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ABSTRACT 

Southern California Gas Company (SoCal) is leading a team comprised of Solar 
Turbines Incorporated (Solar) and Booz, Allen and Hamilton, Inc. (Booz Allen) 
in the development and demonstration of a metal hydride/chemical heat pump 
(MHHP). Phase I of the three phase program was initiated in February 1981 
and was completed in January 1982. 

The MHHP is a chemical heat pump containing two hydrides for the storage 
and/or recovery of thermal energy. It utilizes the heat of reaction of 
hydrogen with specific metal alloys. The MHHP design can be tailored to 
provide heating and/or cooliny or tomperat.ure upgrading over a wide range of 
input and ambient temperatures. The system can thus be used with a varlel:.y 
of heat sources including waste heat, solar energy or a fossil fuel. 

The conceptual de:Jign of the MH.HP was developed in Phase I. After initial 
technical definition, Booz Allen cuuductcd a nati nnal ma.t keL ~ur.roy i!ll""lnninq 
a study of applications and market sectors. Solar performed the technical 
t;=t.;;kR in Phase I, including conceptual development, thermal and mechanical 
design, laboratory verification uf deoign i;\nn material performance, cost 
analysis and the detailed design of the Engineering Development Test Unit 
(EDTU). A test plan fo.r: the EDTU was also developed and was published under 
separate cover. 

As a result of the market study, the temperature upgrade cycle of the MHHP 
wr~R chosen for development. Operating temperature ranges for the upgrader 
were selected to be 70-1 IO"C ( 1GO 23QOF) fnr t.he source heat and 140-190°C 
(280-375°F) for the product heat. These ranges are applicable to many p.tu­
cesoas in industries such as food, textile, paper and pulp, and chemical. 
The hydride pa i. r. well. sui ted for these temperature• is I.aN.is/LaNi4 • 5Alo. 5. 

The EDTU was designed for the upgrade cycle. It is a compact finned tube 
arrangement enclosed in a pressure vessel. This design incorporates high heat 
transfer and low thermal mass in a system which maximizes the coefficient of 
performance (COP). It will be constructed in Phase II. 

The project team recommends continuation of this effort into Phase II accord­
ing to the original plan and schedule. An alternate plan is also presented. 
The alternate Phase II plan emphasizes the verification of critical components 
of the EDTU. 

- xiv -



1 
EXECUTIVE SUMMARY 

The metal hydride heat pump is an innovative "solid state" heat pump that is 
based on the heat of absorption of hydrogen into selected metals. The alter­
nating absorption and desorption of hydrogen into two different metal alloys 
can be used to provide refrigeration, heat amplification (COP> 1) or temper­
ature upgrading without consumption of metals or hydrogen gas. 

·rhe MHHP is an invention of the 1970's and as such has received little re­
search and development attention when compared to other. absorption heat 
pumps. In 1981, Brookhaven National Laboratories ( BNL) requested proposals 
to advance the technology of the MHHP to the point of determining commercial 
viability. Southern California Gas Company along with its team members, 
Solar Turbines Inc. and Booz Allen & Hamilton prepared the winning proposal 
for the current effort based on experience gained in earlier and on-going 
private efforts in similar areas. 

The work described in this report was accomplished in Phase I of a three 
phase program (Fig. 1). The goal of Phase I was the detailed design of the 
EDTU. The EDTU will be fabricated and tested in Phase II. An Engineering 
Evaluation Test Unit (EETU) will be designed in Phase II and built and tested 
in Phase III. 

SoCal has a long working relationship with members of the team. Since 1978, 
SoCal has had an ongoing contractual arrangement with Solar to develop and 
demonstrate a metal hydride/ chemical heat pump. Booz Allen has an ongoing 
agreement with SoCal to study the marketing and commercialization aspects of 
energy saving devices that use new technology. SoCal has entered into these 
agreements because of its strong interest in bringing new, energy conserving 
products to the marketplace. These products, when produced and used by the 
public, will reduce our dependence on foreign oil. The MHHP, currently 
under development by the team, has the pot.P.ntial of being une of these energy 
oonserviuy products. 

Because of the prior experience with MHHP technology the team was able to 
identify the critical research and development needs and the work required 
to develop a design acceptable to the marketplace. Those critical areas, 
addressed in the proposal, formed the basis of the research and development 
work performed in Phase I. Each of. tha critical technology areas is addressed 
in this report, not as a subject unto itself, but as a part of an effort 
directed toward the design of a funr.ti.onal 1-wora·to.ty. model to be built and 
te~ted in Phase II of this effort. The market analyses which led to technical 
requirements and targets is presented first. The technical design tradeoff$ 
along with supporting analysis and experimental data follow the market 
chapter. The final design of the EDTU is described in detail in the third 
major chapter. A project summary and recommendations for Phase II conclude 
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YEAR 1 YEAR 2 YEAR 3 YEAR 4 

I I I I I I I I I I I I I I I I I I I I 

PHASE I 

CONCEPT DEFINITION 

PHASE II 
I 

PROOF OF CONCEPT 

PHASE Ill 

EIWit~CcniW.Q E\/.4111ATION 
[ I 

Figure 1. Overall Program Schedule 

this report. The recommendations include an alternate program path that 
should resolve many technical uncertainties. The alternate would result in 
a technical position less complete than if the original plan is followed, 
but would optimize the available resources for the ultimate success of the 
MHHP. 

Phase I goals lu.:luded the t:"0mpl et.ion of a preliminary market study and a 
defendable design for the EDTU. Both of the goals were met wit:hiu Ll!e •:.rig­
inal funds of Phase I. (The results of the marketing effort by Booz Allen 
were furnished to the progLdit\ without dir€'r.t. cost to BNL by SoCal. Both 
SoCal and Solar made significant reductions in pro~rnm related fees. 

The marketing study, performed by Bonz Allen, investigated the potential 
applications for the MHHP in the residential, c0mmercial, industrial and 
transportation market sectors. Then, the configurations were studied in 
P.ach sector. The market needs (applications), cost structure, and energy 
source wer.e exan\ined fu.c eo.ch aonri •Jm"At.ion. F01.1rt.P.en applications were 
selected from the study and subjected to a forced ranking. In the rankluy 
process, the project team rated t.he market, technical and other characteris­
tics for each application against the properties of the MHHP. The three 
highest rated applications, industrial heat dlll!Jlification, inc'lustrial temper­
ature upgrading and residential space hen.t.ing, were examined in greater 
detail. Temperature upgrading was selected as the target application for: 
the Phase II and Phase III efforts. This decision was based on the fact 
that this application had the least market risk. Target operating tempera­
tures, r.npacities, performance and costs for this application were compiled 
and supplied to SoCal and Solar. 

In the technical efforts numerous design 
tical models. Critical components and 
to verification via laboratory tests. 

parameters were studied using analy­
characteristics were also subjected 
The major areas of study includ 

- 2 -



n transfer enhancement, low thermal mass, mechanical configurations, 
hx~~ide materials, cycle optimization, filters, and controls. 

Heat transfer was considered the key technical study area. Since the MHHP is 
a cyclical device, rapid heat transfer allows more cycles per hour and thus a 
greater productive thermal capacity per pound of hydride material. High 
heat transfer leads to rapid cycling, high capacity, low hydride inventory per 
unit output and low system costs. While high heat transfer can be easily 
achieved with ma?sive, large surface area heat exchangers, the goal was to 
provide the heat transfer with a low mass unit. 

Since the heat exchanger must follow the cyclic temperatures of the MHHP, its 
mass is parasitic, lowering the coefficient of performance for the entire 
unit. Extensive design studies were conducted to maximize the heat transfer 
while minimizing the thermal mass of the heat exchanger. Two different 
concepts were cons·idered for the best configuration. Laboratory test and 
additional calculations allowed the selection of the final configuration. 
It has hydride powder filling the voids between the external fins on a tube 
and heat transfer fluid flowing through the tube. 

Hydride materials were selected for each side of the temperature upgrade. 
These materials, LaNis and LaNi 4 •5 Alo.s 1 meet the several requirements 
enumerated by the projec~ metallurgists. The hydrided materials must exhibit 
reasonable hydrogen pressures ( 1-20 atm.) at the temperatures of interest for 
the temperature upgrader ( 70-190 °C). Hysteresis of the metal hydrides must 
be low, the isotherms should have a broad plateau, and the metal alloy should 
be chemically stable. These are only a few of the properties considered in 
the selection of the hydride materials. 

Control systems for Phase II and III were designed using microprocessor 
technology. Phase III controls are to be built from general purpose, commer­
cially available components and thus offer a high degree of flexibility. 
Phase II controls are designed to be highly specialized, small and ultimately 
inexpensive. 

Technical studies were also conducted on the flow rates of filter materials 
in different configurations to develop a filtering scheme with low pressure 
drops, and the ability tn ~ontain the paLtlcles. Design data is included in 
this report. 

The final design embodies the best features of the market and design studies 
described above. The EDTU will consist of four tubular pressure vessels 
connected as two out-of-phase pairs. In each pair one vessel will. contain 
LaNis packed .around 14 finned copper tubes while the second vessel will 
contain LaNi~.sAlo.s in a similar confi~uration. Solid insulation will ther~ 
mally isolate the tubes and hydride materials from the high mass pressure 
vessel. A sinqle met~lli~ filter in eduh vessel. will prevent hydride migra­
tion from one vessel to the other. The hydrogen path between the vessels 
will be short and free of valves. Pressurized water will be used as the 
heat transfer fluid in the flow loops within the .vessels and in the external 
heat exchangers. 
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A prime consideration in the design is the capability to open up the ve 
for inspection or rebuild. Serious consideration was given to this fea~ure 
to optimize data recovery while minimizing the possibility of hydrogen leaks 
during operation. The flange on the pressure vessel will satisfy both consid­
erations. Alternate heat exchanger modules can be inserted into the pressure 
vessel during the mid-phase rebuild. 

The capacity of the final design unit is about 40,000 Btu/hr of upgraded 
heat. It will produce 176°C (350°F) hot water using a source of 93°C (200°F) 
and a sink of 27°C (80°F). The calculated COP is 0.42. 

It is recommended that Phase II continue according to the original plan and 
schedule. That plan called for the construction and operation of the Engi­
neering Development Test. Unit. The ED'l?T.T is to be operated for several weeks, 
rebuilt with new heat exchangers, filters or hydride materials as necessary 
a1·1d retectliilcL From these tests, hardware modifications and concurrent labor­
atory tests, the engineers will gain suffi~len·t knowledge of t:h~ t.emperature 
upgrader to minimi7.e all known technical risk areas. 

An alternate program plan for Phase II (Phase II - Alternate Plan) is also 
proposed which includes a reduction in reporting requirements, construction 
of a half-capacity ( non-conLlnuullS) tempQrrltnr.e Qpqrader, and a reduced 
testing schedule. In order to make the alternate plan technically valuable, 
the construceion and tcoting Qi' an al. ternate EDTU would be preceded by a 
laboratory phase in which several aspects of the finai design would be indi­
vidually tested before a large commitment of funds was made to build an 
operating unit and test facility. The alternate EDTU, when built in Phase 
II Alternate Plan, would pose fewer technical risks. It would be comprised 
of only two hydride vessel~ rath'ilr t-.hr~n fo\lr which would provide 20,000 
Btu/hr rather than 40,000 Btu/hr. The alternate EDTU would op~rate ifl o 
noncont,i.nuous fashion due to the required charge cycle (an accumulator could 
make the output virtuaily continuous). Dota gainer'! from these tests would 
verify the Phase I design of the hydride vessel in every respect. The major 
technical drawback in this alternate plan would be in the system operation 
including the development of the control system. 

The original Phase II plan would move the MHHP technology ahead at the fast­
est pace. The Phase II alternate plan would verify the critical technologies 
in the hydride vessel and leave many of the !!System consi.derations for a 
future phase of this program. 

At the conclusion of Phase I the team is enthusiastic about the market and 
t:.cohnicaJ pr.ospects for the MHHP. SoCal views the metal hydride heat pump as 
a future ener.gy saving appliance w..i.th great .1:-"-'t~nt.i.al for the industrial and 
residential marketplace. Solar believes that the MHHP can be effectively use~ 
in industrial heat recovery installations once the t.echnical risks have been 
minimized. In addition, Solar can envision the use of the MHHP as a potential 
energy recovP.r.y device for its line of gas turbine engines. Booz Allen sees 
great potential for this technology in the t:I:"ansportation ser.tor for space 
conditioning. Since all major milestones of this effort have been met, the 
team endorses the continuation of the MHHP development program into Phase II. 
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ADDENDUM TO EXECUTIVE SUMMARY 

The following comments are provided by the staff of the Chemical/Hydrogen 
Energy Systems Program, Brookhaven National Laboratory, who have technical 
oversight responsibility for the project: 

• BNL agrees in essence with the findings and analyses presented in 
the report, but in our judgment it would be premature to start on 
the fabrication of an engineering development test unit (EDTU) as 
recommended by the contractor, in view of limitations in the cur­
rent design. 

• The key pacing problem with metal hydride chemical heat pump sys­
tems has been the limited capability for rapid cycling of the 
system. The approach to this problem is through an optimized heat/ 
mass transfer component design which is planned for the second phase 
of this work rather than the EDTU development. 

• An independent analysis of the design of metal hydride chemical 
heat pump systems in general, was performed by Argonne National 
Laboratory.* This analysis established the theoretical basis for 
the maximum coefficient of performance (COP) for a given hydride 
pair. The analysis also showed the critical areas where compo­
nent design improvements could increase the heating COP from a 
baseline 1.12 to around 1.5 for the representative hydride pairs. 
Similar design studies will be.conducted with the aim of improv­
ing the rapid cycling capabilities of the SOCAL/Solar CHP design. 

• It is expected that the next phase of investigation will identify 
the technical and economic risks associated with metal hydride 
chemical heat pump systems with regard to commercial prospects. 
In accordance with current administration policies which emphasize 
longer-term research as opposed to near-term commercial projects, 
DOE support for the project would be discontinued at the end of 
the next phase, with further development of the concept turned 
over to the private sector. 

*Abelson, H. I. and J. M. Clinch. Metal-Hydride Heat-Pump Performance Studies. 
Proc. of the Sixth Annual Thermal and Chemical Storage Contractors' Review 
Meeting, Washington, D.C., September 14-16, 1981. 
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2 
INTRODUCTION 

2.1 BACKGROUND 

One of our nation's major goals is to reduce depemlence on foreign oil. This 
goal will only be accomplished when energy efficient technologies are de­
veloped and utilized. The heat pump is an example of such a technology. 
However, most commercially available heat pumps are driven by electricity. 
There has long been a need for a high performance thermally-driven heat pump 
since it will utilize wasted energy sources and reduce the consumption of 
electricity or other premium fuels. 

The metal hydride/chemical heat pump (MHHP) is a concept that could result in 
a highly efficient technology driven by oil, natural gas, waste heat or solar 
energy. Some of the competitive advantages of the metal hydride heat pump 
include: 

operation on low grade heat 

air or liquid heat exchange 

use of multiple energy sources in one unit 

environmentally acceptable 

compact 

shape and size can vary according to application 

quiet operation 

simplicity - no moving parts 

long life operation 

ability to tailor operation to available temperature source. 

In the early 1970's, Solar Turbines Incorporated (Solar) performed internal 
research to investigat~;> pnt.P.nt.ial heat utilization technologies. Metal 
hydrides were identified as a potential foundation for a thermally driven 
heat pump. 'l'hP. r.nncept was verified by experimental work and proved to be 
very promising. In 1978, Southern California Gas Company ( SoCal) entered 
into an agreement with Solar to accelerate the development of this new tech­
nology. SoCal entered into this agreement because of the large potential 
energy savings in their service area and because of ·socal' s strong interest 
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in investigating new energy conserving products. In 1980, Brookhaven Natic .. ~~ 
Laboratory (BNL) requested proposals for the development of similar technology 
for the benefit of the nation. SoCal, with Solar as a subcontractor, submit­
ted the winning proposal and embarked on this current effort. 

SoCal is leading a team which includes Solar, and Booz, Allen & Hamilton, Inc. 
(Booz Allen) in the development and demonstration of the MHHP (see Fig. 2). 
aooz Allen has an ongoing agreement with s·ocal to deter.mine the technical 
and market requirements of energy saving devices that use new technology. 
The MHHP is considered by the team members to have great potential as an 
energy conserving technology. 

2.2 PROGRAM GOALS 

The goal of this effort is researoh and development aimed at the design, 
development and demonstration of a metal hyr'lride heat pump. This includes 
advancing the state-of-the-art of hydride hP.nt-. p1.1mp technology to the point 
where performance and energy efficiency can he well established. 

Development of this functional MHHP will pror:P.Pn frnm r."t:'Tlr.rwptuali~;:J.tion to 
preprototype fabrication and testing via a three-phase approach: 

- Concept Definition 
- Proof of Concept 

Phase I 
Phase II 
Phase III - Engineering Evaluation 

The scope of Phase I of this project inch1<:"\es develo,PmP.nt- nf i'1 r:'t:'Tlr.rwptual 
design, study of the applications and market sectors, analysis of the thermal 
and mechanical design, laboratory verification of design and material perfor­
mance, and analysis of costs. The design, Engineering Evaluation Test Unit 
is also part of Phase r. . The EDTU will be fabricated and tested in Phase 
II. 1\n Enginceril'lg Evalual.i.uu Tt!ot unit: (EE'l'U) w1ll be designed in Phase 
II, and built and tested in Phase TTL Fiqure 3 shows the relationship 
between the development and the marketing analysis programs. 

2.3 FINAL REPORT ORGANIZATION 

The final report is organized in the following manner: 

The Conceptual Design sP.r.t-i.nn 0\.ttlines the basic hydride technology 
and how it is applied Lo tltt! three hydride heat pump cycles. Also 
discussec'l are major technical design issues where further. develop­
ment was required and emphasized in this project. 

The Market Stuuy ~hapter describes how Booz Allen focused the de­
velopment program based on market needs. Included in this section 
are descriptions of the four market sectors, the MHHP applications 
in each market and the iterative process which resulted in t' 
selection of the most promising MHHP configuration. 
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The section on system Design Analysis describes each important c 
sideration in the design of the MHHP. Hydride materials, heat 
exchanger design, performance, filters, controls and economics are 
all discussed. 

The Final Design of the EETU is outlined in this next section. The 
design is supported by calculations and layout drawings. 

The chapter on Conclusions and Recommendations discusses the major 
results of Phase I and the plans and recommendations for Phase II· 
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3 
CONCEPTUAL DESIGN 

This section outlines the basic hydride technology and how it is applied to 
the three hydride heat pump cycles. Also discussed are major technical design 
issues wher.e further development was required and emphasized in this project. 

3.1 PHYSICAL DESCRIPTION OF METAL HYDRIDES 

Many crystalline metals can absorb large amounts of hydrogen in their inter­
stitial crystal lattice locations. When this absorption occurs, the result­
ing material is a metal hydride. Hydrogen can be readily dissociated from 
hydrides by the application of thermal energy. When this is done, the metal 
exhibits its original properties. In principle, hydrogen can be reintroduced 
into the metal and removed from it an indefinite number of times with little 
or no metallurgical change in the host metal. 

Metal hydrides have several common features which make them candidates for 
heat pumps. 

Hydriding is a reversible reaction. 

Hydriding is an exothermic reaction. 

Dehydriding is an endothermic reaction. 

The diffusion rate of the hydrogen within the hydrides is rapid. 

Pressure-compqsition isotherms display a plateau over a large range 
of hydrogen compositions. 

Revt!.I:oibility is an important feature because it allows the hydrogen to act 
as the heat pump working fluid. Neither the metal alloy nor the hydrogen is 
consumed when it is operated in a heat pump mode. 

The hydrogen is absorbed into the metal through a two-step process. First, 
the H2 molecule is adsorbed and reduced to atomic hydrogen at the surface 
of the material. Then atomic hydrogen is a.Lsorbed into the material and 
diffuses rapidly into the metal lattice to occupy the interstitial locations. 
Once a threshold temperature or preRsure hac been attained, the formation of 
Ll1t! hydride in this manner is almost always exothermic. 
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The heat-of- formation of the metal hydrides is vast.ly different for diffe 
base metal systems. One alloy, LaNi5 , has a heat-of-formation of 7.3 kcaL/ 
mole H2 ; Mg hydride shows a heat-of-formation of nearly 17.8 kcal/mole H2 ; 
and Ce hydride has a heat-of-formation near 49.2 kcal/mole H2 • Due to the 
wide range in the thermal stability of different hydride alloys, one can 
optimize a hydride thermal property for the temperature of the heat source 
used. For use in heat pumps, the hydrides must be fairly unstable. In 
applications for which suitable materials are not yet available, there is 
reason to believe that existing alloys can be modified to exhibit the neces­
sary properties. 

