able to evaluate and compare heat exchangers (see

Section IV B3), the COnductivity of the alloy beds in the current
coiled tube hydride heat exchangers was calculated. Because

the heat flow is through the cylindrical wall of the fluid tubes,
the model selected is a conduction cross section path proportional
to the radius,(40) Since the effective bed diameter is not large
compared to the fluid tube diameter, the thermal conductivity of

the hydride bed, k, can be approximated by

.k = Qd/ (At + a -.T) where

Q = gquantity of heat transferred

d = length of conduction path

At = temperature différence across the bed

¢ = fluid heat transfer surface area

T = time of heat flow |
The 5.74 mole transfer of hydrogen from CaNi5 to LaNis,
Figures 18c and 18d, was used to provide the temperature
difference between the bed and the heat transfer fluid. The
bed temperature was determined from the hydrogen pressure and
the appropriate van't Hotff eguation, while for the heaf trans-
fer fluid in the coiled tubes, the average of the inlet and

outlet temperature was used. Temperature and pressure readings
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were taken at 20 second intervals for the first two minutes of

hydrogen desorption from CaNi_ and absorption on LaNi_. at

5 5

which time the inlet water temperature to the CaNi. heat ex-

changer re-established its original value. From the design
specifications of the_heat‘exchangérs, the change in free gas
volume after addition of the alloy and the weight of alloy added,
the surface area of the heat transfer fluid and the bulk density
of the alloy were calculated. The bed thickness, 0.32 cm, was
taken as half the distance between adjacient fluid coils in

the bed. A powder deﬁsity of 4 g/ml, determined fof lightly

poured LaNi was used to obtain the filling factor. The accepted

5’

heat of reacﬁion, 7.5 kcal/mole for CaNi_. and 7.2 kcal/mole

5

for LaNi5, was used to calculate the gquantity of heat trans-

ferred. The results of the conddctivity determination are shown
in Table 5.
Table 5. Thermal Conductivity of CaNi5 Hydride and LaNig Hydride
Comp. Range Heat At Surface Filling Conductivity
(kcal) (°C) (cmz) Factor Cal
. - °Cecm* sec

CaNisH, 667CNisH) 99 43,0 9.0 3125 0.6 ©0.0040

LaNigH, .,o-LaNi Hy .o 41.3 9.1 2690 0.4 0.0045

CaNi H -CaNi_ H 43.0 ~ 5.1 3125 0.6 0.0036%*

572,66 5°1.99

* X
5 minutes heat transfer time.
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Although thermal COndhctivity measurements are, at best,
approximate, the relative constancy of the determinations would
indicate the importance of factors other than compoéition'or*
filling factor, e.g., bed disrupﬁion during hydrogen mass trans-
port, on the effective conductivity of powder beds in these heat

exchangers.

VI. CONCLUSIONS

Under contraot to the Argonné Natiénal Laboralory, TRW
Enerqgy Systems Division, McLean, Va. has independently evai-
uated the performance and cost effectiveness of the HYCSOS
system.(4l) The system design was optimized ﬁsinq aﬁ iterétive
computer program. To minimize‘regenérative heét losses, a
freon heat transfer fluid is used and £emperature.changeé of
the hydride heat exchangers occur when they contain gaseous

freon. Due to the high cost of hydride materials) LaNi_ for

5

the low temperature beds and either CaNi,. or aluminum sub-

5
stituted lanthanum nickel alloy‘for thelhigh femperature bed, "
rapid cycling hydride beds was postulated with the hydridé |
imbedded in open-pore aluminum foam with fins to augment
thermal conductivity. To facilitate rapid cycling, the hy-
dride beds weré designed to maximizé heat transfer while mini-
mizing hydrogen pressure drop. Fiberglass paper filfers are -
used to prevent migration of hydride powder. For the énergy
conversion'cycle, an isothermal free-piston, double-acting

expander is proposed. The piston would form an element of a

reciprocating alternator.
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A computer program was developed to assist in the design
process.' The design heat transfer réte, the aluminum foam and
Afin thermal conductivity augmentation of the hydride, the out-.
side air temperature drop; and the aluminum doping of the hydride
material were all varied to optimize the cost and performance
(COP) of thé HYCSOS system. The system was optimized for six
design temperétﬁres (temperatUresvfor rated winter heat pump
operation).'.Tables 6 and 7 show the result of the design pro-
graﬁ process for three sizes of HYCSOS with electrical power
generation and for the range of design temperatures.