3.2 BASIC HYDRIDE HEAT PUMP CYCLES 

Hydride-formlng Hl~Lnl alloy!i wi t.h different thermodynamic characteristics can 
be used as thermal working elements to provide heat pump ope:cation. ThP 
heat pump cyd.e requiL·es two diffe.nmt alloys chosen to operate together as 
a working pair. One can be designated as the warm cide nlloy and Lhe other 
the cold side alloy. These hydride alloys must be chosen to operate as a 
pair bacod nn t.heir natural pressure-temperature response characteristics. 

Cha.r-"~r.t.eristic hydride curves result when the hydrogen pressure is measured 
and plotted as a function ot hY~I.·uy~11 eontant (H/M = hydrogen/metal atoms) 
for a given constant temperature (Fig. 4). Curve A shows a typical hydro­
gen desorption isotherm, and curve B is the hydrogen absorption isotherm 
for the same alloy at the same temperature. The vertical space between the 
+-.\10 t;\P>7PR indicates the magnitude of pressure hysteresis characteristic of 
the particular alloy. It is de~Lrablu Lv ~elnnt ~llnys wit~ a flat plateau 
to achieve optimum heat pump performance. The plateaus for curves A and B 
are Chariie;te:ri:~l't:.ia of r.aNi5Hx. Some alloys behave as shown in curves C 
and D wli.ere the sought-aftAr fl~t plateau is e1.tner steeply olopt?-t'l (curve C) 
or t.oo narrow (curve D) • 

There are three heat pump cycles considered in this study: refrigeration, 
heat amplification and temperature upgrade. The refrigeration side of the 
heat pump cycle is illustrated in Pigure 5 along- with the pressure/tempera­
ture cycle dia•Jl"llin, The cycle functions as follows. The fully hydri~e~ 
warm side alloy is exposed to TH, which allows it t:.o desc.1~h hydroqen at a 
pressure P2 while absorbing thermal energy from the heat source. Simul­
taneously, the hydrogen-depleted cold side alloy is exposed to a heat sink 
at TM, which allows it to absorh hydrogen at pressure P3 (P 2 > P 3 ). The 
hydrogen flc,w1'1 from the warm side alloy to the cold side alloy. I;lcat is 
rejected bythe cold side alloy at TM. 'l'he flat charac'L:e1· of the p.l ateaur:; 
in the isotherms guarantees that the relative driving pressure differential 
between the two sides will remain fairly constant while the majority of the 
hydrogen passes from one side to the other. This action constitutes the 
charge half of the cycle. 

The refrigeration half of the cycle occurs when the warm side alloy is exposed 
to the heat sink TM, lowering its equilibrium pressure to P 1• The cold side 
alloy is exposed to the chilled fluid loop and estabishes equilibrium at T_ 
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and P4 (P 4 > P 1 ) as heat is absorbed from the chilled fluid and hydrogen 
desorbed. The hydrogen can then flow back to the warm side by virtue of 
the fact that P 4 is greater than P 1 • Thus to produce refrigeration (TL), 
high temperature heat (TH) is used to fire the system, while heat is rejected 
to the atmosphere at the ambient temperature (TM). 

For heat amplification, the heat pump operation is identical to the refrig­
eration cycle; only the temperature use is altered (see Fig. 6) • As in 
the refrigeration mode, the high temperature heat (TH) is used to fire the 
system. The low temperature heat (TL) that was previously used for refriger­
ation is obtained from a lower temperature, ambient condition source. The 
medium temperature heat (TM), which was rejected to the atmosphere in the 
refrigeration cycle, is used for heating, such as space heating in a dwelling. 
The advantage of this mode of operation is that theoretically almost twice 
the energy used to fire the system can be used for heating. 

Another application for the MHHP is the temperature upgrade cycle (see Fig. 
7) . In this cycle, the heat pump operation is reversed compared to the 
other two modes. Instead of requiring a high tP.mpP.rnh.rre heat source to 
drive the system, this cycle upgrades a medium grade wastP. heat stream (TM) 
to a higher temperature (TH) without the use of a fossil fuel input. Speci­
fically, this cycle uses an intermediate temperature heat source (TM) and 
low temperature ambient conditions (TL) to produce the high temperature 
process stream (TH). 

As shown in Figures 5 through 7, the cycles would operate intermittently, 
requiring charge cycles between cycles of useful output. Continuous output 
would require dual heat pumps and appropriate controls to establish 180 
degrees out of phase operation. 

COMPONENT SCHEMATIC P- T CYCLE DIAGRAM 

CHARGE/HEAT REMOVAL DISCHARGE/HEAT REMOVAL 
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I 
USEFULOouT AT TM 
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Figure 6. Cycle Name: Heat Amplification 
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3.3 PRELIMINARY HYDRIDE SELECTION FOR THE MHHP 

The cost and availability of hydride alloys are important considerations for 
their selection in a heat pump design. From these considerations alone, it 
would appear that hydrides of the FeTi system would be ideally sui ted for 
this particular application; iron and titanium are both plentiful and rela­
tively low in cost. However, the LaNis type hydrides have some important 
technical advantages over the FeTi type. 

LaNi 5 is the best known representative of a class of alloys known as AB5 • 
This class has a hexagonal crystal structure, where A is a rare-earth element 
such as lanthanum, or .cerium, or a combination of these rare-earth metals, 
such as mischmetal. The B in the formula is a transition metal, usually 
nickel, cabal t, iron, or a combination thereof. The transition metal may 
also be partially substituted with aluminum, copper, or manganese to introduce 
a radical change in the alloy's plateau pressure. The AB 5 class of alloys 
exhibits rapid hydriding kinetics at or near room temperg,tun~. Table 1 
summarizes the pert. i nent propert.ies of candidate ABs hydrides. 

The pressure-composition isotherms at 40°C (104°F) of hydrided FeTi and LaNis 
are shown in Figure 8 (Ref. 1). Note the constant and relatively low plateau 
pressure of LaNis over the entire hydrogen compositional range. The lower 
pressure simplifies and economizes the mechanical design of t.he heat pump, 
while the broad, flat plateau allows for a proportionally 1o1ider hydrogen 
excursion. In c::ontraEt, FeTiHx has a constant equilibrium pressure for 
only about half of its hydrogen content. The AB5 class of hydridec, in 
general, has a wider range of pressures from which to select for heat pump 
applications, require lower pressures and temperatures for activation, are 
relatively insensitive to impurities in the hydrogen gas and, due to good 
hydriding kinetics, require a lesser quantity than FeTi alloys in a comparable 
system. Based on the current state of hydride knowledge, the technical 
advantages of the ABs alloys discussed above outweigh the cost advant.i'lge 

the FeTi alloys. Accordingly, the team selected a hydride pair from the 
~os class to usi in the MHHP Proj~ct. 
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0'1 

Table 1 

Properties of Selected Intermetallic Hydrides 

Plateau Pressure, A~m ( psi-abs) H/ABs Ratio 
Intermetallic ~H, k cal/ at end of II, Btu Per 

' Compound 2o•c so•c 1oo•c mole H2 Plateau lb of Al.loy 

LaNis 1.8 (26.5) 5.8 (85.3) 7-
-~ (323) -7.28 & 

i 

' LaNi4Cu -0.7 ( 10.3) 2.2 (32.3) ~;o.5 ( 154) -9.66 5 

CaNis 0.4 (5.9) 1.3 { 19.1) 10.6 ( 155) -7.5 ~. 

LaNi 4 , 6 At 0 •4 0.18 (2.7) 0.6 (8.8) 4 (58.8) -8.7 6 

c(Lao.67~do.zsPro.oslNis i 
3.3 (48. s; 10 ( 147) 42 (617) -6.9 6 

MMNi
5 

a i 
17 (250) 42 (265) 150 (2205) -5.46 5 

LaNi4,6f'ffi0,4 0.13 ( 1.91 o. 54 (7 .9) 
3 ·" 

(52.8) -9.1 5.4 

MMNi4. 7Mn0.3 9.3 (137) 24.8 (365) 90. 1 (132"-) -5.5 5.8 

MMNi 4 • 5 Alo.s 3.1 {45.&) 9.2 ( 135) 37.9 (557' -6.7 5.2 

MMNi 4 Fe 6.4 (94. 1) 17.2 f 253) 6~.9 (925) -6.3 5. 1 

MMNi4,15Feo.as 12 ( 176) -- -- --6.3 5.2 
I 

MMNi 3 , 5eu1. 5 5.1 i75. 0) 18.9 (278) 

I 
63 ( 1000) -6.4 4.9 i 

Cao • 7MMO .3Nis 3.2 (47.1)) 80 ( 118) 4.0. 0 (588) -6 .s 6 

(CFM)Ni 4 , 8 Alo. 2 1.6 (23.3) 5.6 (81.8) I 28.1 (413) -7.5 6 1 
aMM - rnischnetal 

bBased upon 50 tons of AB5 per year: as of May 1980. communications with J. G. Canr.on, Molycc-rp. 
cCeriQ~free mischmetal (CFM) 

-90.2 

-99.4 

-100.3 

-1 H.9 

-35-. g 

-Ei'.'f 

-1:;0.5-

-6~- .a 

-7S .0 

-67.1 

~3.3 

-€4.0 

-%.5 

-S'4. 7 

( 1 l Communication with c. E. Lundir., University of llenver, Den7er, co, also "Modif.:cation of Hydriainq 
Properties of AB 5 ~-pe Hexagonal Alloys Through Ma:>ganese 5ubstitution", c. E. Lundin, et al. 

(2) Overview, No.5&, Molycorp, Inc., White Plains, Ne"' York. 
(3) Argonne Nationa: Laboratory, AHL-79-8 (1979). 
(4) "Development of Low Cost Nicke::.-Eare Earth Hydrides for Hydrogen Storage", G. :J. Sandrock. 
(5) M. H. l'.endelsoh:>, et al, J, Less C·:>mmon Met., V:>L 63 (191'9). 

Cost, Dollarsb 

Per lb Alloy Per Btu Reference 

15.00 0.166 ( 1,2) 

14.50 0.146 (1) 

6.50 0.065 (3) 

-15.00 o. 134 (5) 

13.00 0.152 (2) 

11.00 o. 162 (2) 

15.00 0.124 (1) 

11 .00 0.167 (1) 

-11.00 0.147 (4) 

' 
-10.00 o. 149 (4) ! 

-10.00 0.146 (4) 

-10.00 o. 156 (4) 

-7.00 0.073 (5) 

-13.00 0. 137 (5) 
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Figure 8. Plateau Pressures as a Function of Hydrogen Content 

3.4 MAJOR TECHNICAL ISSUES 

The specific technical issues below were areas where further development 
was required and emphasized in this program to provide a technically-sound 
design. 

3.4.1 Heat Transfer 

The primary cost item in the heat pump is the metal hydride powder. 'Aa 5 
compounds, the materials selected, cost $10/lb (1981$, large quantity esti­
mates). Thus, it is imperative to minimiz~ the quantity of metal hydride 
powder per useful output. This is accomplished by reducing the cycle time 
and minimizing the parasitic thermal losses to the structure of the heat 
pump. The reduction of cycle time is the most critical, since a factor of 
two reduction in cycle time provides almost a factor of two in reduction of 
hydride material. The cycle time is controlled by the heat transfer charac­
teristics of the powdered metal hydride. Since particle-to-particle heat 
transfer is extremely slow, it is necessary to enhance the transfer with a 
low mass, extended surface, heat transfer device imbedded in the metal 
powder. The heat transfer device is designed as an integral part of a strong, 
lightweight structure that contains the powders and the hydrogen gas. 

tis is due to the importance of minimizing the masg of the structure to 
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reduce the parasitic self-heating and cooling losses. Heat transfer f 
the heat transfer fluid to the structure is not considered to be as crit.i.cal 
as the heat transfer from the structure to the individual metal hydride 
particles. 

3.4.2 PP-rformance 

The performance of a hydride heat pump is expressed in terms of the coeffi­
cient of performance (COP) and the output capacity. The COP is a ratio of 
the net useful output ener.gy to the required driving energy. COP values for 
the MJfHP c;tre maximized by minimizing parasitic losses the less energy 
required to heat and cool the heat exch;mger structure, the more net useful 
outpnt. energy. 

Similarly, the capacity of an MHHP is expr~sseu i1'l. torm~ r1[ the ratP l'lt which 
useful outpnt E!Ili::!.L·gy ic ~.vr.hanged. It is calculated by dividing the energy 
output per cycle by the tot.al cyClt:! time. Thns, tu Ldl cyol~ t-.i.me is inversely 
proportional to capacity. A reduction in cycle time would inCrt:!d.Se the 
L:d.I:JO.eity. 

3.4.3 Particle Contairui\enL 

If filters are 
large h yn r.oq~n 

and installed. 
t.he cycle time, 
useful output. 

used to contain the metal hydrides separately in two beds, 
pressure drops occur unless the filters are properly designed 

The pressure tl.Lu.I:J.!I olo•,, t-.he flow of hydrogen· and increase 
thus increasing the amount of hydride material ncodlit:'l. per 

3.4.4 P~rticle Expansion 

The process of hydrogen ab.!lorption and desorption causes the metal crystal 
lattice to expand ann contract leading to the comminution of the original 
hydride alloy particles. After many such cycles, the process of comminution 
produces a progressively greater proportion of fine particles. The MIIHP mu::;t 
be designed with the ability to absorb this hydride powder expansion or risk 
r.upturing under internal pr.essure. 

3.4.5 Design 

To be comme:t·~..:ially acc:eptable, a heat pump must be adaptable to a variety of 
site or application dependent conditions. Those requin~ments are determined 
largely by the climate of the site, the application of the system, installa­
tion procedures and the physical, electrical and thermal interfaces of the 
heat pump. In each application, high reliabilty and low maintenance must ~-

- 18 -



1asized. Among the specific interfaces of the heat pwnp are its heat 
source, heat output, heat rejection, thermostatic control, AC power and 
physical placement. The heat interfaces include the heat transfer media, 
flow rates and temperature ranges; while the physical placement includes 
size, weight, and shape. 

An effective design also requires that the assembly of the hydride beds be 
accomplished with high reliability and repeatability. This includes the pro­
cesses of filling the beds with hydride powder, activating the hydride, and 
charging the heat pwnp with the proper quantity of hydrogen gas. 

The resulting heat pwnp should have a high mean time between failures (MTBF) 
and be relatively easy to service. To the greatest extent possible, the 
design should incorporate module component replacement rather than provisions 
for in-situ repair. Commonality of parts within a module and the potential 
to scale modules to achieve units of different capacity should be strong 
design criteria. 

3.4.6 Controls 

Since the MHHP can operate from low temperatures, small changes in the design 
temperatures can hav·e a large effect on the unit's performance. Therefore, 
control strategies must be developed to maximize the output capacity of the 
MHHP at and off the design point. 

Development is aimed at methods to use in sensing test conditions, how to 
interpret the data from the sensors and what control strategy to take. 
Temperature and rate of change of transfer fluid temperature is considered 
basic data. 
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4 
MARKET STUDY 

This chapter describes how Booz, Allen & Hamilton Inc. (Booz Allen) focused 
the development program based on ma~ket needs. Included in this section are 
descriptions of the potential market sectors, the MHHP applications in each 
market and the iterative process which resulted in the selection of the most 
promising MHHP configuration. 

The market study undertaken by Booz Allen was an integral component of the 
overall MHHP development effort for the following reasons: 

The concept of the MHHP could be technically applied over a very 
wide range of markets and applications. 

Although the basic hydride technology is broadly applicable, the 
MHHP took on different characteristics in each application. 
of these specific application requirements include: 

Product size and weight 
First cost and operating economics 

Some 

Dominant operating mode (heating vs. cooling) and temperature 
ranges 
Type of low grade and driving energy sources. · 

From the standpoint of development cost, it was not practical at 
this stage of the technology development prpgram to attempt to con­
figure and develop heat pumps to meet the demands for every possible 
MHHP application. 

Thus, it was critical that decislons·were made early in the MHHP program as to 
the most promising market sectors and applications for the MHHP technology. 

The purpose of the ma,rket study t.::tsk wa:::; twofold: 

To confirm in general that the identified market segments hold 
promise for the application of metal hydride technology. This po­
tential appeared to exist for each of four markets: residential, 
commercial, industrial and transportation. 

To develop speaific information 
requirements likely to affect the 
a specific MHHP configuration. 
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4. 1 GENERAL DESCRIPTION OF MARKE'l' SECTORS 

From the market and technical data acquired, a general description of each 
of the four market sectors was developed. These descriptions served as the 
basis for judging the potential of alternative MHHP configurations. 

Preliminary characterization of the residential sector suggested that it is a 
very interesting market for several reasons: 

The market is large (Fig. 9). The annual dollar volume of shipments 
of residential heating and cooling equipment is over $2 billion and 
rising at about 5 percent per year. 

The market is stable (f'ig. 10). 'l'here .:trP. no oignifir:r:~nt fast grow­
ing segments within the residential HVAC equipment market. Heat 
pumps hnve made significant penetration of new house construction, 
but gas heating is envisioned as l!lci.i.J1taining its traoitional market. 
share of about 44 percent of annual units shipped for new housing, 
equipment replacement and add-on/conversion market segments. 

Competing technologies will not be radically improved. Over the 
1980's it is expected that MHHP devices could compete with conven­
tional HVAC equipment and with advanced pulse combustion/recupera­
tive furnaces and variable speed central air conditioners. This 
advanced equipment is expected to have efficiency improved by 50 
percent over current conventional equipment. As now envisioned, 
the MtiHP could oomp9.t.P. effectively within this range of performance. 
Radical changes in the equipment market caused by int~·oduction of 
highly efficient gas heat pumps or signficiant penetration of 
~::;ular oyct~Wms nre n(,JL expcoted ouring the 1980's. 

The cost impiications fu1. the MHHP ~rr. favornhle.!. Prelminary i.wJi­
cations are favorable for MHHP technology. Ih order to be compcir­
able to conventional residential space conditioning on first cost, 
Lhe MIIHP, <l"'!=:nmi.ng $200 for base furnace components, should aim 
for a factory co~::;t of $100-600 for a 54,000 Btu/hr nnit. This 
appears to be a 1. ~d~on.:tbl'ii nPvelopment. goal. 

No major physical impediments a.re foreseen t.o MHHP product ac'loption 
(Table 2). Despite its possible larger size and welght, the fuel­
fired MHHP p:roduct should be acceptable for most applicat.:tons 
within the resld~ntiQl c~~L~r. 

A preliminary characterization of the commercial HVAC market (Fig. 11) ~ndi­

cated that it may hold some opportlmities for the MHHP, but that competition 
in this mnrket segment is likely to be intense during the next 10 to 15 
years. 

The commercial market has a larger need for cooling. Larger com­
mercial buildings are cooling-load dominated and the currently 
available electrically-driven devices are very efficient. 

- 22 -



HEATING 

UNITS SHIPPED (000 $) DOLLAR VALUE OF SHIPMENTS ($106) 

YEAR 5000 4000 3000 2000 1000 0 100 200 300 400 500 600 

1970 

1972 

1974 

1976 

1978 

1979 

KEY: 
0 DUCTED WARM AIR 

D HYDRONIC 

IIIII ELECTRIC BASEBOARD 

COOLING 

UNITS SHIPPED (000 $) DOLLAR VALUE OF SHIPMENTS ($106) 

YEAR 3000 2400 1800 1200 600 300 600 900 1200 1500 

HEAT 
PUMP 
$/UNIT 

1970 

1972 

1974 

1976 

1978 

1979 

KEY: 
0 SPLIT SYSTEMS 

r;:;::) YEAR-ROUND PACKAGED 

~ SINGLE-PACKAGE A/C 

11111!1 HEATPUMPS 

$463 

$511 

$601 

$596 

$608 

$633 

DUCTED 
WARM 

AIR 
$/UNIT 

$127 

$132 

$154 

$153 

$177 

$201 

Figure 9. Annual Shipments of Residential Heating and Cooling Equipment 
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Table 2 

Physical Characteristics Compari~on 

Vulume Comparioon Weiqht. r:omparison 
Unit m3 ( ft3) kq (lb) 

Residential Split System 0.7-1.0 (25-35) 113-159 (250-:-350) 
Electric Heat Pump 

Residential Furnace unly 0. 4-0. G (15-20) 68-7CJ ( 150-175) 

Furnace and A/C 0.7-1.0 (25-35) 113-159 (250-350} 

Combination 

Fuel-Fired MHHP 1. 0-1.3 (35-4!:> J 204-250 (450-550) 
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Advanced, highly efficient technologies are expected to be int 
duced and agressively marketed during the 1980's. The commerr.ial 
sector is the focus of much HVAC development activity. During the 
1980's several significant developments are expected. These include 
introduction of advanced unitary space conditioning equipment with 
an electric COP of 4-5 and pulse combustion heating of 95 percent 
efficiency. In addition, engineered HVAC systems are likely to 
incorporate advanced electric heat pumps over this period. Finally, 
advanced gas fired heat pumps are expected to be introduced. 

Allowable unit costs for commercial equipment are projected to be 
60 percent greater than residential equipment. Projected capital 
costs are greater for commercial MHHP units compared to residential 
units because of the greater restrictions in the commercial market 
on quality of construction and ease of maintenance and parts 
replacement. 

The implications of this activity are that MHHP products wouLd encounter more 
competition than in other sectors. Fuel-driven MHHP cooling in particular 
wonl<J he at a disadvantage because of low-projected cooling COP. 

Preliminary characterization efforts for the industrial marketplace indicated 
a number of features which su~gest promise for the MHHP. 
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There are significant amounts of waste heat produced in many indus­
tries (Fig. 12). A great number of u.s. industrial processes 
generate significant amounts of waste heat in the form of reject 
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process hot water or condenser cooling water. This is potentially 
available as a low grade or driving energy source for MHHP devices. 

There are a number of industries using process streams of low to 
intermediate temperatures (Fig. 13). The ten most energy-inten­
sive industries use significant amounts of process energy with 
temperatures of 177°C ( 350°F) or less. Four industries in parti­
cular (food, textiles, paper.and pulp and chemical) could be targets 
for the MHHP •. 

Cost targets for the MHHP appear not to be prohibitive. The MHHP 
product configuration selected could compete· in the industrial 
market with conventional and advanced process energy technologies 
such as traditional process heat recovery equipment, absorption 
heat pumps and boilers, the electric industrial heat pump and 
bottoming cycle equipment (e.g., organic rankine). These competing 
technologies are typically expensive. 

A MHHP refrigeration unit may have a unique competitive advantage. 
Because of its ability to operate at temperatures below 0°C (32°F), 
an envisioned MHHP refrigeration device may have an advantage, 
especially in the food industry, over conventional absorpton refrig­
eration equipment, which cannot operate below these temperatures 
pecause it uses water as a working medium. 
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Characterization of various metal hydride applications in the transportat 
market suggested that this may be an attractive early market for the MHHP. 

The transportation industry is concerned about energy efficiency. 
Energy costs are a significant component of total operating costs 
in this sector, and both transportation users and manufacturers 
have been actively looking for ways to improve vehicle efficiency 
as measured in miles per gallon of transportation fuel. MHHP 
waste heat-driven cooling, because it does not reduce the efficiency 
of vehicle engines, could be particularly attractive in this sector. 

There is no competition for waste heat-driven cooling. Most vehic­
ular cooling equipment is less than thrE:!e tons and uses a freon 
vapor compression cycle. This equipment is powered by belts from 
the vehicle en9ine for truck/tractor air conditioning, reducing 
vehicle engine efficiency. In other applicat10ns, vehicla/container 
cooling is driven by auxiliary diesel engines or indirectly off the 
vehicle engine through the vehi~le's electrical system. No cooling 
product driven by engine-generated waste heat exists uu Lhe market. 

4.2 MHHP MARKET APPLICATIONS 

A process of identifying meaningful MHHP applications was a critical step in 
the market study because: 

the technology is inherently flexible and adaptable to a range of 
uooo, and, 

at this stage of technology development, no application envisioned 
could be ellmiuated from consideration on a purely technical basis. 

Classifying and ultimately :reducli'l.<j "':.he va:r lcty of possible: HHHP applici\tions 
was required in order to proceed efficiently with engineering development. 

The first step in the MHHP definition process was the development of a 
sixteen-cell matrix (Fig. 14) consisting of four MHHP uses and four possible 
market sectors. Within this fri::lluewo.ck, most possible MHHP functinns and 
applications could be considered and evaluated on the basis of engineering 
judgement. This framework was developed from both a technical understanding 
of the nature of MHHP technology, as well as an understanding of the perti­
nent characteristics of the four major energy consuming s~ctors of the u.s. 
economy. 

Booz Allen identified four functional uses for MHHP technology that were 
based on the previous research and development of SoCal and Solar and the 
projected performance of metal hydride devices under real world conditions. 
The functional capabilities of the technology are described below: 

Stationary space conditioning of buildings. MHHP technology could 
be useful in at least supplementing conventional HVAC equipmer+-­
The MHHP technology appears promising in residential and commercj 
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.----
POSSIBLE MARKET SECTORS 

MHHP USES 
RESIDENTIAL COMMERCIAL INDUSTRIAL TRANSPORTATION 

• STATIONARY SPACE • • • CONDITIONING 

• HEAT OR TEMPERATURE • • BOOST 

• REFRIGERATION • • 
• MOBILE/TRANSPORATION • AIR CONDITIONING 

Figure 14. MHHP Uses 

structures because of its ability to deliver both heating and cool­
ing energy. Further, a MHHP device intended for these applications 
would likely have a minimum number of moving parts, which could 
provide: 

a long equipment lifetime, comparable to that of conventional 
HVAC equipment now on the market, and 

low maintenance requirements for a MHHP device, which could be 
a competitive advantage in the residential and commercial 
markets. 

Heat or temperature boost. The MHHP technology has the ability to 
use and interact with a variety of other low grade heat sources 
including air, water, waste heat from processes and devices, as 
well as solar energy. In addition, MHHP technology can provide 
almost 50 percent higher temperature lifting than the vapor com­
pression heat pumps now on the market. This means that a MHHP 
could provide a high temperat.ure stream fo:r various processes 
dUd this feature widens the range of applications for the tech­
nology. 

Refrigeration. MHHP devices can deliver significant amounts of 
chilled air or water and might be used to at least supplement con­
ventional fuel driven or electric cooling equipment. A distinct 
advantage of metal hyd:r;ide technology in Lltlo use is its ability 
to function at subfreezing temperatures, which heat-driven absorp­
tion chillers using water as a working fluiJ cannot do. This ~ay 
Widen the range of application for MHHP refrigerating devices. 

Mobile Space Conditioning. The ability of MHHP technology to pro­
vide waste heat-driven cooling suggests the use of metal hydride 
devices in a range of mobile space conditioning applications such 
as truck or tractor cab air conditioning or truck trailer ~uoling. 
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A MHHP device in these applications may have distinct competit 
advantages over curn~ntly available equipment by not using the 
vehicle engine for mechanical driving power, which is likely to 
result in greater system reliability and efficiency. Further, a 
MHHP device could be located remote from the vehicle engine com­
partment, which could be a competitive advantage in the mobile 
space conditioning market. 

These four functional uses of the metal hydride technology appeared promising 
as opportunities for near-term application. They served as one dimension of 
the analytical framework used to screen possible MHHP applications. The 
following section presents the second dimension of the framework - specific 
market sectors. 

Residential build~ngs includes single family homes and multi­
family buildings, which together constitute 21 percent of u.s. 
total energy use. In numbers of potential applications (85 million 
iudividuu.l dw~ll i.ng units), the residential sector represents the 
largest potential markeL for tho MHHP t.echnolu~Jy. Tho domi nr~nt 
pattern of energy use in homes is for space heating (60%) wit.h a 
smaller requirement (5%) for cooling energy. 

Commercial buildings - represents the second largest potential mar~ 
ket for the MHHP, in terms of numbers of applications (four million 
separate commercial buildings) and represents 16 percent of U.S. 
energy use. Heating and cooling energy use is more balanced within 
this sector (43 and 22% of total energy consumption, respectively). 

Industry processey- u~c 37 p~r~Pnt. of u.s. total energy needs, of 
which a small amount (less than 5 percent of industrial consumption) 
is re~uired for space conditioning. There are about 156,000 estab­
lishmP.nts in the ten most eneLyy-intcnco U. ~. ma.m.1facturing indus­
t:ri,..s, which constitutes the potenl:ial industrial markP.t for MHHP 
devices 1. 

Transportation- Accounts for 26 percent of u.s. enl:!r:gy usc. Exclu­
ding transport fuels, the predominant energy need is for cooling 
cner~y in a variety of vehicles and mobile containers. 

Figure 14 presents the matrix of uses and market sector~ which was employed 
to represent. the universe of possible MHHP aplications. Each cell of the 
matrix wa·s examined to judge whether it represented a sign:i ficant potential 
ma:rkP.t:.2 for energy equipment. From this examination, eight of the sixteen 

1source: Oak Ridge National Laboratory: 
1980 

Industrial Energy Use Data Book, 

2The evaluation of a "signficiant potential market" included q1.1r1ntitative 
factors (e.g., market size in unit sales per year, market growth in compoun­
ded annual growth rates) and qualitative factors (e.g., history of market 
segment to embrace new technologies, such as the electric heat pump in t~­
residential sector). 
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& __ sible market/use combinations were eliminated, as follows: 

Transportation air conditioning, which is definitionally meaning­
less in all but the transportation sector (3 segments eliminated). 

Stationary space 
portation sector, 
(2 segments). 

conditioning and temperature boost in the trans­
which are insignificant in terms of energy use 

Temper<lture boost in the residential sector, for which no address­
able market was judged to exist ("1 segment). 

Refrigeration in residential and commercial buildings, which is a 
very small component of energy use relative to space conditioning 
( 2 segments) • 

This process of matching metal hydride uses and markets 'enabled the MHHP 
development project to proceed with eight combinations that appeared to be 
practical applications of metal hydride technology. However, it was necessary 
to-further refine and focus the development effort by defining and limiting 
the number of configurations that met both n,drket neo:::ds and the capabilities 
of metal hydride technology. 

4.3 SPECIFICATIONS FOR MHHP APPLICATIONS 

Potential MHHP configurations were determined on the basis.of four descriptive 
factors that characterize conventional energy devices serving various markets, 
as shown in Figure 15: 

Low grade heat sources are those by which basic energy transference 
is accomplished and by which the MHHP int~racts with its environ­
ment. These sources include air, water, waste heat and solar 
energy. 

Driving sources are those that. give mo·Live force to the operation 
of an energy device. These sources include fossil fuels (oil, gas) 
and electricity, waste heat and solar energy. 

LOW-GRADE 
HEAT SOURCES 

DRIVING 
HEAT SOURCES 

FUNCTIONAL 
OPTIONS 

PRODUCf 
PACKAGES 

• AIR 
• WATER 
• WASTE HEAT 
• SOLAR 

• FUEL 
• WASTE HEAl 
• SOLAR 

• HFATING 
• HEATING AND 

COOLING 
• COOLING 
• REFRIGERATION 

Figur~ 15. Potential Configurations 
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Functional options include differing combinations of the form 
energy delivered by a device. Equipment can be designAd to hedl or 
cool exclusively, to perform both functions or to provide refriger­
ation. 

Packages relates to the scale and assembly of conventional equip­
ment nn the market serving different energy using segments. Pack­
ages include unitary equipment, boilers, industrial heat pumps and 
other specialized assemblies. 

Taken together, these variables described the important features of energy 
equipment (example: an air source fuel-driven, heating and cooling unitary 
heat pump). 

Based upon the varL:tbles nbove, fourt.P.en different possible MHHP configura­
tions were developed for the four market sectors. These configurations for 
r'='"'; dent.ial, conunercial and industrial sectors are shown in Figure 16 and 
are described as follOWs: 

In the residential sector, two heating-only devices were selected: 
one a fnP.l. driven warm air furnace; and a similar product assisted 
by a low temperature solar em::rgy ayc:t'i'm. Additionally, two heat 
pumps were selected: one driven by fuel; and one driven by a hl':Jh 
temperature solar energy system. 

For the commercial buildings sector, four MHHP product configura­
tions were selected. These products include three air source 
pr~rkn<Je9. heat pumps; one with conventional electrical vapor com­
pression cooling techuology 1 •:•!'If'. t;iri ~rAn bv a medium temperature 
solar system; and one employing an air-cooled evaporate'!: and o:-nn­
<lE:;!nser. In ac'ldition, a hydronic heating only product was included, 
compc:uable to a couunercial boil~r. 

For the industrial sector two heating. only product.::; werP.. selected: 
one fossil fuel-driven; and one waste heat-driven. One waste heat­
driven refrigeration unit was also selected. 

For the transportation cect.nr one basic MHHP product: configuration was selec­
ted -- a waste heat-driven cooling device. However, the dist.inction between 
the applications of such a device in this sector is sharp: 

Truck or tractor cab air conditioning; a small cooling energy need 
which is rACJuired ~nly during vehicle engine operation. 

'l'ruc:k trailer or railway freight car refr.i.':leration; n. mid-sized 
cooling energy need requiring continuous operation independent of 
vehicle engine operation. 

Cargo ship hold refrigeration; requiring a la.I.':j'er, continuous cool­
ing capability. 

Because of the differences in scale, type, and duration of energy needs 
these applications, a waste heat driven MHHP refrigeration device would ta 
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Figure 16. Definition of Residential, Commercial and Industrial MHHP Project Configuration 
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4.4 SCREENING CRITERIA 

This step of the market analysis was essentially a competitive dSSessment of 
each of the fourteen selected MHHP configurations. Information was developed 
from secondary sources and industry interviews on both market and technical 
factors that could inhibit or encourage adoption of metal hydride technology. 
The aim of this effort was to reduce the number of MHHP configurations 
considered for development from fourteen to a few that appear to hold the 
greatest near term potential. 

A set of fourteen screening criteria was developed, which could be used to 
qualitatively evaluate the fit between each MHHP configuration and its 
rP~pP.r.t.i.vP. market seqmenL. In effect, thc:Jc criteria, shown in Figure 17, 
served as qualitative measures of market, technical or other risks. 

~pP.r.ificallv, three groups of ranking criteria were identified: 

Market criteria this category included two measures of the 
attractiveness of an individual market= it~ uverall ~i~e in the 
1985-90 time frame and the portion of the market to which the MHHP 
could be addressed. A criterion concerning market structure was 
included, to provide judgement of the ability of the MHHP to adapt 
to the technology distribution system (from factory to end user) 
within each market segment. Finally, two ~conomie t:L·lleLla w~re 

included, as measures of the ability of the MHHP to compete with 
~onventionn.l or advanced energy products on a first cost or life 
cycle cost basis. 

" ... .. "·~··""'"'''''"'-' 

TECHNICAL (40%) MARKET (50%) OTHER (10%) 

• SIZE, WEIGHT • POTENTIAL IN • TAX CREDIT 
1985-1990 . SAFETY 

• THERMAL CAPACITY • ADDRESSABLE SIZE • NOISE 

• TEMPERATURE RANGE • AUAPTABILITY TO TI!CHNOLOQV • CUM PI: II liVE TECHNOLOGY 
DISTRIBUTION SYS II:M ADVANTAQ ES/ DISADVANT ACES 

• COMPETITIVE • MAXIMUM FACTORY COST 
TECHNOLOGY STATUS 

• DEVELOPMENT RISK • COMPETITIVE TECHNOLOGY 
ECONOMICS 

Figure 17. Screening Criteria 
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Technical criteria - this category included qualitative measures of 
the ability of the MHHP to compete with conventional devices on 
performance measures such as thermal capacity, operating temperature 
range and safety and on physical features such as size and weight. 
In addition a criterion was included dealing with the introduction 
of advanced technologies in each market segment, increasing the 
competition the MHHP might face. Finally, a criterion of develop­
ment risk was included that served as a qualitative measure of 
likelihood that the MHHP development program could design, engineer 
and construct a unit that met or approached the physical and opera­
ting parameters imposed by competing technologies. 

Other measures - this category was included to consider any unique 
competitive advantages or disadvantages of the MHHP based on the 
nature of other technologies or the nature of the markets them­
selves. Included was a measure such as the applicability of tax 
~redits to the MHHP which might improve their economic competitive­
ness. Also included was a factor to account for the silent opera­
tion of metal hydride devices which could be a distinctly favorable 
feature in certain applications. Finally, a factor measuring 
other positive or negative features was included. An example of 
such a feature would be the ability of industrial MHHP refrigeration 
units to operate at temperatures-below 0°C (32°F). 

Taken together, these criteria enabled the MHHP development team to make 
judgements about the favorable or unfavorable chances for metal hydride adop­
tion for each configuration and market combination. Before this judgemental 
ranking took place, however, the criteria were weighted. 

4.5 WEIGHTING OF THE CRITERIA 

The aim of the entire MHHP development program was to develop a heat pump that 
will find acceptance because it competed favorably with other technologies in 
providing energy. This involves two elements of risk: 

Market ~ - t.hP. chance tltclt the needs of the market for equipment 
first cost and operating costs would favor competing technologies 
over MHHP technology; also, the risk that the size of a market 
would be reduced or that its distribution, sales and service 
channels would not accommodate the MHHP easily. 

Technical risk - the chance that the MHHP would not be developed to 
perform as P.ff.iciently ur more efficiently than competing conven­
tional and advanced equipment; also the chance that some otlter 
features wouln negatively affect MHHP adoption. 

It was the judgement of the MHHP development team that the technical category 
was rated at 40 percent, the market category at 50 percent and other factors 
at 10 percent (Fig. 17). However, within each category, individual criteria 
were felt to have differing effects on the adoption of the technology. Thus 
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they were individually weight~<] by consensus between SoCal, Booz Allen 
Solar. 

As with the weighting of individual market and technical risk factors, the 
team members were involved in scoring the commercial potential of individual 
MHHP configurations as described below: 

A total of a thousand points were assigned to the criteria (500 to 
market factors, 400 to technical and 100 to other factors); these 
were allocated to individual criteria according to their weights 
shown in Figure 17. 

A forced-ranking procedure was employed to establish the scores for 
each application on a scale of 1 (most market or technical risk) to 
14 (least market risk). 

Scores from each of the three t~am members were summed by category 
of c~iteria (market, technical and other). 

These scores were summecl and averaged to produce a conseu~us 

wAighted average total. 

What emerged from this process was two fairly distinct tiers of MHHP appll~a­
tions, as shown in Figure 18. 

"FIRST 
TIER" 

''SECOND 
TIER" 

1100 

TRUCK CAB AIR-CONUITIONING 

700 

REFRIGERATED t:AnGO SHIPS 

COMMERCIAL FUEL-FIRED COOLING 
TRUCK TRAILER REFRIGERATION 

INDUSTRIAL TEMPERATURE UPGRADER 

INDUSTRIAL REFRIG[nATION UNIT 

INDUSTRIAL HEAT AMPLIFIER 

900 

RESIDENTIAL FUEL-FIRED HEATING-ONLY 

COMMERCIAL F'UEL-I-IHED 1!501L[n EUiii. 
RESIDENTIAL SOLAR DRIVEN HEATING 
RESIDENTIAL fUEL·FIRED HEATING/COOLING 
RFSIDENTIAL SOLAR ASSISTED HEATING 
COMMERCIAL FUEL-FiRED HEATING/CUOLING 

COMMERCIAL SOLAR DRIVEN HEATING/COOLING 

500 
NOTE: MAXIMUM SCORE: 1400 

Figure 18. Ranking of MHHP Configuration 
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A first tier of three industrial and one residential system judged 
to have high commercial potential. 

A second tier of ten MHHP products with lower and more closely 
grouped scores of commercial potential. 

This first tier of MHHP applications thus represents a team consensus of 
those that offered the most commercial potential and should guide the design 
development work of SoCal/Solar. 

4.6 SELECTION OF TOP MHHP APPLICATIONS 

A shown in Figure 19, three of the four first tier MHHP configurations were 
judged to have relatively more technical than market risk. The industrial 
refrigeration configuration, however, was felt likely to confront a more 
uncertain market situation than to encounter difficulties in its technical 
development and competitive performance position. Because of this, the 
industrial refrigeration configuration was eliminated. 

A result of the Booz Allen effort was the recommendation that future metal 
hydride research and development work should focus on the technical and market 
parameters associated with one of the following three applications, in order: 

w 
a: 
0 
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en 
....1 
~ 
(.) -z 
:I: 
(.) 
w 
..... 

500 

400 

300 

200 

100 

100 

MARKET RISK 
GREATER THAN 
TECHNICAL RISK 

300 

INDUSTRIAL 
REFRIGERATION 

• 
RESIDENTIAL 
FUEL-FIRED 
HEATING ONLY 

500 

MARKET/ECONOMIC SCORE 

• TEMPERATURE 
UPGRADER 

• 
HEAT 
AMPLIFIER 

Figure 19. Comparison of Market at Technical Risks of Top 
Ranked MHHP Configurations 
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1. A waste heat driven industrial temperature upgrader. 

2. A fuel-driven industrial heat amplifier. 

3. A fuel-driven heating-only product for residential applications. 

4.7 DESCRIPTION OF THE TOP MHHP APPLICATIONS 

The three applications and their implications for MHHP design development are 
below: 

1. An Industrial Temperature Upgrading Product Using Metal Hydride 
Technology is Viewed as the Most Promising Design Configuration 

As shown in Figure 20, the industrial MHHP would be designed to 
be driven by a wast.e heat stream to raise the temperature of a 
thermal process stream. As shown in Lhe figure, this unit r.cmld 
be designed to operate in the following three-step cycle: 

CHAR!1E 

COLD SIDE WARM SIDE 
TANK TANK 

0 
H2 

8 .._ 

LOW 
TEMPERATURE 

HEAT REMOVAL 

TH 100-140•c (210-280.F) 

TM 55-75•C (130-165°F) 
T L 5-2o•c (40-rO• F) 

COLD SIDE 
TANK 

0 
/\,/'/\/\/\/' 

WAHM SiDE 
TANK 

0 

I 
USEFULOouT AT TH 

Figure 20. Temperature Upgrader Unit 
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Use of intermediate temperature waste heat [,from 71 to 110 °C 
(160-230°F)] to charge the metal hydrides. 