The system pfice was estimated by including the cost of all "
components, an assembly charge and a generic markup of 2.4x
(for distribution, pfofit, and selling costs). The computer
program was‘used to optimize cost and performance assuming an
‘inc;ease in COP of 0.1 for the 22,000 BtuH size was worth $600
(by reducing collector siée). Table 8 shows the proportion
of thé system price and the émount'attributable to the major
COméonents. |

ihe system performance is described by the coefficient
of performance (COP), and the system output of heafzand of
cooling. The coefficient of performance of the overall systém
is determiged from the thermal losses due to cycling the hydride
Eeds and due to the auxiliary power consumed bf freon.pﬁmps and

air-moving fans. The systems are designed to a "design point".



WINTER

| DESIGN

TEMP
°F)

TABLE 6. - HYCSOS COMPONENT SIZING AND POWER CONSUMPTION

DESIGN
HEAT
OUTPUT
(TGNS)

HYDRIDE MASS

HX FACE AREA

FAN POWER

LT3*
(1LBS}

HTB*
(1LBS)

INDOOR
(FT2)

OUTDOOR
(FT2;

INDOOR | OUTDOOR
(WATTS){ (WATTS)

PUMP

POWER |

(WATTS)

25

1.84
4517
2.99*

259
641
12.83

341
8.45
16.91

2.5
6.3
125

44
109
218

333 132
824 328
1649 656

1.84
4.57
3.01"*

2.61
6.46

1284 .

3.40
8.42

- 16.74

25
6.3
124

45
11.2
220

333 135
824 335
1638 666

1.84
4.57

K 1)

263
6.52
12.70

342
8.47
16.50

25
6.3
12.2

4.6
11.5
224

333 140
824 346
1606 673

184
457
3.00+

254
6.54
12.66

KX
8.44
16.34

25
63
121

4.7
11.6
225

333 142
824 350
1595 678

1.84
4.57
3.00*

284
7.02
12.70

4.1
1043

1885

25
63
113

84
20.8
375

333 252
824 625
1490 1130

1.34
4.56
2.99 »»

421

- 1041

18.38

6.24
15.46
27.28

“LTB = LOW TEMPERATURE BED

HTB = HIGH TEMPERATURE BED
**COOLING OUTPUT

25
6.1
108

6.3
15.7
217.6

325 190
805 an
1321 832

Zs



TABLE 7. - RESULTS OF DESIGN OPTIMIZATION

e | ot | (ORI | |28, | S| SO | RO rmetin | can | 18032
{°F) {%) (IMCHES) (%) HTB | LTB TIME (MINUTES) (MINUTES) WINTER | SUMMER (°F) (BTUH/FT?)
25 LaNig 575 Al 425 35 020 | 67 [.231]175 1 16 256 | 278 5 6300
30 LaNi 4 59 Al 4 35 020 | 67 |262].201 1 16 284 | 277 5 7200
35 LaNi 4 595 Al 495 35 021 | 43 ([325|250f 16 257 | 280 5 8950
40 LaNig o5 Al 395 35 021 49 |362 |.281 1 16 258 | 280 5 10050
as Ca Nig © 35 020 | 67 |.236|.159 1 16 211 | 228 3 5700
a7 CaNig 35 021 | 49 [333|224| 15 .20 212 | 229 a 5350

€S



WINTER
DESIGN
| TEMPERATURE

TABLE 8.

HEAT
ouT
(TONS)

HYCSOS COMPONENT PRICE BREAXDOWN AND TOT2AL PRICE

HYDRIDE
BEDS
s

FREON &
PLUMBING
$

INDOOR
HX & FAN
$

QuUTDOCR
HX & FAN
$

EXPANDER-
ALTERNATOR
$

UNINSTALLED
SYSTEM TOTAL
PRICE
$

25

1.84
457
9.14

24714
611.96
122391

116.82
213.58
348.31

70.26
159.21
308.41

71.86
17793

355.87

253
- 270
376

1295
2245
3806

1.84
457
5.08

24199
599.20
1190.46

117.00
214.01
34749

70.26
159.21
306.44

13.55
182.12
361.82

253
270
. 376

1291
2236
3768

-1.84
457
8.90

235.83
583.96
1137.58

n.21
21454
343.61

70.26
159.21
300.66

15.78
187.63
365.52

253
271
374

1287
2226
3689

1.84
4.57
8.84

232.29
575.19
111327

117.31
214.80
34252

70.26
159.21
298.79

76.84
190.27
368.26

253
268
373

1284
2215
3657

1.84
457
8.26

200.84
497.31
898.75

130.52
24750
385.09

10.26

159.21 .