Raising the same intermediate temperature energy stream, when 
charging, about 21-35°C (70-95°F), up to process temperatures of 
about 191°C (375°F). 

When discharging, the unit would reject heat to an available low 
temperature sink. 

In this operating cycle, an industrial temperature upgrade MHHP 
device could be useful in about 5,000 industrial plants particularly 
in the food, textiles, pulp and paper and chemical industries. An 
example of such an application would be in a pulp mill where a 71-
820C (160-180°F) heat source is available from grinding machines. 
This would activate the charging cycle of the device, which would 
upgrade the same stream to about 149-177°C (300-350°F) process 
stream. In the discharging mode the device would employ 32-38°C 
(90-100°F) plant effluent as a heat sink. 

a. CHARGE/HEAT REMOVAL 

COLD SIDE 
TANK 

G) 

I 
USEFUL OouT AT T M 

b. DISCHARGE/HEAT REMOVAL 

COLD SIDE 
TANK 

8 

I 

WARM SIDE 
TANK 

I 
USEFIILOouT AT TM 

LOW GRADE 
fi[AT 

T H 13a•c (280.F) 

TM 99·82•C (120·180.F) 
TL 16·24•C (60-75.F) 

Figure 21. Heat 1\mpli.fication UniL 
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2. A Fuel-Driven Heat Amplifier is also seen ns a Promi.sing_ MH~.I: 
Industrial Application 

In this configuration the device would be functionally similar to 
the electrically driven industrial heat pump now on the market 
(Fig. 21): 

A fossil-fueled heat source woul<l charge the device. 

The device would amplify a low level heat source to temperatures 
up to 138°C ( 280 °F) for waste heat streams in the temperature 
range of 74°C (165°F), and up to 191°C (375°F) for waste heat at 
121°C (250°F). 

ThoCQ t;•npRbilities make thl~ devioe Cl.ppAar suitablP. for u.s. indus­
trial plants in sucl1 lnduotr~~~ HH food, t~vtiles, pulp and pa~er, 
and chemical. An example of its application might be in L!Ic mc.J.t 
packing industry, where 32nc (90°F) waste heat from refrigerator 
c:ondensP.rs could be upgraded by the device to provide 82"C ( 180"P) 
hot water for plant cleanup operations. 

3. The Third Recommended Application is a Hu!:!l-Pircd Metal Hydrid,~ 
Device to Provide Residential Space Heating 

This device (Fig. 22) would operate in a fashion similar to the 
fuel-fired industrial heat amplifier, but within lower temperature 

a. CHARGE MODE 

COLD SIDE 
TANK 

0 

I 

WARM SIDE 
TANK 

USEFUL Uouf AT T M 

COLD SIDE 
TANK 

b. HEATING MODE 

TFMPERATURE 

-~-R~NGE 

TH 93"C(200"F) 

TM 29"C (85"F) 

TL -1·4"C (30·40"F) 

Figure 22. Space Heating Unit 
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ranges ·suitable for residential warm air space heating. Like warm 
air furnaces now on the market, this MHHP device would be fossil­
fuel driven. It would use air as a low grade heat source and 
could be installed with or without conventional electric air con­
ditioning. This furnace MHHP configuration would compete with 
other fossil-fired warm air furnaces, which represents the largest 
segment of the residential heating market (60% of 1980 shipment of 
residential central heating units). 

4.8 FINAL MARKET RESULT 

Table 3 is a summary of market-related technical requirements for the three 
MHHP applications. . As a result of this extensive market survey and the 
collective opinion of the team members, the decision was made that the most 
promising MHHP configuration was the industrial waste heat driven temperature 
upgrade cycle. This configuration was felt to have the greatest market 
potential as well as the highest probability of technical success. Further 
engineering development efforts focused in this direction. 

Table 3 

Summary of Market-Related Technical Requirements 

Factory Typical 
Target Product Typical Oper'Iting Cost Target Capacities 
Market Configuration Temperatures ($/ton) 1 (tons) 

Industrial Temperature I Low TemEerature 800-1000 40-1500 
Upgrade 

I 
TH = 10o-14o•c (210-280°F) 

TM = 55-75•c ( 130-1 65°F) I 
I TL = 5-2o•c (40-70°F) i 

I I I 
High TemEera~~ 

TH = 140-19o•c (280-375°F) 

I 
TM = 70-110°C ( 160-230°F) 

TL = -1-45•c (30-1 10°F) 
-·--·-· .. ··~ ............ 

Industrial Heat Low Grade Heat 550-750 40-1500 
Amplifier 

TH = ~138"C ( 280 °F) 
TM = 49-82°C (120-180°F) 

TL = 1 6-24°C (60-75°F) 

I Hi9:h Grade Heat 

! 
TH ~ •u1 9 1 •c (J'i!:>"F) 

TM = 121 •c (250°F) 

TL = 38•c (100°F) 

Residential Space TH = 93•c (200°F) 400-600 2 3-10 
Heating TM = 29•c (85"F) 

TL = -1-4"C (30-40°F) 
t--,, 

ton = 12,000 Btu/hr 

2based on a 4.5 ton unit I 



5 
SYSTEM DESIGN ANALYSIS 

This section describes each important consideration in the design of the 
MHHP. Hydride materials, heat exchanger design, performance, filters, con­
trols and economics are all discussed. The design analysis approach is 
shown in Figure 23. 

5.1 HYDRIDE MATERIALS 

The hydride mat~rials are the single most important component of the metal 
hydride heat pump. The properties of the AB 5 alloys available for use in the 
MHHP are the most critical data needed to predict the performance of the heat 
pump and to properly size the components. An extensive review of the AB5 
hydride literature lead to a detailed listing of alloys and the properties 
available for each alloy (see Appendix 1). Thirty-two papers which contained 
data on 122 different alloy compositions, all based on the .AB5 system, were 
reviewed. A total of twelve properties pertaining to hydride performance 
and utility were considered. Properties such as the van't Hoff relationship, 
plateau shape, hydrogen/metal ratio (H/M), heat of formation ( .1Hf) and 
hysteresis identify the possible operating and performance level of the 
alloys, whereas the specific heat and thermal conductivity are required for 
the thermal design of the intended application. The other properties, such 
as comminution, long term degradation, contamination, safety and chemical 
stability relate to the practicality of the alloy. 

For each alloy and property listed in Appendix 1, the reference in which the 
appropriate data appears is entered. The number of alloys presented is quite 
great indicating the extent of the ABs type hydride research. However, very 
few alloys have a relatively complete set of data. In general, the most 
widely measured property is the pressure-composition isotherm, usually manP. 
at room temperature in desorption. 

An extensive review of the ABs alloy data led to the identification of a num­
ber of alloy pairs that could be used in a temperature upgrade cycle. Table 4 
lists the AB5-type alloys with temperature-pressure properties acceptable for 
use in the temperature range specified by the Booz Allen market study. Both 
the low and high operating temperature ranges are identified in Table 5. 

A clear distinction between the cold side alloys and the warm side alloys is 
apparent. The cold side alloys are typically less stable than LaNi 5 allowing 
the replacement of La with mischmetal. This is a highly desirable situation 
with regards to the cost of the alloy. However, the warm side alloys are 
typically more stable than LaNis· This is achieved by replacing a portion of 
the nickel with either Al, Mn or Cu. 
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Figure 23. Design Procedur~ Flowclt.:o:t 

The rather lengthy list of candidalc alloys would suggest- a large nurnbPr of 
possible alloys pairs and, indeed, this is the case. Table 6 gives for 
illustrative purposes twenty alloy pairs along with the typical P-T design 
conditions. The data is taken from the literature and the exact design 
condition must necessarily be confirmed experimentally. 

The candidate alloy pair~ were reduo"!F:d to a fP.w pairs that showed the greatest 
promise. All of the pertinent hydride parameters were t.:U1l1!lidcrw•J in this 
evaluation. 

Th~ milterirtl. requirements for a metal l1ydride hertt-. pwnp are specified by the 
operating temperatures. A MHHV r~quircs twn different hydrides to work in 
tandem, one alloy operating on th~ cold cide nnd the other operat..i.n•J on thP 
hot side. The plateau pressures must be such that the hydrogen will be driven 
between the two alloys. Naturally, the hysteresis between the absorption and 
desorplion platP.i'lll pressures is an important factor in selection of the MHHP 
temperature-pressure cycle. The hysteresio betwP.en the absorption-desorption 
plateau pressures tends to lower the maximum ~Tat which the MHHP can operate. 
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Table 4 

AB 5-Type Alloys 

Cold Side Alloys 

LaNi5 , La0 •6 ca0 •4 Ni5 , MMco5 , Mm0 • 3 ca0 •7 Ni5 

Mm0 • 2sca0 • 75 Ni5 , MmNi 4 • 5 Al 0 • 5 , MmNi 4 •5 cr0 • 5 

MmNi 4 • 15 Fe0 •85 , MmNi4 Fe 1 , MmNi 2 • 5 co2 •5 

MmNi2co3 , MmNi 1co4 , CFMmNi 4 • 8 Al 0 • 2 

Mmo. s cao. 5 Ni4. s Alo. 5, Mmo. 5 cao. 5 Cro. s 

Mmo.sCao.sNi4.5Mn0.5• and MmNi4.5Cr0.25Mn0.25 

Warm Side Alloys 

Lacu5 , Laco5 , LaNi 4 • 9 Al 0 • 1 , LaNi 4 • 8 Al 0 • 2 

LaNi4 • 75 Al 0 ; 25 , LaNi 4 • 7 Al 0 • 3 , LaNi 4 •6 Alo. 4 

LaNi4 • 5 Al 0 • 5 , LaNi 4 • 6 Mn 0 • 4 , LaNi 3 • 0 co2 •0 

LaNi 4 • 0 eu 1• 0 and CaNis 

Table 5 

MHHP Temperature Upgrade Operating Conditions 

Low Temperature 

'T'H 100-140°C 

TM 55-75°C 

TL 5-20°C 

High Temperature 

TH 140-190°C 

TM 70-110°C 

TL -1-45°C 
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1 

2 

3 

4 

I 5 

6 

1 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

10 

19 

20 

Table 6 

List of Possible Hydride Alloy Pairs 

. Cold Side Alloy 
-----------

I-nNis 

arnNi 4 . 15 Fe 0 .as 

I . 
1 LaN~s 

Mrn 0 . 5ca 0 . 5Ni 4 _5Alo.s 

Mrno.scaa.sNi4.s~lo.5 

j 11rnN' 4. sCro. 2sMnu. 25 

lro1nr0 . 5ca 0 . ~Ni 4 . 5 Alo. 5 

I~,,.,~,., 

I MrnNi 2 . 5co 2 . 5 

I 

MrnN.i..~Co 3 

MrnNi 2 co3 

MrnNi 2co 3 

MrnNiC:o4 

.MrnNir.o~ 

La0 .6 ca 0 . 4 Ni 5 

La0 . 6ca 0 . 4Nis 

Mm 0 ,Jean. 7Ni5 

Mrno.2scaa.7sNis 

MrnNi 2 . 5co 2 .s 

TL 
P(abs) 

!--------

i 
I 
I 

20•c 
1 .62 atm 

34•c 
17.6 atrn 

24•c 
1.91 atrn 

2o•c 
1.44 atm* 

20•c 
144 atRt* 

2o•c 
s.o at:m* 

2o•c 
·t.44 atrn* 

.?nor. 
1.60 atm* 

2o•c 
1.60 atrn* 

2o•c 
1.60 atm* 

36•c 
?..1 atm* 

22•c 
1 .as atm* 

22•c 
1 .05 atm* 

2a•c 
1. 0~ at1rr• 

2a•c 
1.02 ntm•· 

ao•c 
1.68 atm* 

2o•c 
1. 63 atm• 

2o•c 
3.S1 atm 

20'C 
3.3 atm* 

___ 1.60 atm* 

I 
I 
! 
i 

! 

TM 
P(des) P(des) 

··--------
96°C 

18 2 atm 2.43 atm 

96•c 
78.3 atrn '18.() u.tm 

94•_c 
17.2 atm 3. 17 atm 

94•c 
20.7 atrn 3.17 atm 

96.,C 
22.0 ;.tm 2-43 atm · 

9G•c 
62 atm 5.0 atm 

9G•c 
22.0 alm 5.04 atm 

96•c 
31.2 atm 3.13 iltf!l 

96•c 
31.2 atm 3.41 atm 

96•c 
31.2 atm 2-43 atm 

96'C 
22 .a atm 5.04 atm 

96•c 
22.8 atm 2.43 u.tm 

9G•c 
22.8 atm 3.41 atm 

96•c 
19.09 atm 2.43 atm 

96~C 

19.09 atm 3.41 atm 

96'C 
20.8 atm 2·43 i\t-m 

96•c 
20.0 atm 3.41 atm 

96•c 
29 87 atm 4 58 atm 

96•c 
40.7 atm 4 .sa atm 

96~C 
31.2 atm 4.!jf3 atm 

I 

TH 
P(abs) 

162•c 
17.3 atm 

14~'-'C 

167 .o atm 

! 

I 
I 

i 
I 

i 
: 

144•c 
15.2 atm* 

1SO•c 
17.9 atm* 

1ao•c 
19.9 atm 

180°C 
54 atm 

140•c 
20.0 atm 

180°C 
29.3 atm 

16B•c 
28.4 atm* 

1BO•c 
26.3 atm 

140°C 
20.8 atm 

nu•<.. 
21.0 atm 

156•c 
20.9 atm 

162•c 
17.3 atm 

·lSO•c 
17.87 atm 

164•c 
18.1 atm 

1s2•c 
18.0 atm 

·t46•c 
22.6 atm* 

1~0"<.; 
3f.:L .2 atm 

148"C 
28.3 atm* 

~'I arm Side Alloy 

I 
LaNi 4 _5 Alo.s 

I 

T.aNi 5 

LaNi 4 _6 Mn 0 . 4 
i 
I 

I 
LaNi 4 .6Mn 0 . 4 

I 

! LaNi4 _5 Alo.s 
I 
I 

---L--2o_·_c_-L ____________ ~--------~L~a .. n
5 

*Data based on absorption values only. 
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~ heat of formation of a metal hydride is relatively independent of temper­
ature; this allows the mid-plateau pressure/temperature relationships to be 
presented on a van 1 t Hoff diagram ( v:here the logarithm of the pressure is 
given versus the inverse of the temperature). Figure 24 is an illustration 
of a van 1 t Hoff plot of several metal hydride alloys. The information can 
also be conveniently displayed in analytical form by giving the equation of 
the straight line. This equation can take the form 

RT nfP [\H + TL\5 
or 

P A exp[-B/T] 

where L\H is the ·enthalpy of formation, L\s is the change in entropy and A and 
B are constants in pressure and degrees absolute respectively. This allows 
the calculation of the mid-plateau pressure at any reasonable temperature. 
In addition, only a few experimental points are necessary to extrapolate the 
data to other temperatures. 

The fundamental representation of the absorption-desorption hysteresis is 
i n(Pa/Pb) as suggested by Lundin and Lynch (Ref. 2). This ratio remains 
fairly constant over a wide range of temperatures. This provides a means of 
approximating the absorption pressure when only the desorption data is avail­
able if absorption data for one condition is known. 

Three alloy pairs were selected as applicable to a temperature upgrade MHHP 
application. The operating temperature range chosen was the high temperature 
condition as shown in Table 5. The alloy pairs selected were: 

Cold Side Warm Side 

1. LaNi5 

2. LaNi5 

LaNi5 

The second combination showed promise in a MHHP temperature upgrad~ applica­
tion whereas the other two do not appear acceptable and are presented for 
illustrative purposes. 

Using the above analytical representations of the plateau pressure and the 
hysteresis, pressure and temperature plots of the alloy pairs over the appro­
priate temperature range were generated for each alloy pair considered. 
Figure 25 shows the plot for the LaNi5/LaNi4.6~lo.4 alloy pair. The van 1 t 
Hoff parameters used were LaNi5 : A = 4.25 x 10 atm. and B = 3712 K (taken 
from Ref. 3) and LaNi4 • 6Al 0 • 4 : A = 8.74 x 10 5 atm. and B = 4451 K (taken 
from Ref. 4), the hysteresis parameter in(Pabs./Pdes.> was 0.19 and 0.13 for 
for LaNi5 and LaNi 4 • 6Al 0 • 4 taken from References 3 and 4 respectively. This 
alloy pair does not meet the requirements of TM < 110°C and TH > 140°C, but 
is presented to illustrate the importance of considering the effects of 
hysteresis. The LaNi4.6Alo.4 absorption pressure is approximately 3 atm. 

igher than the desorption pressure. If only desorption data were considered, 
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Figure 24. Pressure/Temperature Relationships at Mid-Plateau 
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cycle would work by relaxing the temperature requirement 4°C (i.e, TM or 
TH), whereas when the effects of hysteresis are considered a 12°C change in 
the temperature requirement is necessary. This represents a decrease in the 
temperature upgrade of. nearly 25 percent. 

The hydride alloy pair LaNi5/LaNi 4 •5 Al 0 •5 is an example of a combination that 
would operate in the specified temperature ranges. The van't Hoff parameters 
used were LaNi5 : A = 4.25 x 10 5 atm. and B ~ 3712 K (taken from Ref. 3) and 
LaNi4 • 5Al0 • 5 : A= 5.97 x 105 atm. and B = 4580 K (taken from Ref. 4). The 
hysteresis parameter for LaNi5 was 0.19 but due to a large difference in the 
reported values for LaNi 4 .5Alo.5, the calculations were performed twice using 
0.08 (Ref. 4) and 0.52 (Ref. 5) with the results being shown in Figures 26 
and 27 respectively. Even with the large variations in values for the 
hysteresis, the cycle will operate under either condition. As the hysteresis 
of the hot side alloy increases, the maximum upgrade temperature decreases. 
This is illustrated in the example P-T cycles, i.e., lowering TH from 162°C 
to 144°C. 

The third example of a possible alloy pair is MMNi 4 • 15 Fe0 • 85 /LaNi5 where the 
LaNi5 is now the warm side alloy. The van' t Hoff parameters used in the 
calculations were MMNi 4 • 15 Fe 0 • 85 : A =l.97 x 105 atm and B = 3041 K (taken 
from Ref. 3) and LaNi5 : A = 4.25 x 10 atm and B = 3712 K (taken from Ref. 
3). The hysteresis parameters used were 0.17 and 0.19 for MMNi 4 • 15 Fe 0 • 85 and 
LaNi5 respectivel~ (taken from Ref. 3). As is shown in Figure 28 this alloy 
pair will sucessfully operate in a temperature upgrade cycle, however, the 
very high pressures required make it impractical. 
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The alloy pair LaNis/LaNi4.sAlo.s was selected for use in the MHHP operating 
in a temperature upgrade mode. The selection was based on the alloys favoring 
hydriding characteristics in the intended operating conditions. The van' t 
Hoff plots of LaNis and LaNi 4 • 5Alo.s are shown in Figure 29, also indicated 
are the high, middle and low temperature junctions. The alloys will operate 
in the specified temperature ranges of TL = -1-45°C, TM = 70-110°C and TH = 
140-190°C. The alloys have low hysteresis losses which allow flexibilty in 
the temperature and pressure operating conditions. Typically, the pressure 
drop between absorption-desorption of the alloys during the heat pump appli­
cation can be in excess of 2 atm., giving enough pressure to move the hydrogen 
from one alloy to the other. Both LaNis and LaNi 4 .sAlo.s have a relatively 
high hydride heat of formation allowing for efficient use of the alloy. In 
general, based on all available data and information, the alloys will perform 
successfully and not suffer any long term degradation problem. 

5.2 HYDRIDE HEAT EXCHANGER DESIGN 

Major tradeoffs occur in the hydride heat exchanger design. In order to 
reduce the amount of hydride material necessary to produce useful output, the 
cycle times must be minimized by increasing the rate of heat transfer from the 
heat transfer media to the hydride particles. It is also important to reduce 
th~ parasitic thermal losses caused by the heating and cooling of the heat 

~hange structure (maximizing the coefficient of performance). Therefore, 
l.."~ thermal/mechanical design study of the metal hydride heat pump centered 
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on the development of a high heat transfer, low thermal mass system which 
maximized the COP. The first step in this direction was to conduct a litera­
ture search on powder heat tLdusfer enhancement techniques, hynride mater;,i,.;il 
property studies and thermal process modeling. A bibliographic listing of 
these references is located in Appendix 2. 

As a result of the literature search and previous work performed by the team 
rnembP.r.::;, two design approaches for the hydride heat exchanger. were investi­
gated. Tubular hydride containers were the center of the first approach. 
The hydride powder and the heat transfer enhancement device are lut.:dLed 
inside the tube and the heat transfer media flows externally across the 
tube. The other geometric approach focused on an externally finned hydride 
heat exchanger. That model is a tube with external transverse fins in which 
the working fluid flows through the tube and the hydride powder is packed 
between the external fins. 

5.2.1 Tubular Hydride Heat Exchanger Configurations 

Computer Model Studies 

A computer model was developed to simulate the thermal processes of t 
tubular configurations. The three approaches that were studien were: 
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1. Hydride/12% aluminum foam contained in a copper tube3. 

2. Copper tube with internal rectangular longitudinal copper fins. 

3. Solid hydride/12% aluminum foam with a longitudinal filter in a 
copper tube. 

The cross-sections of the physical model and the computer nodal analysis model 
are shown in Figure 30. 

Development of the computer simulation was based on a single modular compon­
ent rather than an entire system to reduce the complexity and increase the 
versatility of scaling the unit. The computer finite element heat transfer 
analysis program, P315A, was developed by Solar some years ago and was 
implemented on an IBM 370 computer. This program presents solutions in 
terms of temperature versus time information. The general theory of the 
program is explained in Appendix 3. 

Prior to using P315A for each tubular size and configuration, the conductance 
and capacitance values of each node were calculated. A Hewlett-Packard 9830 
mini-computer was used to calculate these values (Fig. 31). For example, 
Program CHY was for solid hydride/12% aluminum foam in a copper tube with no 
internal heat generation. This refers to a temperature rise based on sen­
sible heat only, no hydrogen absorption or desorption. A listing of Program 
CHY and sample input and output is shown in Figure 32. 

The output of Program CHY was then used as input to P315A. A listing of the 
actual data run is shown in Appendix 4. This case simulated the radial heat 
flow through the solid hydride/12% aluminum foam copper tube with a one inch 
OD and a temperature differential of 38°C (100°F). This model showed that, 
based on the sensible heat of the structure, i.e., no hydrogen exchange, it 
took 85 seconds for the temperature at the tube center to achieve 90 percent 
of the heat exchange fluid temperature. 

Many cases were run which incorporated various external heat transfer coeffi­
cients, internal heat transfer enhancements, tube diameters and t.AmpPrature 
~ifferentials. All the computer models simulated radial heat flow through the 
tube to the tube center. In each of the three configurations, two different 
modes were applied, i.e., with and without heat generation. 

Hydrides do not act as uniformly distributed heat sources because the hydro­
gen cannot be absorbed or desorbed unless the local conditions are such to 
permit that action. That is, as the hydrogen is absorbed into the metal, it 
generates heat that raises the temperature of the surrounding material if it 

3solid hydride/12% aluminum foam is a term used to describe a rigid, highly 
porous and permeable aluminum structure that has a controlled density of 
metal per unit volume (pores/inch). Density can be expresed on a percentage 
basis and, in this case, 12% density was used. Hydride powder is stored in 

he pores of alwninum structure forming a solid hydride and aluminum 
-onfiguration. 
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Figure 30. TUbular Hydride Heat Exchanger Configuration 

is not rapidly removed. This rise in temperature will locally affect the 
ability of the surrounding hydride to absorb or desorb hydrogen based on the 
van't Hoff curve. Therefore, in modeling a multi node representation of the 
tubular configurations, the heat term (.!_Q) associated with each node was 
different from the others because of the temperature differences. In the 
real world, the heat is not uniformly distributed and since the computer 
model can only simulate constant heat generation based on a value for the 
hydride heat of formation, discrepancies exist between the computer model of 
heat generation and actual circumstances. Because of these differences, tl 
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Fi.gure 31. 
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10 REM VALUE CALCULATIONS FOR HYDRIDE SOLID CYLINDER 
20 D 1 =55~:::1 
30 E1=0.0915 
40 D2=27'3. ~ 
50 E2=0. 1:373 
60 R1=0.47 
70 R2=0.5 
80 H=500 
90 A1=200 
tee A2=t.465:3 
110 Kl=R2+H/12 
120 K2=0.5*A1*CCR2+R1)/(R2-R1)) 
130 K3=3.5*A2 
140 K4=2.5i-A2 
150 K5=1.5*A2 
160 K6=0.5+A2 
171d C1=~::l 
180 i<l=DH·El/288 
190 ::<2=D2*E2/2:38 
200 C2=X1*<R2~2-R1~2) 
210 C3-X2¥~R1~2-(7*Rl/8)~2) 
220 C4=X2*CC7*Rl/8)t2-C5*Rl/8)~2) 
230 C5=X2*CC5*Rl/8)t2-C3*Rl/:3)~2) 
240 C6=X2*CC3*Rl/8)~2-CRl/8)~2) 
2:.1:l 1_.?=::<.:::~ ( R 1-'0) ·1'2 
260 PRINT "Kl="iKl 
270 PRINT "K2="iK2 
280 F'RIIH "K3="; K3 
290 PRINT "K4="iK4 
300 PRINT "K5="iK5 
310 PRINT "K6="iK6 
320 PRIIH 
3~A PRINT "Cl="iCl 
340 PRINT "C2="iC~ 
350 PRINT "C3="iC3 
360 PRIIH "C4="iC4 
370 PRlNI ··c~-'-"IC5 
380 PRINT "C6.,"iC6 
33~::1 PRitH "C7="jC7 
400 Et·m 

Sample OUtput of CHY 
(input to P315A) 

K 1 = 2~3. E::~:;3;3:3:~:;3:~: 
t<2= ::::2:3~:. 3::=:3:3:~:3 
K3= 5.12S55 
fA= 3. 66:~:25 
1<5= 2. 1 '37'~5 
f:.:to"' ~:::1. ?·:::265 

C1= 0 
c2= s. o:::4-:nE-o:::: 
C3= 6. :::9:::69E-03 
C4= 0. 011037'310 
C5= 7.:35:::61E-1;:i:;: 
C6= 3. 67930E -o::;: 
C7= 4. 5':J'3 1:3E-04 

01 == dtmsity ot ehe '·"·•f•per tut>e w"ll, ll:l/ft3 
E1 = specific heat of copper tube wall, btu/lb uF 

02 = equivalent density of internal solid, lb/ft3 
E2 "" equivalent specific heat of internal soJ.id, btu/lb 0 F' 
R1 ~ inner radius of tube wall, inches 
R4 "" outer radius of tube wall, inches 
H = external heat tranwfe·c coefficient:., btu./hr ft2 °F 
A 1 = thermal conductivity of the t1.1he waJ.)., btu/hr ft u f' 

A2 = equivalent thermal condutivity of the internal 
solid wall, btu/hr ft °F 

K1-K6 = conductance values, btu/hr ft °F 
C1-c7 = capacitance values, btu/°F 

Figure 32. Computer Program CHY 
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dal analysis was checked and correlated with experimental results. These 
results will be described later in this report. 

Figures 33 through 38 are plots of the tube center temperature versus time 
for the three configurations with and without heat generation. Tube diameters 
of 0.5 inch, 0.75 inch and 1.0 inch were used as parameters. Figure 39 is a 
summary plot which shows tube OD versus the time to achieve 90 percent of 
the heat exchange fluid temperature. A temperature differential of 38°C 
(100°F) was used in this computer model, therefore, 32°C (90°F) was the 90 
percent timing point. Because the temperature approached the limits asyptoti­
cally the heat transfer time was defined as that time required to achieve 90 
percent of the imposed differential. This is similar to the 90 percent 
risetime definition used in electronics. The internal rectangular fin con­
figuration demonstrated promise in terms of achieving a low cycle time (::::::60 
sec). 

The thermal mass ratio is an important parameter as it describes the ratio of 
the sensible heat of the hydride powder to the sensible heat of the entire 
tubular structure including the hydride. The goal is to minimize the 
sensible heat of the structure and achieve maximum hydride usefulness. 
Therefore, the optimum value o~ the thermal mass ratio for a zero mass heat 
exchanger is one. 

Table 7 lists the assumptions for sensible heat calculations. A sample 
calculation of sensible heat rate of energy output and thermal mass ratio 
for a one inch OD tube with eight internal rectangular copper fins is shown 
in Figure 40. Figures 41 through 43 are plots of thermal mass ratio versus 
time for the three configurations. These results show that the larger the 
tubular structure, the higher the thermal mass ratio and consequently, the 
higher the cycle time. Therefore, a trade-off must be made between the 
thermal mass ratio and the cycle time. Table 8 compares the three config­
urations in terms of cycle time and energy rate. 

The internal rectangular copper fin tube structure was chosen over the tubes 
containing aluminum foam for further study due to low cycle times and a good 
thermal mass ratio. Computer studies were conducted on this tubular config­
uration to vary the number of interr1al flns, tube wall thickness, fin thick­
ness and external heat transfer coefficient. Figures 44 through 46 are 
plots of thermal mass ratio versus time for various tube OD' s and either 
varying numbers of fins, tube wall thicknesses or fin thicknesses. Figure 
4 7 is a plot of the external heat transfer coefficient versus the time to 
achieve the 90 percent temperature for varying tube OD's. 

The results of the computer otudy pL·uv ided a guide for choosing the optimum 
tubular design. A nominal one inch OD copper tube with six internal fins, 
a wall thickness of 0. 065 inch ,:md a Li.n thickness of 0. 035 inch was chosen 
based on cycle time and thermal mass ratio characteristics and manufacturing 
considerations. Figure 48 outlines this design approach. It is envisioned 
that a central cylindrical filter could be used within the tube structure 
or an end-cap (radial) filter could be utilized at one end of the tube. 
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Table 7 

Assumptions in the Sensible Heat Calculations* 

hydride powder LaNi5 
~T 32°C (90°F) 
density of copper tube 550.0 lbm/ft3 
density of LaNi5 518.4 lbm/ft3 

density of aluminum foam 169.34 lbm/ft3 
density of filter material 339.0 lbm/ft 3 

density of hydrogen gas 0.0045 lbm/ft3 
specific heat of copper tube 0.0915 Btu/lbm°F 
specific heat of LaNis 0.107 Btu/lbm°F 
specific heat of aluminum foam 0.23 Btu/lbm°F 
specific heat of filter material 0.12 Btu/lbm°F 
specific heat of hydrogen gas 3.4 Btu/lbrn°F 
heat of formation of LaNis 60 Btu/lbm 
hydride packing factor 50% 
tube wall t.hlckness 0.030 inch 
tube length 1.0 foot 
external heat transfer coefficient 500 Btu/hr ft2op 

*English units are shown because -the computer model was 
set-up in that fashion. 
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VTUBE = 6.35 X 10-4tt3 

VFINS = 1.31 X 10-3tt3 

VLaNi5 = 2.41 X 10-3ft3 

Vgas = 1.09 X 10-3tt3 

VTOTAL = 5.14 x 10-3 ft3 

MTUBE = 0.35 Ibm 
MFINS = 0.72 Ibm 
MLaNi5 = 1.25 Ibm 
Mgas = 4.9 x 10-6 Ibm 

MTOTAL = 2.32 Ibm 

S.H. TUBE = 2.875 Btu 
S.H. FINS = 5.872 Btu 
S.H. LaNi5 = 12.029 Btu 
S.H. gao = 1.5 X 1n-3 Btu 

S.H. TOTAL = 20.777 Btu 
ASSUME l:i Hf for LaNi5 = 60 Btu 

lbrn 
l:i Ht = (1.25 Ibm) (60 Btu/Ibm) = 75.0 Btu 

90% TEMP EQUILIBRIUM TIME = 41 SEC. 

NET ENERGY RATE = (75·0 - 20·78) Btu = 2380.5 
(2)(41sec)( 1hr) 

3600 sec 

Btu 

hr 

Figure 40. Sample Calculatluu5 f<:ll? Gopper TlJhA Wi.th Eiqht Internal 
Rectangular Copper Fins (One-Inch OD) 

Experimental Heat Transfer Analysis 

A test rig was designed and built to study the heat transfer of the various 
tubular heat exchanger configurations. Figure 49 is a schematic of the 
ri9; Figures 50 and 51 are actual views of the rig. The primary goal of 
testing actual tubular components was to verify the computer results. The 
rig operated as a calorimelt!.L-Lype dovic'iil hy mAnsurinq the amount of heat 
released or absorbed by the tube under specified test conditions. 

Three r.nnfiqurations were tested: 

1. solid hydride/12% aluminum foam in a copper tUbe 

2. copper tube with aluminUm internal fin structure (an internally 
finned tube wit.h copper fins was not readily available) 

3. solid hydride/12% aluminum foam in a copper tube with longitudinal 
filter. 
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Table 8 

Compr~r.ison of the Three Hydride ·rube c:cnfigurationa 

configuration #1 ~ Configuration lt:2: Configuration #3: 

Hydrid~/1?..~ Foam With 

C:n 1 i (l Hvdr j,d~ Al Foam T~:.:::::e ___ +'T'-'ue:b::_e~W::>:::t:.:.h~· S::_,.:R:::":::"::::L•::.:'.:o'gl-"u~l:::.at,__,l~nc_::~!!:"Lo.:"':.:.'":.:.'_:c.Pi:_:n:::·''-+L"'oe!n!::q!.::i.>.tu=rl i_!l~ 1 .J::ll tet;' Tube 

1.00 in. 00 I 0.7J in• 00 0.50 in. 00 1.00 in. OD 0. 75 in. oo 1.00 !n. OD U. I'!> u1. \JIJ 

238 CyclE" TimP. (sec) I 
I 

48 02 30 310 232 114 
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u.oa o.li1 

Net Energy P:~t-P d 
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:::::::P. M:::t ~:::) 
'--------- -

' 

0. 50 

ij7U i %3 

:~~:_3 __ 1 __ ::: __ -
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SCALE 3:1 

OD- 1.125" ID- 0.995 " 
WALL THICKNESS- 0.065" 
NUMBER OF INTERNAL FINS - 6 
CYCLE TIME PER TUBE - 100.0 SECONDS 
THERMAL MASS RATIO- 0.572 

Figure 48. Optimum Tubular Design 

Testing consisted of loading the tubular configuration with a known amount 
of activated LaNi5 hydride. The tube was then connecteo to the test rig 
and a known amount of distilled water was placed in the calorimeter vessel. 
Heat energy was generated or absorbed by the hydride by absorbing or desorbing 
hydrogen gas. Temperature of the water versus time was measured to estimate 
the effect of the hydride-filled tube on the heat transfer media (water). 
The effectiveness of the three enhancement schemes on tubular design was 
then judged. 

Temperature versus time information produced from each tubular structure test 
in the calorimeter rig was compared to computer tests previously run. The 
first tests were based on temperature rise for sensible heat only, i.e., no 
absorption or desorption of hydrogen occurred. Figures 52 and 53 are 
experimental versus computer data plots for configurations #1 and #2 as 

ntioned aLu\l't=. (This data was not available for configuration #3.) The 
mputer model matched the actual data very closely. 
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In the second set of tests, hydrogen absorption occurred resulting in 
generation of heat. The temperaure of the water was recorded. This data was 
plotted against the computer simulated data modeling these tests conditions 
(Figs. 54 through 56). There were discrepancies between the plots -- the 
actual test rig data always showed higher temperatures for a given time than 
those predicted by the computer model. This was accounted for by the fact 
that the computer. model could only simulate constant heat generation based 
on a known value of the hydride heat of formation. In actuality, heat gener­
ation is not a constant value; it varies with temperature, time and other 
local conditions. 

Analysis of the data indicated that the computer results fell short of the 
experimental results in hydridng circQmstances. However, in the cases where 
no internal heat generation occurred, i.e., a t .P.mpP.r.ature rise based only on 
the sensible heat of the tubular component occurred, the data for the r:omp11tf" r 
and experimental tests matched very closely. Therefore, the goal of testing 
to verify the computer results was accomplished in the r:n~PS of no internal 
heat generation. It was not possible to realistically model a heat source 
as a function of hydriding kinetics. 

5.2.2 Compact Finned Tube Hydride Heat Exchanger 

Computer Model Studies 

A parametric study of a,n externally finned tube hydride hou.t excha.u':J~L Wdo 

conducted to determine concept feasibility and optimum design geometry. The 
basic heat exchanger model is a tube with annular fins. The working fluid 
flows through the tube and the hydride is packed between the fins. A sketch 
of a possible combination of such finned tubes is shown in Fiqure 57. The 
flul.Le element heat transfer analysis program, P315A, evaluated the effect 
of dimension changes on the performance of this system. A separate computer 
pro':J.t'am, TF1, was used to analyze each particular configuration initially. 
This program, listed in Appendix 5, calculated the volumes and specific 
heats of the hydride and finned tube materials and it also created data 
files for Use as inputs to P315A. Computer program TF1 prints out a list of 
the given inputs, assumed material properties, and calculated values for 
each case. A sample of this output is shown in Appendix 6. A sample of the 
finite element output from P315A is shown ;in Appen<'lix 7. 

Figure 58 shows the basic finite element model used in this analysis. 'T'hP 
left most node is in the fluid and the one to its right is in the tube wall. 
The upper and lower rows of remaining nodes are located within the fins. All 
other nodes are located within the hydride powder. In a preliminary analysis 
of this design approach, the time to reach 90 percent of t.hP. hPnt ~xchanger 
fluid temperature was calculated and plotted (Fig. 59) as a function of the 
fin thickness. 

This analysis neglected the effect of convection by setting the initial wall 
temperature equal to the fluid temperature. The information obtained fr 
this analysis was used to establish the range of fin and hydride thickne 
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Figure 57. Finned Tube Hydride Heat Exchanger Package 
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Figure 59. Time to Achieve Temperature for Eight Fin Thicknesses 
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combinations which minimized the cycle time. A similar analysis was perforn 
varying the fin length for a specific fin thickness (Fig. 60). 

This analysis was used to 
parameters were considered 

develop an initial system design. 
of major importance during this 

Two design 
development: 

1. Thermal Mass Ratio, TMR: the ratio of hydride sensible heat to 
total system sensible heat. 

2. Time, t: the time required to achieve 90 percent of the heat 
exchange fluid temperature. 

To evaluate the optimum design configuration, plots of TMR versus time were 
constructed for various geometry combinations (Figs. 61 and 62). This 
information was used to choose geometry combinations that provided relatively 
low cycle times with relatively high thermal mass ratios. Two combinations 
of fin and hydride thickness were chosen for more detailed analysis: 

1 • fin thickness 0.020, hydride thickness 0.150 

2. fin thickness 0.010, hydride thickness 0.05 

Analysis of these chosen fin/hydride thickness combinations continue~ by 
incorporating the heat transfer coefficient (H) at the inner tube wall into 
the finite element analysis. The effect of the convective heat transfer 
coefficient on cycle time is shown in Figure 63 for the two geometry combin­
ations described above and a fin length of 2 inches. The limits shown in 

:z 

::E 

LJ.J 
::E -
1-

l. 

6. 

5. 

4. 

3. 

2. 

1. 

0. 
0.00 0.05 0.10 

FIN LENGTH (IN.) 

.02" THICK FIN 90% L1T 

0.15 0.20 0.25 0.30 0.35 0.40 0.45 

HYDRIDE THICKNESS (IN.) 

Figure 60. Time to Achieve Temperature for Three Fin Thicknesses 
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Figure 62. Ratio of Sensible Heat Versus Cycle Time 

this figure represent the case of H =00. This data indicated that H should 
be greater than 500 Btu/hr ft2°F, and preferably around 1000 Btu/hr ft2°F. 
Using this latter value for H, the effect of tube diameter and fin length on 
cycle time were evaluated. A tube wall thickness of 0. 03 inch was assumed 
~r this analysis. This data is shown in Figures 64 and 65 for the two 
..,n/hydride thickness combinations chosen previously. Using this information, 
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Figure 65. Effect of Tube Diameter on Cycle Time for Various Fin Lengths 

an optimum design geometry was chosen based on practical manufacturing consid­
erations. This optimum geometry is: 

fin thickness 
hydride thickness 
fin length 
tube diameter 

0.020 inch 
0.150 inch 
0.250 inch 
0.250 inch 

The effect of an increase in tube wall thickness from 0.02 inch to 0.03 inch 
on cycle time was found to be of minor importance. A four percent increase 
in cycle time was calculated for this increase in the wall thickness. Thus, 
tube wall thickness will be dictated by strength and manufacturing consider­
ations. 

The effect of the convective heat transfer coefficient (H) was again evalu­
ated, this time for the specific geometry chosen for the optimum design. This 
information is shown in Figure 66. As previously observed, a value of H 
greater than 500 Btu/In· fL2 °F is c.lesirable. 

Using the optimum design geometry and a value of H equal to 1000 Btu/hr ft 2°F, 
the net energy transfer rate for the finned tube heat exchanger was evaluated. 
Assumptions for these calculations are shown in Table 9 and the actual calcu­
lations are shown in Figure 67. 
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0.020" 
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0.020" 

Figure 66. Effect of Convective Heat Transfer Coefficient on Cycle Time 

Experimental Verification of Compact Finned Tube Heat Exchangers 

A bench scale rnoqel of the finned tube hydride heat exchanger was constructed 
to experimentally evaluate the heat transfer characteristics of the finned 
tube design and compare them to the analytical predictions from finite element 
.:m.:tlyoio. 