273.65

137.05
339.36
613.30

253
269
356

1334
2341
3687

1.84
4.56

8.05

274.00
678.47

1197.30

123.52
230.18
347.61

68.87
155.78
267.25

103.34
255.89
451.58

253
263
343

13N
2428
3772

7A°]
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The hea;ing'design pdinf and cooling design point use the ARI
standards for indoor conditions (68°F indoors in wiﬁter and
78°F inaUOrs,in summer). 1In. addition, the ARI'summer.outdoor
design témperature is.§0°F and the winter éutdoor design point

is 47°F. The output at 17°F is also ﬁsed by the ARI; The
HYCSOS was designed  to a varying set of outdoor winter design
temperatuﬁeé.

Table 9 gives the system performanée at the heating and
cooling design temperatures. The COP including the electrical
draw ana exgluding it are given.

The electrical output while heating is less than the
electrical output,whilé rejecfing the heat 6utdoors because th;
power requirement for the indoor fan is higher than the outdoor
fan. The use of a lower indoor fan speed would result in a some-
what higher net average power during powef generation
with indoor heéting. | “

A solar‘absofption cooling system to érovide 3 tons of
cooling currently retails for $3000 excluding a cooling tower,
which is expensivé, and an indopr heat exchanger. The HYCSOS
system to prbvide 3 tons of cooling would cost $3700 to $3800,
including all heat exchangers. HYCSOS also provides heating with
a COP greater than one and electrical power, although it re-
quires a higher solar input than the absorption unit (250° to

280°F as compared with 180°F), and has slightly lower cooling



TABLE 9.

HYCSOS DESIGN POINT PERFORMANCE

COEFFICIENT OF PERFORMANCE ELECTRICAL | HEAT
SIZE SOLAR : OUTPUT (Kw) OUTPUT
WINTER : o DURING
DESIGN TE::PERATURE HEAT HEATING COOLING ELECTRICAL
TONS | TONS | (TONS! |wirhout | with | witnout | with NET | GENERATION
HEATING | COOLING ELtecT | EtecT | ELecT | ErecT PERK AVERAGE (TONS)
1.84 6 1132 1635 | 1493 | 536 5 93 42 96
25 457 15 2.3 1.04
9.14 2.99 447 208
1.84 61 1114 | 1653 | 1456 | 548 51 | 93 m 94
30 457 1.51 2.32 1.09
8.90 3.01 46 2.16
1.0 62 1906 | 1677 | 14713 | 566 526 | .94 46 )
35 457 1.54 233 | 115 :
8.90 301 as5 | 223
1.84 63 1099 1689 | 1481 | 573 52 | 95 47 a1
an 457 1.55 238 | 117
8.84 300 | 453 | 2.26
1.84 .67 1.044 1768 | 1506 | 542 58] .90 39 1.10
a5 457 1.66 229 | 10
8.26 | a1a | 18
1.84 68 | 1027 1.793° | 1.55 666 611 | 88 m 1.03
47 4.56 1.70 : 2.18 1.09
8.05 2.99 384 | 192

9§
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COPs. Thus this HYCSOS systems, which can be packaged similar
to a conventional heat pump, compares favorably with a solar

absorption cooling/dircct solar healing unit.
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APPENDIX A
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temperature
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HA outlet.
HXB inlet«
HXB outlet.
HC inlet.
HC outlet.
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HXB inlet.

- HXB outlet.
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outlet.
inlet.
outlet.
inlet.
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APPENDIX A (continued)

CHANNEL " o CHANNEL FUNCTION

19. ‘ HHE#4 fluid temperature-inlet.
20. ' , : - HHE-4 - fluid temperature outlét.
21. Ambient air temperature.

22. : : HA surface temperature tube 1.
23. ‘ HA surface temperature tﬁbe 2.
24. ' . HA Surfacé temperature tube 3.
25. L Unused temperature channel.
26. Unused temperature channel.
27. Ai . 'Unused temperature channel.
28. I * Unused température channei

29. o Unused temperature channel.
30, : Heater A Power Integrator.

31. . Heater C Power Integraﬁor..
32. ' Pump A Power Integrator.

33. " Pump é Power Integrator.

-34. . Pump C Power Integraﬁor.

35. Pump W Power Integrator.

36. | | ’ H, flow from HHE-1.