A one foot length of helically wound finned tubing was obtained for this test. 
The fin material is 410 stainless steel, and the tube material is copper. The 
tube outer diameter is 0. 50 inch and the wall thickness is 0. 028 inch. The 
fin length is 0.25 inch and the fin thickness is 0.012 inch. 

This finned tube was instrumented with thermocouples to measure tube wall and 
fin temperatures. The tube was then placed inside a one inch ID clear plastic 
tuhP. and the voids between the fins were filled with inactive metal hydridE:! 
powder (LaNis>· The clear plastic tube was used so that complete filling of 
the fin spaces could be assured and vi!::!wed. Additional thermocouples were 
inserted through the clear plastic tube and into the metal hydride powder 
at different depths, and one thermocouple was attached to the outer surface 
of the clear plastic tube. Water temperature into and out of the model were 
measured. Figure 68 shows this test model and a picture of the finned tube. 

'rhe experimental model was plurnbeU. into a hot water supply (Fig. 69). A 
bypass loop allowed water to be circulated outside of the test section until 
it reached the desired temperature, whereupon it was diverted to flow throunh 
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Table 9 

Assumptions for Sensible Heat Calculations* 

Material Properties: 

density of copper (tubes and fins) 550 lbm/ft3 
density of hydride 518.4 lbm/ft3 
specific heat of copper (tubes and fins) 0.092 Btu/lbm°F 
specific heat of hydride 0.107 Btu/lbm°F 
conductivity of copper (tubes and fins) 200 Btu/hr ft2°F 
conductivity of hydride 0.30 Btu/hr ft2°F 
hydride heat of formation 60 Btu/lbm 
hydride packing factor 50% 

Physical Geometry: 

Tube diameter 0.25 inch 
Fin length 0.25 inch 
Hydride thickness 0.150 inch 
Tube wall 0.020 inch 
Fin Thickness 
Tube length 

0.020 inch 
12 inches 

Assumed Operating Conditions: 

~T 38°C (100°F) 
H 1000 Btu/hr ft2°F 
Water temperature 77°C (170°F) 
Initial hydride temperature 21°C (70°F) 

*English units are shown because the computer model was set up in 
that fashion. 

the test section. The test section was insulated to more accurately model 
the analytical design. 

Data was accumulated using a MACSYM II data acquisition system (see Fig. 70). 
Data was recorded from 14 thermocouples every five seconds. 

Results from the initial test of the finned tube model are Rhnwn in Figure 
71. Due to limildtions ot the water pump, the water flowrate (and thus the 
inner tube wall heat transfer coefficient) was less than desired. The 
resulting heat transfer coefficient was 200 Btu/hr ft2°F as opposed to the 
desired 1000 Btu/hr ft2 °F. 

An attempt was made to increase the heat transfer coefficient inside the tuhA 
'I pla.cing o'\ center body in Lltt: middle ot the tube. Unfortunately, this 
estriction result:ed in a lower water flowrate and actually dec-reased the heat 
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Calculated Parameters: 

Volume: 

Mass: 

Vcopper 
vhydride 

Mcopper 
Mhydride 

0.00042 ft 3 

0.00238 ft 3 

0. 234 lbm 
0.616 lbm 

Sensible Heat: SHcopper 

SHhydride 
SHtotal 

0.0216 Btu/°F 
0.0659 Btu/°F 
0.0875 Btu/°F 

Energy Release: Hf 60 Btu/lbm hyd x 
Energy Absorbed (from specific heat): HsH 

Cycle 'l'ime: t 1. 13 min. 

Mhydride 
SHtot T 

Net Energy Release: E 25 Btu/min 

E 1505 Btu/hr 

37 Btu 
8.75 Btu 

Figure 67. Sample Calculation for Finned Tube Hydride Heat Exchanger 

Figure 68. Finned Tube Test Section and Sample of Finned Tubing 
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Figure 69. Finned Tube Test Section With Insulation and Water Supply 

Figure 70. Data Acquisition System With Test Rig 
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Figure 71. Comparison of Experimental Temperature Rise With That 
Predicted Analytically for Bench Scale Model of Finned 
Tube Hyd1'1.de Heat Exdldw:Jer 

trancf9r rnpf'fir.ient. Results from this test arP. shown in Fli:Jure 72. The 
heat transfer coefficient in this test was 150 Btu/hr tt2

u l''-1, A ::;t:con.d 
attempt to improve the heat transfer coefficient was made by using tap water 
from a J aboratory sink. This provided an ade4uate flowrate to achiP.ve a 
heat transer coefficient of 1000 Btu/hr ft2°F, but lowered the water temper­
at-.nre to 47°C ( 116°F). Data from this test is shown in Fiqure 73. 

Initial inspection of this data indicated that Lhe experirnentc1l resul t-.s 
consistantly fell short of the analytical predictions (except perhaps for 
short time periods). The time requireu to achieve 90 percent of the temper­
ature difference between the initial temperature and the water temperature 
are consider~hly longer than predicted (from 50 to 125%). 

Fr om a different aspect, the actual temperature rise achieved in the preul~Led 
cycle time varied from 74 to 79 percent of the maximum possible temperature 
rise, as opposed to the desired 90 percent. Thus, the actual temper~ture rise 
in from 82 to RR percent of the desired temperature rise, for the predicted 
cycle time. 

4These values are different from previous published numbers due to correctior 
in the calculations. 
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This experimental data was not used as conclusive evidence of the ac b 
performance of the finned tube design since it was not possible to conduct 
tests with the desired combination of water flowrate and water temperature. 
The tests in which the desired water temperature was achieved had low flow­
rates and thus, low heat transfer coefficients (H). In this range, changes 
in H significantly affect the cycle time (see Fig. 66) and any error in the 
calculation of H is significant. 

Another source of error may have resulted from the braze layer between the 
fins and tube, which was not accounted for in the analytical model. It is 
also believed that better insulation around the finned tube model would 
improve the performance. 

5.3 COEFFICIENT OF PERFORMANCE ANALYSIS 

The metal hydride heat pump can be utilized for heating, cooling and t.E>.mp­
erature upgrading. Depending on the mode of operation, heat is absorbed 
and desorbed by the MHHP at high (TH), low (TL), and intermediate (TM) 
tomp'iilril.t1..1rA~ (FigR. 74 and 75). The coefficient of performance (COP) is 
useful in comparing the thermal efficiences of various MHHP heat transrer 
configurations. 

The input and output heat of the MHHP is a function of the heat of absorption/ 
desorption of the metal hydride powders and the sensible heat of th~ powder 
and heat exchangers in which the powder is located. The heat of absorption/ 
nP.Rnrption is determined from the hydriding reaction across the flat plateau 
region of the characteristic isotherms for each alloy. '!'fie published vdluea 
for the heat of absorption/desorption for a given alloy assumes that all of 
the hydride is absorbing and desorbing hydrogen and the full plateau width 
.i.s traver:se<l. In actual MHHP operation, a Srn.:\ll amount of the metal hydride 
will remain inat:tlve (nut absorbing hydrogQn) an~ tho? full plate~u width 
will not be utilized. Therefore, in computing the actual heat of absorption/ 
desorption of the metal hydride powders, the theo"retical value will be multi­
plied by a utilization factor derived from empirical results to adjust the 
heat of absorption/desorption to a more realistic value. In evaluating the 
sensible heat of the MHHP, the system boundaries are located at the outer 
surfaces of the heat exchanger containing the metal hydride. The method of 
applying heat to the unit can '1/ary substantially (i.e., hot water, direct 
gas flame), so the sensible heat of the outer systems will not initially be 
included. 

5.3.1 COP for Heating and Cooling 

'!'he heat pwup op~.t:atiort is idcntiaal for heating n:r r.nol i.ng cycles; only the 
temperature use is altered (Fig. 74). The refrigeration produced by hydride 
B at TL is used for cooling, while the heat output by hydrides A and B at TM 
is used for heating operations. The coefficient of performance of the MHHP 
for heating and cooling can be defined as: 
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Figure 74. Temperature Upgrade Operation 

Net Heat Input at TL 
COP cool 

Net Heat Input. at. Tn 

Net Heat Output at TM 
COPheat 

Net Heat Output at TH 

In the storage mode (Fig. 74a), hydride A is heated from TM to TH and desorbs 
hydrogen. Hydride B absorbs hydrogen and heats up from TL to TM. The net 
heat transferred to hydride A and B is:S 

Qnet(A, TH) 

Qnet(B, TM) 

H sensible heat 

Qdes{A) + SHA (TM - TH) 

Qabs{B) + SHB (TL - TM) 
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Figure 75. Heating and Cooling Operation 

where Qdes(A)• the heat of desorption of hydride A, has a negative value and 
the heat of absorption has a positive value. 

In the refrigeration mode (Fig. 74b), hydride A is cooled trom 'l'H to 'l'M and 
absorbs hydrogen. Hydride B desorbs hydrogen and is cooled from TM to TL. 
The net heat transferred to hydride n and B is: 

Q net.( A, TM) Qabs(A) + SHA (TH - T ) M 

Qnet(B, TL) Qdes(b) + SHB (TM - T ) L 

The COP equations for heating and cooling are: 

Qnet(B, TL) Qdes( B) + SHB (TM - TL) 

COP cool 
Qnet( A, Qdes(A) + SHA (TM - T ) 

TH) H 
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COPheat 

Qnet(B, TM) + Qnet (A, TM) 

Qnet(A, TH) 

Qabs(B) + SHs (TL - TM) + Qabs(A) + SHA (TH - TM) 

Qdes(A) + HA (TM - TH) 
s 

5.3.2 COP for Temperature Upgrade 

The desired product when the MHHP is used as a temperature upgrader, is the 
heat produced by hydride A at TH (Fig. 75). The coefficient of performance 
of the MHHP operating as a temperature upgrader is: 

Net Heat output at TH 
COPupgrade (U) 

Net Heat Input at TM 

In the storage mode (Fig. 75a) , hydride A desorbs hydrogen and is cooled 
from TH to TM, while hydride B absorbs hydrogen and is heated from TL to TM· 

Qnet(A, TM)U 

Qnet(B, TL)U 

Qdes(A) + SH (TH - TM) 

Qabs(B) + SH (TM - TL) 

In the upgrade 
from. TM to TH. 

mode (Fig. 75b), hydride A absorbs hydrogen and is heated 
absorbs hydrogen and is heated from TL to TM. 

Qnet( A, · T )U 
H 

Qnet(s,· TM)U 

Hydride B 

Q b ( ) + SH (TM a s A 

The COP equation for temperature upgrade is: 

COP upgrade 
Qnet(A, TM)U + Qnet(B, TM)U 

Qabs(A) + SH (TM - TH) 

The COP was calculated for the .optimum MHHP desi9n configurations (Table 10). 
several assumptions were made as the basis for the calculations. It was 
assumed that the hydride powder was 70 percent active and had a 57 percent 
packing factor. Temperatures assumed were TH = .177°C (350°F), TM = 93°C 
(200°F) and TL = 27°C (80°F) for temperature upgrade operation. The maximum 
theoretical COPupgrade is 0.55 (calculations in Appendix 8). This assumes no 
sensible heat gain or loss. The compact finned tube heat exchanger design 

!sul ted in a COP upgrade of 0. 42 whereas the optimum tubular design -- one 
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Table 10 

COP Values for Two MHHP Configurations 

COP 
Upgrade 

Compact. finned tube heat exchanger - 0.020 inch fin 
thickness, 0. 150 inch hydride thickness, 0.250 inch fin 
length, 0.250 inch tube diameter 0.42 

1 inch OD copper tube with six internal fins 
(optimum design as shown in Figure 48) 0.38 

inch OD copper tube with six internal fins -- had a COPupgrade of 0.38. This 
was an important consideration in finalizing the MHHP design. 

5.4 FILTER DESIGN STUDIES 

It is essential that the fine particles of the two hydrides do not intermix 
by traveling with the hydrogen gas as it cycles from bed to bed. A particle 
separator/retainer (or filter) in the hydrogen flow path is required to 
isolate each hydride bed. Studies indicate that a critical parameter in the 
MHHP performance is cycle time and, if the ~P across the filter is substan­
tial, the result is a iong cycle time. Theretore, a filt.er test riy wa:s 
fabricated to determine the pressure drop across various hydride powder/filter 
configurations. Previous filter testing had indicated that the ~p across a 
specific filter can vary substantially depending upon the orientalion of the 
filter in relation to the metal hydride powder. 

F;i,J,.ter tests performed by Solar in the past had concentrated upon particle 
containment, i.e., the .impact of the filter upon removal of hydride particles 
from the hydrogen flow. Many filter materials were tested with the result 
that one of the most effective filters was a sintered stainless steel filter. 
This filter is 0.035 inch thick and is rated at 2 microns. Further work in 
the current program focused on the optimum filtering scheme with regards to 
orientation and configuration. 

The filter test rig was constructed from a one inch diameter, six inch long 
copper tube with the sintered stainless steel filters at both ends (see Fig. 
7n). AU-tube manometer was used to determine the pressure drop across the 
powder/filter assembly. The assembly could be mounted in any position (i.e., 
horizontal, vertical) and any amount of hydride powder could be packed between 
the filters. The goal of this work was to develop a filtering scheme with 
the following parameters: 
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FILTERS 

Figure 76. Filter Test Rig 

1. Low pressure drop across the filter, less than 34.5 kPa (5 psi) 
(little restriction of hydrogen gas flow) 

2. Containment of the hydride powder (no migration of one hydride bed 
to the other through the filter) 

3. Long life (clog-free with time) 

4. Economical 

The six-inch copper tube with filters in place at both ends had pressure taps 
connected to u manom~L~L· to determine the pressure drop across the test 
assembly. Since the total ~P was the sum of the pressure drops due to both 
filters, and since the pressure drop for each filter was different depending 
on direction of flow, certain simplifying assumptions were made to determine 
consistently the L\P across the filter in a particular orientation. The 
first assumption was that only one filter was "working" at a time. It was 
assumed that when the flow tends to push the powder away from the fil t-.er 
Gurface, then that filter was not working as a filter and the ~P was constant 
through this filter regardless of orientation. This means that the ~P for 
the "working" filteL was the total pressure drop minus the pressure drop due 
to the flow through the "non-working" filter. 

The second assumption was that the presssure drop was inversely proportional 
to the surface area of the filter, i.e., doubling the area halved the pressure 
drop. In the data presented in Figures 77 through 79, the ~P is plotted as 

function of flow denGity (ACFM/fL/. - actual cubic teet per minute/square 
>ot of filter surface area) and the height of hydride powder in the copper 

tube. 
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Filter - VerticaJ Downward Flow 

A value for the required amount of filter surface area per pound of hydride 
powder could be detennined from the graphs. This method is outlined in 
Appendix 9 with an example. The example illustrates that for a 12,000 Btu/hr 
( 1 ton) capacity unit using 5 pounds of powder, the required filter surface 
area is 3.7 in2 of 18.5 in2 total. 

The tests on the sintered stainless steel filter showed that the best powder 
orientation for the flat filter in tenns of low pr~RRlJre drop was wlth no 
powdP.r in contact wlLh the tilter. A free-standing flat filter in any con­
figuration whether with horizontal or vertical, upward or downward flow was 
decided to be the optimum configuration. 

Another filter configuration was considered for the MHHP besides the sintered 
stainless steel filter. That filter is only available in sheet form and a 
tubular filter configuration was thought to be a poRsibility for LlH::! design. 
A tubular mcah filLeL· was tested. The filter was 4.28 inches long and 5/16 
inch OD and was rated at 40 microns. Figure 80 showR the fil tcr befure and 
after testing. The hy<h·lde powder had a tendency to cling to the filter and 
produce high pressure drops. Data is presented in Figures 81 through 83. 

The optimum orientation for the tubular filter was also the free-standing 
mode. However, the hydride heat exchanger designs using this filtering scheme 
call for the filter to be in close contact with the powder. This producec 

gh pressure dr.ops and clogging u£ the tilter with time. This is unaccep­
ble in the MHHP and was a consideration in the final design. 
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5. 5 CON'l'ROL SYSTEMS STUDY 

To do an effective job, the control unit for the MHHP must provide these 
capabilities: 

1. Maintain a set point temperature for a ~iven space. 

2. Establish a flow circulation path for heating and cooling fluids. 

3. Maintain rate of flow for heating and cooling flows. 

4. Optimize heating and cooling cycles for maximum efficiency· 

5. Display status and measured values on the system that indicates 
performance of the system (this will be limited on production 
system). 

6. Maintain surveillance of key system parameters. Check for out-of­
tolerance operation. If a condition exists which could produce 
harmful results take corrective action or effecL a gradual shutdown. 

These capabilities must be provi<1ed iu both the EDTU phasg an.:! i. n t.he EETU· 
phase. The distinction between the two phases is that more man-machine 
interface is required during EDTU development. A lower cost, concise config­
uration is required for the EETU phase. The EETU must include the following 
three additional capabilities: 

1. Cost improvement 

2. S1.ze reduct:.itJr• 

3. Enhanced reliability 

The general functions of the MHHP controller is discussed in this section. 
Then the preliminary design for the Phase III EETU controller is presented. 
The design for the Phase II EDTU is included in Chapter 6 - Final Design. 

5.5.1 Description of the MHHP Controller 

The controller for the MHHP ·will have to handle a set or inpuL and output 
tasks. The I/0 section supplies information to and transfers commands from 
the basic intellegence of the control. The following two sections expand on 
the I/O requirements and describe the configuration of the control hardware. 

Input/Output Requirements 

(a) The control unit will sample temperatures of heating fluids, coo 
ing fluids, heat exchanger surface temperatures and the enviro 
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ment under control. This is to be accomplished with thermocouples 
and a reference junction for the thermocouples. The flow rates of 
heating and cooling fluids will be sampled for control purposes. 
The operator's input will be received via a keyboard. 

(b) The control unit will control valve actuation sequences, fan acti­
vation, pump operation and transfer information to the operator via 
the display panel. 

General Configuration of Control Hardware 

The control hardware of the control unit can best be described by referring 
to the hardware block diagram (Fig. 84). The peripheral elements around 
the circuit card frame make up the interface and function as follows: 

(a) Fan Control Circuit. This circuit translates the logic level signal 
from the computer circuits to levels which can activate the motor 
starter on the fan. 

(b) Pump Control Circuit. This circuit translates the logic level sig­
nal from the computer circuits to levels which can activate the 
motor starter to the pumps. 

(c) Valve Control Circuit. This circuit translates the logic level 
signal from the computer circuits to levels which will activate 
the solenoid valves in the system. 

(d) Operator Control Panel (included with the Display Panel on the 
micro terminal). This is a keyboard device used by the operator 
to enter instructions to the computer circuits. 

(e) Power Supply #1 (P.S.#1). This supply provides DC power to the com­
puter circuits. 

(f) Power Supply #2 (P.S.#2). This supply provides DC power to trans­
ducer signal conditioning circuits. 

(g) Key Switch and Fuses. This circuitry provide the switched entry of 
117 volt AC power to energize the control unit. 

(h) Flow Measurement. This circuitry provides signal conditioning for 
flow measurement tranducers. 

(i) Thermocouple Reference Junction. This circuitry provides signal 
conditioning for thermocouple temperature measurements (see Fig. 
85). 

(j) Display Panel (included in micro terminal). This is a combination 
of alpha numeric display elements auqmented with a set of (light 
emitting diode) discrete lamps to keep the operator aware of the 
functioning of the computer circuits. 
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5.5.2 Description of Controls for the EETU 

TYPE K THERMOCOUPLES 

! ! l 
THERMOCOUPLE 
REFERENCE 
JUNCTION 

FLOW 
MEASURF· 
MENTS 

KEY 
SWI'Ii:;H 
& FUSES 

I l 
AC POWER 
CORD 

IN 

11--

....._ 
FLOW 
SIGNAL 
IN 

The controller for the EETU in Phase III will be optimized for the specific 
objectives. Expensive general purpose instrumentation will be avoided. 
Thus, alternate transducers must be selected and validated. The hardware 
effort will include continued investigation to def:i.ne specific transducer 
requirements. The taok. luc...:luue::; identifying cost effective . devices in 
compliance with the specific requirements. If required, additional software 
will be crP.ated to make use of potential cost effective transducers. 

The human/machine interface will become much more cont.:lot!· Th~:::Le will 110 

longer be a complex dialog lnhe:r:ent in an experimental system. The display 
will reduce in size and complexity. S.i.mvle uedicated switches will replace 
the general purpose keyboard approach. The control functions will be present 
but-also tailored to a more specific set of tasks and more finite operating 
ranges. 

5.5.3 Implementation of EETU Hardware 

The EETU (Phase III) control unit can be implemented utilizing a single chi 
microcomputer (Fig. 86). The microcomputer under consideration, a Mode_ 
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Figure 85. The SL1000 Ten-Channel Modular Reference Junction 

8022 manufactured by Intel Corp, includes an on-chip analog to digital conver­
ter. It includes a 8 Bit CPU, a 8 Bit analog to digital converter, a 2048 
byte read only memory, d 64 byte random access memory, ?.8 input-output lines, 

.nd a 8 bit event timer. The single chip device is a 40 pin dual-in-line 
onolithic integrated circuit. 
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The microcomputer, 2. 0 inches long, 0. 6 inches wide and 0. 2 inc he::; deep, 
needs to be mounted on a printed circuit hor~rc~, which will u.lso incluu~ 

some buffering, a crystal oscillator, and a power supply. The minimum size 
case to enclose this configuration is approximately 4. 5 inches high, 2-1/4 
inches deep and 2-1/4 inches wide (standard size for the housing of a 110 
volt duplex outlet box) (see Fig. 87). The remaining functional features 
are listed on the comaprison table (Tahle 11). 

S.6 ECONOMIC ANALYSIS 

An economic evaluation was determined for the MHHP. The primary cost item in 
the heat pump is the metal hydride powder. Industry spokesmen have stated 
that the cost should decrease significantly with increased demand for these 
alloys. Estimates for the cost of the candidate ABs hydrides -- LaNis and 
LaNi 4 • 5Alo.s -- are $10.00 per pound (1981$) in large quantities. 
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Figure 87. Phase III Control Chasis 

Cost comparisons for each MHHP optimum heat exchanger configuration were 
determined. These c:o!';ts were evaluated based on ti'ldLerial costs only. Assump­
tions based on manufacturer's estimates are as follows: 

copper 
filter 

$1.00 per lbm 
$0.81 per in2 

Costs for controls, packaging and lnbor were not included because these costs 
>uld only occur once for a unit of any size. 
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Table 11 

Functional Features 

Vendor 
CPU type 
Me mory 

RAM 
ROM 

Clo~k 

Feature 

Minimum Cycle Time 

Instruction Count 

Number of Keys on Keyboard 

Display 
Number of characters viewed 
Type of character 
Buffer space 
Lamps (discrete) 
Communication 

Analog I/0 
Number of channels in 
N1.1mher of channels out 
Dr. voltage ranqe 
Resolution 

Power Supply 
Hequirements 

Physical Size 

Phase III 
EETTJ 

Intel 
Intel 8022 

64 Bytes 
2K Bytes 
3. 0 MHs 

8.4 sec 

74 

6 

4 LCD 
Numeric 
None 
8 LCD 
Direct 

2 
u 
t-5. 5V to +2. 75V 
8 Bit 

+5 VDC 

0.5 A 

4.5" X 2.25" X 2.25" 

Table 12 summarizes the material costs, energy costs and cost per ton for the 
optimum MHHP ~onfigurations. The energy costs is uu a footage bacis. ThP 
energy cost is a ratio of the material cost to the net energy rate. A srunple 
calculation for the net energy rate was shown in Figure 40. 

Results showen that, although the net energy rate for the internally finned 
copper tube was higher than the compact finned tube heat exchanger configura­
tion, design considerations in the direction of the internally finned copper 
tube were discouraged due to the higher material and energy cost. 

Cost targets, as outlined in Section 4, for the MHHP range from $400-00 pf 
ton for a residential space heating unit to $800-1000 per ton for the indu: 
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Table 12 

Economic Evaluation of MHHP Heat Exchanger Configurations* 

Material Net Energy Energy Cost 
Cost Rate ( 1 o-3 $/ Cost Per Ton 

Configuration ($/ft) (Btu/hr) Btu/hr) ($/ton) 

Compact finned tube heat 6.39 1504 4.25 51 
exchanger - 0.020 inch 
fin thickness, 0.150 inch 
hydride thickness, 0.250 
inch fin length, 0.250 
inch tube diameter 

1 inch OD copper tube 15.22 2174 7.00 84 
with 6 internal fins 
(optimum design as 
shown in Figure 40) 

*Cost includes hydride and heat exchanger materials only. 

trial temperature upgrade unit. These costs served as a guideline during 
design engineering stage of MHHP development. 

5.7 OPTIMUM DESIGN FEATURES 

As a result of the two parallel hydride heat exchanger configuration studies, 
the features for two optimum designs were assembled. The design of the 
tubular confi ryuration is showu dgain in Figure 88. It is a copper tube with 
six internal longitudinal copper fins. The copper fins would be brazed to 
the tube wall with a high temperature braze alloy. A single tube was con­
structed (Fig. 89) to judge the ease of fabrication. One limitation was the 
length of tube which could be brazed at once, approximately three feet. 
This must be an important consideration for this design path. 

The design shown in Figure 88 involves a central cylindrical filter inserted 
in the tube. An alternate design is based on a single end cap (radial) filter 
at one end of rhe tube. This tubular design was based on an internal hydride 
pressure of approximately 2.4 MPa (350 psi) and an external water temperature 
and pressure of 177°C (350°F) and 1.0 MPa (150 psi) respectively. 

Packaging concepts for the finned tube heat exchanger were also investigated. 
An initial approach to this design is shown in Figure 90. This particular 

mcept consists of six finned tubes surrounding a central filter tube and 
1closed in a pressure vessel. This unit has overall dimensions of approxi-
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r ·igU!. e 00. Optimum 'T'nhnlar Configuration Design 

Figure 89. Tube Constructed With Six Copper Fins 

mately 15 inches in 
weigh about 10 lbm, 

length and 3 inches in diameter. 
contain 3. 7 lbm of hydride and 

It is estimated to 
supply 9,000 Btu/hr. 

'l'he desigu shown incorpori'lted one of the three methods for installing the 
filter. An alternate route would be to surround the entlLe finned tubP. 
structure in a wrap-around type annual filter. The third filtering design 
is to use an end-plate filter at the top of the pressure vessel. 

Table 13 is a comparison table between the two optimum designs. Based · 
the more favorable nwnbers for the compac·t externally finned hydride he. 
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Table 13 

Hydride Heat Exchanger Comparisons 

'I!he:m.:tl C·3lculaten Specific Filter Area cop• Comments 

Hent iMass C'jcle ':'ine Beat Rate Co)St Rertuired Temperatcre 
Exchanqer Confiquration Ratio (minutes I ( Btu/hr·lb Hvd) (~/Bou/hr) •( 1n2/btu/hr) Un Grace Advantages Disadvantaqes 

Externally Fir.ned Tuhe o·. 75 I 1.13 2,443 4.25 X 1 o-J 0.42 press~re vessel containment difficult to assure 
hydric'le powder fill iog 

a • central t.uhe filter : 0.006 minimiz-e-s wrtter inventory 

i I 
rtO •"1efinite room for 

b. annual hlter 

I 
0.060 moiJuli.r construction expansion 

I c. end plate filter 0.003 stanrl.arrl finned tube technology 

Internally Fi:1ned Tube 0.57 1.67 1,554 ;.o 10-3 ! 
0.38 tubular construct:.on difficult to braze fins X prove11 

io long lengths 

a. end cap filter 3.5 X 10-4 isolation of indivirlual -:.uhe:=; 
little control over 

b. central tube filter 
' 

0.004 easily scaled to larger wa-:er invP.ntory 

~ capacity 

i i 
se.'\ling problems 

*mnximum posEible = o.ss (actual calculaticns shown for COF in Ar.?endix 8~ 



.changer, the decision was made to utilize this design for the MHHP. Major 
design modifications were evaluated to facilitate manufacture and assembly 
of the finned tube unit. Problem areas considered were: 

1. ease of loading the hydride powder, 

2. minimizing seal areas and 

3. pressure vessel strength. 

Chapter 6 further outlines this final design. 
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6 
FINAL DESIGN OF THE EDTU 

The Final Design of the EDTU is outlined in this section. 
supported by calculations and layout drawings. 

6.1 GENERAL DESCRIPTION OF THE EDTU HEAT EXCHANGER MODULE 

The design is 

A detailed design of a proof-of-concept metal hydride heat pump was developed. 
This unit, the Engineering Development Test Uni·t (EDTU), was designed for 
maximum data accessibility and configuration flexibilty. It will operate 
strictly in a laboratory environment and will be subjected to a broad range 
of conditions. 

The main component of the EDTU is the hydride heat exchanger module. As a 
result of the extensive computer modelling and laboratory testing, the com­
pact externally finned hydride heat exchanger was selected for the EDTU 
design. Major design modifications occurred, however, since the initial 
design approach was shown in Figure 90. That initial approach went through 
many design iterations to solve the problems of loading the hydride powder, 
minimizing the seal areas and strengthening the pressure vessel. Also, the 
design incorporated a cylindrical filter which was found through the filter 
design studies to produce high pressure . drops when immersed in powder. 

The EDTU heat exchanger module (Fig. 91) was designed for maximum heat trans­
fer with a low thermal mass. It consists of 14 finned copper tubes in a 
staggered tube bundle arrangement. The hydride powder is stored in the 
annular spacing between the fins, and the heat transfer media, pressurized 
water, flows through the finned tubes. Pressurized water was chosen as the 
heat transfer media over other substances such as ethylene glycol because 
it has known properties, it's non-toxic and readily available. 

The copper tubes have a 0. 250 inch outside diameter and a 0. 030 inch wall 
thickness. The copper fins are brazed externally to the tube and are spaced 
0.150 inch apart. The fins are 0.020 inch thick and 0.250 inch wide. The 
f~nned length of the tube is one foot. 

The 14 finned copper tubes are divided evenly so that seven tubes function nR 

water inlets and o~ven tubes are water outlets. The flow path through the 
inlet and outlet tubes are connected by brazing an unfinned copper U-tUbe to 
each inlet and outlel tube for a total of seven connections. At the other 
end, two manifold configurations connect each set of seven tubes to the appro­
priate flow path. The manifold and flange configuration is machined to form 
the head assembly. This makes the flanged head and the tube bundle arrange-
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1t integral components. This entire configuration is then loaded into a 
cylindrical pressure vessel. 

The stainless steel vessel has a 6. 0 inch outside diameter and 0. 125 inch 
wall thickness (see Appendix 10 for pressure vessel stress calculations) • 
It was designed with a hemispherical cap welded on at one end and with a 
flanged head assembly connected by eight bolts at the other. 

A prime consideration in the EDTU design is the capability to open up the 
pressure vessel for inspection or component replacement. The flang~ on the 
pressure vessel satisfies this consideration. Alternate heat exchanger 
modules could also be inserted into the pressure vessel, if necessary, dur~ 

ing Phase II rebuilding. 

Solid insulation thermally isolates the tubes and the hydride particles from 
the high mass pressure vessel. The insulation to be used is a castable type 
which is molded externally to the pressure vessel and inserted with the tube 
bundle. A metal foil separator between the porous insulation and the hydride 
powder protects against powder migration into the insulation. 

A radial separator is located at the hemispherical end of •the vessel. Its 
purpose is to prevent the hydride powder from migrating from the finned tube 
section into the U-tube connections area. However, to prevent pressure 
buildup on one side of the separator, four "breathers" are machined into the 
0.375 inch thick separator. These "breathers" are essentially filters that 
allow the hydrogen gas to circulate freely without pressure buildup and 
prevent hydride particle migration. The filter material is sintered stain­
less steel. 

As well as functioning as "breathers", the filter material is also utilized 
in the hydrogen gas stream as the gas flows in and out of the pressure vessel. 
A filter is necessary so that the fine particles of the two hydrides do not 
intermix ·by traveling with the hydrogen gas. The filter in the EDTU heat 
exchanger module was designed with approximately 30 square inches of filter 
area which is sufficient area to allow the hydrogen gas to rapidly escape 
with a low pressure drop. The filter is ten inches long, 3 inches wide and 
0. 03S i nr.h thick. It run:::J pnrallel Lu the tube bUndle and is held in place 
by a stainless steel frame which is tack-welded to the pressure vessel wall. 

The heat exchanger module is designed to hold approximately eight and a half 
pounds of hydride powder. After the pressure vessel is fabricated and pres­
sure checked, the powder is loaded into the vessel through fill ports with 
pressure plugs located on each side of the vessel (Figs. 91, View D). The 
ports are ctaggcrcd along Lhl::! vessel wall, three on one side and two on the 
other. This allows for equal and uniform filling of the hydride powder into 
the vn.i.ils between the fino. No weld.int,l ur processing other than replacing 
the pressure plugs is required. One plug is utilized as a rupt1rre disc as a 
safety precaution against over-pressure. 

The EDTU consists of four of these pressure vessel units connected as two 
out-of-phase pairs. In each pair, one vessel will contain LaNi5 packed 
"'":"ound the 14 finned r.oppP.r tubes; while the second vessel will contain 

LNi 4 •5 Alo.s in a similar configuration. The hydrogen path is located at 
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thP. top of the horizontal vessel. The 1. 0 inch OD tube hydrogen path 
short and free of valves and allows uninterrupted hydrogen flow. 

Specifications are shown in Table 14. 

Table 14 

EDTU SPECIFICATIONS 
(Based on Two Pressure Vessel Pairs) 

17 lbs LaNis (8.5 lbs/vessel) 

17 lbs LaNi4 • 5 Alo.s (8.5 lbs/vessel) 

40,000 Btu/hr upgraden heat@ 176°C (350°F) 

Calculated COP = 0.42 

Predic-ted Cyol~ Tim,. nR RP.r:onds 

Weight 200 lbs (~50 lbs/vessel) 

6.2 EDTU SYSTEM OPERATION 

The EDTU is designed for continuous output. Continuous output requires dual 
pressure vess~l pain; awl a.I:JJ:Jl.'Opriatc controlc to 9:wtr~hl i Rh 180 degrees out 
of phase operation. This a 11 ows that d. t all time a one pair is:; ch<~.:rgi ng 
while the other is rejecting heat. Tlt.i.s Lype of opcratluu ia; •:-c.ntrnll r.ci by 
a series of valving operations and three water flow paths (Fig. 92). 

The EDT.U temperature upgrade system operates as follows. (Hydride A 1 and 
A2 in Figure 92 is LaNis aml Hydride D1 u.nd B2 is LaNi 4 •5 Al 0 •5 .) warm water 
at TM is circulated through hydride B 1 wh.i..ch allows D 1 to desorb hynrngen 
at P1 while absorbing heat from the water. Hydride A1, the hydrogen-depleted 
culd side alloy I is exposed to the heat sink 'l'L which allows it to u.b:::;orb 
the hydrogen at P4 (P 1 > P4 ). This is the charge half of t.he cycle. 

At the same time, hyd:cide A2 is ekput:H:l\1 l•.:o TM whi r.h illlows A2 to nP.snrh 
hydrogen at P3 while absorbing thermal energy fL·um Lhe medium temperature 
source. Because hydride A2 is at a higher pressure, the hydrogen flows to 
the vessel containing hydride B2 which absorbs the hydrogen giving off a high 
temperature heat. 

After a certain amount of time (half of the cycle time) the water paths switch 
and hydrides A2 and B2 become the charging pair and hydrides A1 and B1 produce 
the upgraded heat (TH). 
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The actual test facility contains, in the low temperature loop (TL), 
chiller heat exchanger in combination with a water heater to provide the 
sink conditions for performance testing. The medium temperature loop (TM) 
is used by two vessels at all times, therefore, reject water from the vessels 
will either be at a higher or lower output temperature than TM. Depending 
on the temperature of the water, it will either be chilled or heated by a 
parallel combination of a water heater and a heat exchanger. The upgraded 
waste heat (TH) will be rejected into a heat exchanger depending on the 
characteristics of the flow. 

A list of all the system components is shown in Table 15. Pump sizing studies 
consisting of mass flow rate and pressure drop calculations are shown in 
Appendix 11 • 

6.3 EDTU CONTROLS SYSTEM 

6.3.1 Criteria for Selecting Hardware 

Two basic decisions were made concerning control hardware for the EDTU in 
Phase II. The first decision was to use programmable hardware that utilizes 
a relatively high level programming language. This allows faster, more 
accurate coding with full documentation. The second decision was to use 
fully assembled circuit boards and other electronic units wherever possible. 
Several reasons are evident for the use of vendor supplied, standard hardware 
sets: 

Co,st- WhP.n buildinq one unit, such as the EDTTJ, one cannot i\.JSt.ify 
t.hP. high r.oRt. of printP.d circuit layout, production and debugging. 
'T'hP. unit.R on t .hP. mnrkP.t. i1rP. fnlly i1r.r.P.pt.nhlP. for t .hP. MHHP. 'T'hP. 
only drawback of those units is the general nature oE standard 
unit.s whjch usually g i ve the user more cnpahilit.ies 
package than one would require in a custom package. 
standard units is considerably less than custom units. 

in i'l 1 n.rgP.r 
The cost of 

Reliability - Factory produced units have been subjected to exten­
sive engineering evaluation and test to ensure high reliability for 
various appl icat. :i ons. 

Factory Tested Each factory assembled board is subiected to a 
complex "exercise" routine before it is shipped. This relieves the 
MHHP program of this task. 

Time- Delivery is typically off-the-shelf. The EDTU design could 
tu.ke 6 mont!hs to fully implement. The unique softwu.re required for 
the MHHP will be developed in the interim. 
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Nwnber 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
26 

Table 15 

EDTU System Components 

Item 

Pumps (capacity: 10 gpm, see Appendix 11) 
Flowmeters 
Check valves 
3-way solenoid valves 
2-way solenoid valves 
Metering valves 
Relief valves 
Condenser/heat exchanger 
water heater for medium temperature'loop 
Heat exchanger for medium temperature loop 
Storage tanks (10 gallon capacity 
Chiller heat exchanger 
Water heater for low temperature loop 
Thermocouples 
Pressure transducers 
Water filters 
3/4 inch OD copper tubing 
1/4 inch OD copper tubing 
Filter material (1 sheet) 
Pressure vessels (includes cylinder body, hemi-
spherical end, flange, connections) 

LaNi 5 hydride powder 
LaNi4 • 5 Al 0 •5 hydride powder 
Insulation 
Hydrogen gas 
Controls 
Miscellaneous hardware 

6.3.2 Comparison of Two Candidate Hardware Sets 

Quantity 

3 
4 

16 
2 

23 
8 
4 
1 
1 
1 
2 
1 
1 
6 
6 
3 

100 ft 
60 ft 

150 in2 

4 

20 lbs 
20 lbs 

--
5 bottles 

--
--

The two prime candidates were the "Multi Bus'"" microprocessor from Intel Corp. 
and the "Standard Bus" microprocessor from Prolog Corp. The major distinc­
tions between these two candidates exist at the hardware level. They are 
generally equivalent at the software level. Both systems are supported by 
more than one vendor. 

Alternate 1: Prolog "Standard Bus" 

The Prolog card set is implemented on a 4.5 by 6.5 inch printed circuit board. 
he card format subdivides the hardware in the following manner: 
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(a) Microprocessor (8085), 4K RnM and 8K ROM earn 

(b) DAC 16 line output card 

(c) Keyboard and display card 

(d) Analog I/O card 

(e) Discrete input/output card 

The above group of cards are mounted in a card cage. The card cage has edge 
board connectors and a prewired bus structure (STD BUS). The card cage needed 
for this application has nominal dimension of 6 inches high, 6 inches deep 
and 8 inches wide. There is a power supply of similar dimensions required t.o 
complete electronic hardware. The minimum size case to enclose this config­
uration is approximately 9 inches high, 9 inches deep and 18 inches wide. 

ThtS keyhnrtrn and display t:ard provides a light emitting diode alpha/numeric 
display section. It can display 64 different ASCII encoded characters Hl 

each of the eight display positions. Directly below the 8 window alpha/ 
numeric display are eight status lamps available for additional information 
display. The keyboard section of thi:s card i~ made up of a 5 by '5 pnshhnt.ton 
matrix. This matrix includes a standard hexidecimal keyboard and nine addi­
tional user defined keys. This card would not be mounted in the card cage. 
It would be mounted directly to the back side of the front panel with access 
holes for the display and keyboard. 

The remaining functional features of Alternate 1 are listed on the comparison 
table ('I' able 16) • 

Alternate 2: Intel "Multi Bus'"" 

The Intel "Multi Bus'"" card set is implemented on 6.75 by 8.0 inch printed 
circuit card. The card format subdivides the hardware in the following 
manner. 

(a) Microprocessor (!::!080) 4 K RAM, auJ f3K ROM card with '18 l/0 lin~::; 

and serial I/O (Fig. 93). 

(b) Keyboard and display panel (not a card) (Fig. 94). 