37. : : Hz'integrated flow from HHE-1.
38. ' | - H, flow from HHE-2.

39. - H., integrated flow from HHE-2.
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APPENDIX A (continued)

CHANNEL | ‘ - CHANNEL FUNCTION

40. | H2 flow from HHE-3.

41. ' ' ‘Hz integrated flow from HHE-3.
42. ,quflow'from-HHE—4,

43, H2 integrated flow from HHE-4.
44 . H2 préséure HHE-1.

45. H2 préssufe HHE-2.

46. H, pressure HHE—él

47. Co H2 pressure HHE-4.

48. | - Fluid flow rate through HHE-1.
49, Fluid flow rate through HHE—Z.
50. | | ) Fluid flow rate through HHE-3.
51. ' Fluid- flow rate through HHE-4.
52. Water flow through HXB.

53. ' Unused voltage channel.

54. Unused voltage channel.

55, o Unused voltage channel.

56. | Unused voltage channel.

57. Unused voltaqe.channel,

58. ' Unused voltage-éhannel.

59. ' Unused voltage -channel.
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11)
- 12).
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-14)

15)

. F=1HTF -

\F=2HTF

F-3HTF
F-4HTF
HA
HC

HHE-1

HHE-2

'HHE-=3

' HHE-4

HTF

- HXB
‘IPA

- IPC.

LOOP A
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APPENDIX B

System Definitions and Abbreviations

“Heat transfer fluid'flow rate throﬁgh HHE-1.

' Heat traﬁsfer'fluid flow rate through HHE-2.
Heat transfer fluid flow rate through HHE-3.
‘Heat transfer fluid flow rate through HﬁE-4.
18 kw heater in loop A. |
6 kw heater in loop C.

Hydridé‘heat exchanger containing 17.344 moles
(5786 qg) CaNiS.

Hydride heat exchanger containing 17.344~m§1es
(5786‘g).CaNiS.. |

- Hydride heét'exchange; containing ll.56lAmdle
(5004 qg) LaNi5. |

Hydride heat exchanger containing 11.561 mole

(5004 q) LaNiS.
Heat transfer fluid.

25 kw- heat exchanger- in loop B.

Integrated heater power'in loop A.
Integrated heater power in loop C.
Heat transfer fluid loop representing thé solérJ

- or other thermal energy input. Contains 18 kw

electric heater.



16)

17)

18)

19)
20)

21)

22) -

23)

.24)
25)
26)
27)
28)
' 29)
30)
31)

32)

-LOOP B-

:T(outlet)
 T-1HTF-I
" T-1HTF-0

T-2HTF-I

T-2HTF-0
T-3HTF-I

T-3HTF~O

T-4HTF-I

T-4HTF-0

62

APPENDIX B (continued)

Heat transfer fluid loop containing water cooled

heat exchanger of 25 kw heat transfer capacity

representing the spacé being heated in winter

and serves for ambient heat rejection during

cooling cycles.

Heat transfer fluid lanp with 6 kw electric

vomeéstic water cooling for loop B.

"‘Hydrogen

Hydrogen
Hydrogen

Hydrogen

,apprqpriate
Temperature
Temperature
Temperature
Temperature
Témpe;atﬁre
Temperature
Temperaturé
__Témperéfure

Temperature

pressure
pressure
pressure

pressure

of
of
of
of
of
of

of

heat

in
in
in

in

of heat
of heat
heat
heat
heat
heat
heét.

heat

HHE-2.
HHE~3.

HHE-4.

transfet
transfer
transfer
trénsfer
transfer
transfer
transfer

transfer

transfer

fluid

fluid

-fluid

fluia

fluid

fluid
fluid
fluid

fluid

" heater and 2200 BTU/hr heat removal capacity.

Temperature of hydride bed as calculated from

vapor pressure equation,

leaviﬁq HHE..
entering ﬁHE—l.
leaving HHE-i.
entering HHE-2.
leaving HHE-2.
entering HHE43.
leaviﬁg HHE-3..
entering HHE-4.

leaving HHE-4.
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APPENDIX C

van't Hoff Vapor Pressure Equations

- 3778 | 11.97

CaNig gydylde o B N lne P(atm) = T

AN 1ride (desorot i : _ 3632 |

LaNJ.5 Hydride (desorption) 1né P(atm) = - T + 13.14
L o 3013

LaNl5 Hydride (absorption) _ lne P(atm) = - T + 11.39‘
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