(c) Analog I/O card {Fig. ~S) 

The above group of cards (except b) are mounted in a card cage. The card 
cage has edge board connectors and a pre wired bus structure ("Multi Bus'"") • 
Th"' r.r~rn c:age needed for this application has nominal dimensions of 8. 5 
inches high, 3.5 inches deep and 14.25 inches wide. This group of cards 
needs in addition a power supply with nominal dimensions of 5-1/4 inches 
high, 2-1/4 inches deep, and 9 inches wide. The minimum size case to 
enclose this configuration is approximately 11 inches high, 9 inches deeJ 
and 16 inches wide (Fig. 96 for chassis design). 
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Table 16 

Functional Features Comparison 

Phase II EDTU 

Feature Requirement 
r------------------+---- Alternate 1 Alternate 2 

Vendor Pro log Intel 

CPU type Programmable using Intel 8085 
PLM (;umpller 

Intel 80RO 

Memory 
RAM 
ROM 

200-400 Bytes 4K Bytes 4K Bytes 
8K Bytes 2-4K Byte 8K Bytes 

Clock 1 MHz or greater 6.1 MHz 2.04 MHz 

Minimum Cycle Time 5 sec 

Instruction Count 70-80 

Number of Keys on Keyboard 19 or more 

Display 
Number of characters viewed 10-12 
Type of character 40 ASCII Codes 
Buffer space 48 characters 
Lamps (discrete) 4 LEOS 
Communication 

Analog I/O 
Number of channels in 
Number of channels out 
DC voltage range 
Resolnt-. i.on 

Power Supply 
Requirements 

Physical Size 
Card cage 
Power supply 
Display 

Convient. 

12 
2 
5 volts 
8 bits 

Single preferred 

Less than 3 cubic 
feet 

1.3 sec 

111 

25 

8 (LED) 
64 ASCII Codes 
8 characters 
8 LED 

BUS 

1. 95 SP.C: 

111 

42 

16 (LED) 
64 ASCII Codes 
80 characters 
6 LED 
RS232 

16 16 
2 2 
+10 v or ~5 v + 10 v or +5 v 
10 bits 12 bits 

+5 VDC +5 VDC -SVDC +12 +12 
4.25 A 5.8A .1A .2A .2A 

6" X 6" X 8" 3.5" X 8.5" X 14.25" 
6" X 6" X 8" 2.25" X 5.25" X 9" 
4.5'' X 6.5'' X 0.75'' 0.6'' X 4.5'' X 8.5'' 

The keyboard and display for t.hi s !'\lternativc is a mi(;.L·u-terminal that inter­
faces to the CPU via a serial I/O port (see Fig. 97). It has a 16 position 
alpha/numeric display. It has four 80 character buffers. Two of these 
buffers hold messages entered via the 42 key keyboard and two hold messages 
received from the CPU. The unit has a resident programmable memory section 
that translates any of the 14 function keys into 80 character messages. A 
message received from the CPU can be more than 16 characters (up to 80) and 
still be human readable by using the "Banner Display" mode. This will cir­
culate the longer message into the right side of the display and push it out 
the left side at a rate rP.r~c'l.;~ble by humano. The k.ey:Uuard has 4:-! pushbuttons 
in a 6 by 7 matrix. It includes a full alpha character set, a numeric zone 
and 16 special function keys. It has six status lamps, four of the lamps 
are dedicated to keyboard definition and two are user defined. This unit is 
designed to mount on the surface of the front panel. It communicates through 
~ two wire pair to the serial I/O port of the microprocessor card. 
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The remaining functior'l.al :featu.LL:S for Altc:r.nat~ ?. i'lrP. listed on the comparison 
table (Table 16). 

6.3.3 Results of Comparison 

The EDTU prototype control unl L will be built \.lt i 1 i ?.i ng th~ Intel 11 Mul ti 
Bus'"" and catalog circuits compatible to that bus system. The decision was 
primarily based on the evaluation that a better (more suitable) man/machine 
communication would result when a micro-terminal is used for the display panel 
and operator control panel. The alternate a~~.LOdch burdcnc the opP.rn~or with 
considerable cum~uler coded typ~ ll\wli.:»~'J.-!"1• Both alt~;>rni'lt.ives ~rovide equiva­
lent computing capabilities, analog lu.!:Jut-output, cize anr1 wP.ight. 

6.4 LABORATORY LAYOUT 

Figure 98 
the Heat 

shows where each major 
Recovery Laboratory at 

component of the EDTU will 
Solar's Research Facilities 
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Figure 94. Microterminal Block Diagram 

California. A free-standing table centrally located in the Lab will have a 
plywood board mounted vertically on one long side of the table. Since 
the hydride heat exchanger vessels are so compact all fuur will be mounted 
with the flanged end of the vessel connected to the front of the board 
(Fig. 99). This allows for easy fabrication, monitoring, demonstration and 
component replacement. 

The pumps and plumbing connections will be located behind the table. The 
water storage tanks and the water heaters will be situated beneath the table 
to minimize the plurnbinq connec:t.iona and the waLt!L' inventory. The chiller 
heat exchanger and condenser/heat exchanger will be installed outside the 
rooom. All water tubing was designed to be .J.s short i:I.S possible to minimize 
the water inventory and the possible heat losses. A control unit which is 
used to monitor and control peripheral component operation is placed on the 
table. A data logger will enable continuous performance data acquisition. 
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6.5 DESIGN ISSUES 

The EDTU de~ign addresses many of the issues that affect the success of the 
MHHP. These issues are heat transfer, particle cunlainment, particle expan­
sion and safety. 

Heat Transfer ----.. --=;;;..;;;..= 
The design of the EDTU contains the most advanced hydr:ide heat 
exchanger technology. Extensive computer modelling and laboratory 
testing have shown that the externally finned copper tube bundle 
arrangement provides the maximum heat transfer and the low thermal 
mass necessary for superior performance. 

Particle Containment 

The EDTU design incorporates the stainless st.eel filter to contain 
the hydri ne particles in the pressure vessel. This filter was 
found through testing to be adequate in not only rejecting hydri.ne 
particles form the hydrogen gas stream, but, it also allows the gas 
to transfer between vessels with a low pressure drop. Thus, th<> 
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Figure 96. Phase II EDTU Control Chassis 

amount of hydride powder necessary to release the required amount 
of hydrogen gas is minimized, thereby minimizing the cost. 

The design also allows for a large filter surface area. The hydro­
gen gas can then transfer rapidly from one vessel to another. 
This aids in the reduction of the cycle time. 
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Figure 99. Isometric View of EDTU 

Particle Expansion 

Particle expansion is a critical parameter because it can cause a 
large internal l'.cessure which in turn mr~y 1 P.i'ln to rupture of the 
container. The E~ru design resolves this problem by providing for 
expansion by allowing the fins to be thin enough (0.015 in.) that 
when expansion occurs, it will be absorbed by the flexible fins. 

Safety 

Included in the 
provide safety. 

EDTU design are many prer.autions necessary to 
The major concern is with the leakage of hydrogen 

gas. In the pressure vcoocl design, all. sP.al areas are reinforced 
with welded or brazed joints. X-ray analysis of all welds and 
brazed connections will be performed to find any cracks or fissures 
which might allow hydrogen leakage or cause a stress situation 
through which rupture may occur. Rupture discs and relief valves 
are incorporated in the pressure vessels and the laboratory facil­
ity. A hydrogen det.P.r.tion/alarm device is also installed in the 
laboratory to warn of any existence of a dangerous situation, thus 
allowing action to be taken to avoid harm. 
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7 
CONCLUSIONS AND RECOMMENDATIONS 

Phase one of a three phase development project to advance the state-of-the-art 
of metal hydride/chemical heat pumps has been successfully completed. After 
extensive computer modelling and laboratory testing, program engineers have 
produced a design for a laboratory verification model of an industrial temper­
ature upgradery. The selection of the temperature upgrader was based on 
an extensive market study conducted during this Phase. 

The project team, consisting of Southern California Gas Company, Solar Tur­
bines, Inc., and Booz Allen & Hamilton, Inc., had individual responsibilities 
during the execution of this work. SoCal, the prime contractor, managed the 
program and supplied valuable utility/user information. Booz Allen, having 
extensive experience in the heat recovery market, conducted the national 
market study. Solar advanced the technology of the MHHP in its Research 
Laboratories. 

The primary results of Phase I are: 

A conceptual design was delineated. 

Several markets with substantial volume exist for the MHHP. The 
prime areas are in residential space conditioning, industrial heat 
recovery and upgrading, and in transportation space conditioning. 

One target application, industrial temperature upgrading, was 
selected from 14 candidates by a forced ranking procedure. 

Cost targets have been established and initial indications show a 
good possibility of meeting them with a reasonable amount of R&D. 

Heat transfer has been markedly improved for the MHHP through com­
puter modelling and laboratory testing. 

A unique design for the MHHP with low thermal mass and high heat 
transfer has been completed. 

No previously unknown problem areas have arisen. 

All reporting requirements have been met. 

The program has been completed within the original budget. 

The primary conclusions are (1) there is a market need for an MHHP especially 
as a temperature upgrader, (2) the MHHP technology, while still not completely 
resolved, has been advanced greatly, and ( 3) there is no reason, technical 
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or market related, to be less enthusiastic about the MHHP now. than at tl 
beginning of Phase I. 

These conclusions lead to the primary recommendation to continue the project 
into Phase II as originally planned (Fig. 100). In that schedule, the team 
would gain the greatest operating experience by building a 40,000 Btu/hour 
temperature upgrader that operates in a continuous mode. 

The mid-phase rebuild of Phase II would allow the problems encountered in 
the early tests to be resolved before the second set of tests proceeded. 
At the conclusion of Phase II the team would prepare an EETU design for 
Phase III. 

During the course of any effort, alternate means develop to accomplish the 
same objective. Because of those alternates and the constraints of limited 
budgets, an alternate recommended plan is presented, Phase II - Alternate 
Plan. In this optional plan, gr.P.~ter. emphasis is placed on technology 
development arid the concomitant reduction of risk in the MHHP components. 
Phase II - Alternate Plan (Fig. 101) begins with subscale testing of the 
components of the original EDTU design. In that task engineers will experi­
mentally evaluate the 14 tube heat exchanger, operate small amounts of the 
two hydrides in an actual upgrade cycle and optimize the water inventory 
system before a large commitment is made to hardware and test loops. These 
three endeavors should expose ~my weakness in the EDTU design that might 
exist. 

In the second task of the alternate plan, the final design EDTU of Phase I 
would be updated using the data and experience of Task 1. That revised 
design, an alternate EDTU, would be fabricated. To gain flexibility and 
reduce expenditures, a 20,000 Btu/hour, noncontinuous unit would be built. 
This change is easily achieved by fabricating two heat exchanger modules 
instead of the four needed for the lar9er unit. Facility ann nata acquisition 
costs are also reduced. The fabricated unit once installed in a test facility 
would be subjected to a series of tests similar to those envisioned in the 
original Phase II plan. 

In the Phase II - Alternate Plan, the reporting will be minimized by elimin­
ating one major report and combining others. The Phase III design task will 
be reduced to a design recommendation task. A savings will accrue by reducing 
the program management and support functions of SoCal. Program support 
for site selection and other pre-commercialization test functions will be 
eliminated. 

The team members feel that both program plans will have positive results and 
will advance the MHHP technology. The original plan emphasizes the system 
while the alternate plan emphasizes the high technology risk areas. The 
alternate plan, while less costly would require a total replanning of 
Phase III. 

In summary, Phase I has resulted in the advancement of MHHP market and tech­
nology knowledge. No problems are evident that would prohibit the progress 
of this concept. 
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Phase II Test Report 
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Performance Analysis 300 
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Phase II Design Report ~7 
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Semiannual Report 

Figure 100. Phase II Milestone Chart 
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.e MHHP offers a unique opportunity to advance a truly new heat pump concept. 
This concept is one of few that operates at temperatures below 100°C where 
significant waste (unused) heat is available and provides outputs near 180°C 
where heat is needed. The MHHP team recommends that BNL accept one of the two 
plans suggested to continue this work into Phase II. 
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APPENDIX 1 

HYDRIDE ALLOY LITERATURE REVIEW AND REFERENCES 



ALLOY \"an't Hc•ff Specific Thermal Plateau Hysteresis H/M Cormninution Long Term A iT Poisoning Safety Chemical 
Relationship Heat Conductivity Shape Degradation Stability 

1. 1, 3,4,~, 7, 1. 3, 24 3 3,4,5,6,7, 1, 3,4, 21, 1, 3,4. 5,6 4 26,30 1,4. 5. 7. 25, 3< 

Laf\i 5 
10,14,15,21. 12,21.27, 28,31,32 7,12,21, 14,15, 24,27. 
27,31,"2 31, 32 27. 31, 32 28 

-···-·-·----
I 2. 

I 
31 31 31 

LaKi5.67 
I I 

3. I i 
LaNill. 5 I 

31 31 31 i 

i 
4. : l 

I 
8 

j 
8 8 8 

I 
LaCu5 

I 

5. i i ! 
Lac;o5 

7,20 6. 7. 20 6, 7. 20 7 I 
I 

6. 

31 31 31 
r.ao.91Mgo.19Ni5 

7. 
3: 31 31 

La0 . 8ca0 . 2Ni 5 

8. I 

r.a 0 . 6ca0 . 4Ni 5 -3 8 8 8 i 
9. I 31 31 31 
r.ao.8sro.2Ni5 l 
10. 

I Lao. 8Yo. 2Ni5 7 7 

11. 

La0.8Zr0.2Ni5 7 7 

12. 

r.ao.8Bao.2Ni5 31 31 31 
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·-
13. 

La0 _9ce0 _1Ni 5 
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14. 

Lao.8Ceo.2Ni5 
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I 
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15. i 
Lao. 7ce0 . 3Ni 5 I 

28 28 28 <8 

16. I 
... 

Lao.6Ceo.4Ni5 i 28 28 28 28 I 
i I 

17. i 
I I 
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18. i ! 
Lao. 4ceo. 6Ni 5 2E 
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I 

I 
19. 
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Lao. aN do. 2Ni 5 7 7 

20. ! 
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7 7 i 
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21. I 

Lao.eEro.2Ni5 7 7 ! 
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22. 1 Lao.eTho.2Nis 7 7 
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LaNi 4 . gAle .l 
21,31 21, "! 21.31 21,31 21 

24. 
10 10 LaNi 4 . gAle. 2 
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Relationship Heat Conductivity Shape Degradation Stability 
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25. 

LaNi4. 75Alo. 25 21 21,30 21.30 21,30 21 30 

2&. 

LaNi 4 . 7Alo. J l -
I 

1 1 1 1 

I 

27. 

La~i4 .GAlo.4 9, 10 9 9 9 9,10 

28-. 

La-'li 4 _5Alo.s 9, 21 9,21 9, 21 9, 21 9,21 

29·. 

La~i 4 . 3Alo. 7 31 31 31 

30. 

La:<i4. 2sA1o. 75 
21 21 21 21 21 

31. 

La:<i 4 . oAll. 0 
10,21 21 21 21 10,21 

32. 

La:<i 3 . sA11 . 5 10 10 I 
3~. 

I Laui 4 . 0cq. 0 7 7 

34 

Lao.9sNisMno.os 12 12 

35 

La~i4. 95Mno. os 12 12 

36 
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37. 

LaNi 4 . 7Mno. 3 1< 12 

38. 
LaNi 4 . 6Mno. 4 12 1< 12 12 

I 
39. -
LaNi 4 _5Mno.63 12 12 

40. 

LaNi4 _0Fel.o 7 7 

41. 
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44. 

LaNi 4 _0col.O ' 7 7 I ' 
45. 

LaNi3. 75col. 25 ; 6 6 
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0
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LaNi 2 . 5co 2 . 5 6 6 
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l ALLOY Van' t Hoff Specific 'Chermal Plateau Hysteresis H/M Comminution Long Term A~ Poisoning Safety Chemical 
Relationship Heat Conductivity Shape Degradation Stability 
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49. : 

LaNil. 5co 3 . S 6 6 

so. 

LaNil. 0co4 . 0 6 6 

I 
51. 

LaNi 4 . 9cu0 _1 30 30 30 30 3J 

52. 

LaNi 4 . 0cul. O 7 i 

53. 

LaNi 4 . sPcto. 5 31 31 31 

54. 
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5'". I 
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58. 
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59. 
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62. 

smeo 5 5 5, 31 31 5, 31 5 

I l I 
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65. 
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66. 
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67. I 
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68. 

MmNi5.06 18 18 

69. 

MmNi5.17 18 18 18 

70. 
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17 17 15,16,17 
11 

71. 
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72. 
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GENERAL THEORY OF COMPUTER PROGRAM P315A 
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- .. TRODUCTION 

The solution of transient and steady state heat transfer problems presents an 
overwhelming task when attempted by manual methods. Computer program P315A 

was prepared by Solar Turbine Incorporated to aid the engineer in this time 
consuming problem. 

It considers the fundamental modes of heat transfer: conduction, convect.ion, 
and radiation. Heat transfer between moving fluids and solid surface {follower 
nodes technique) , heat sources and internal heat generation as well as natural 
convection can be easily accounted for with P315A. Problems involving change 
of phase are not considered. 

The structure under investigation is split into N finite volume elements with 
the thermal balance being written down for very one of them. Let Vi be the 
volume of element i with a temperature Ti, Aij its interface with the next 
element j at temperatures Tj. In case of no heat generation or no heat 
source, the thermal balance of element i is written: 

wher~ij (ft) 

k .. 
J.) btu 

A·. 
1] 

~Ti 
Pi ci vi ~t 

the distance between the centers of elements i and j 

element i; volume v. {ft3 ) 
].· 

temperature Ti {°F) 

is the material thermal conductivity 
hr ft-F 

btu 
lh °F 

is the material density 

is the material specific heat 

n is the number of nodes such as j connected to i 

t {hr) is the time 

In this way, a system of N difference equations is delivered, the unknowns 
!ing the temperatures of the N individual elements. 
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The P315A program solves these N transient heat transfer nodal equations. 

k .. 
~] 

A .. 
....21. 
~X·. 

~] 

{btu/hr °F) be called the thermal conductance between 

nodes i and j and 

( 
~ 

PiCiVi {btu/°F) be called the thermal capacitance of node i 

Equation {1) becomes 

K · · {T · - T · ) 
~] J ~ 

Solving {2): 

T. { t + ~t) 
J. 

r· ....., K .. T. 
n ~J J 

{ t) 
- r. L. K .. 'I 

~ n ~ 

[ 

.illi ,.. 

1 - . e J j + T i { t) e 

(2) 

~t 

-r 
i L.n Kij 

{3) 

where 1t is the time increment at which the nodal temperatures are re-evaluated. 
The stability criterion for convergence is governed by the equation: 

~t < 

For example, ~t 1/4 yields 

0.2212 Ln Kij Tj (t) + 0.7788 Ti (t) 

E n Kij 

{ 4) 

In fact, all the nodal temperatures are calculated at multiples of a common 
specific time step, {RC}min where 

{RC)min = [Enc~ 1 
~J . 

J 
min {hr) {5) 
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APPENDIX 4 

ACTUAL DATA RUN OF P315A FOR A TUBULAR CONFIGURATION 
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t-' 
\..1 
\..1 

P-315 

out~P 

COOE 
I 

~RMAL TRANSIENT ANALYSER REVISION NO. 2.0 
SOLID CYLINDER----QUARTER NODE-----NO Q ADDEu-----CHY.OATA 

MAX. 
COUNT 
30000 

PRINT 
INTER. 

.2.77BOE-03 

STAB. 
CRIT. 

I . OOOOE + 00 

VAR. EVALUATION CRIT. 
TIME TEMP. 

0.0 0.0 

PROBLEM 
START 
0.0 

PRINT 
START 

2.7780E-03 

08/20/81 12.08.24 
00000010 

DUMMY INCREMENTS 
- I 0 

C•. 0 0.0 

GEOMETRIC UNITS FOR RADIATION AND NATURAL CONVECTION CONDUCTANCES INPUT IN INCHES 

NODE 

I 
2 
3 
4 
5 
6 
7 

COMO 

I 
2 
3 
4 
5 
6 

t.OC. 

i!NS 

40C·I 0 
40C03 
40C10 
40C11 

I. 0. 

lOCO I 
40C03 
40CIO 

0 

TEMPERATURE NODES AND CAPACITANCES 

INC CAP CURV RCX EVX NO. TEMP. CAP. VAL. 

0 0 0 0 0 0 1.000CoE+02 0.0 
0 1 0 0 0 0 0.0 0.0 
0 1 0 0 0 0 0.0 1.1980E-02 
0 1 0 0 0 0 0.0 I.IOOOE-02 
0 0 0 0 0 0.0 7.3600E-03 
0 0 0 0 0 0.0 3.6800E-03 
0 0 0 0 0 0.0 4.6000E-04 

CONDUCH NCE S 

INC NODE INC NODE INC CURV EVX P..!O. COND. VAL. 

0 1 0 2 0 0 0 0 2.0830E+OI 
0 2 0 3 0 0 0 0 3.2333E+03 
0 3 0 4 0 0 0 0 5.1000E+OO 
0 4 0 5 0 0 0 0 3.7000E+OO 
0 5 0 5 0 0 0 0 2.2000E+OO 
0 6 () 7 0 0 0 0 7.0000E-OI 

OTHER VII LUES 

INC NO. VALUE 

VARIABLE LINES 

INC PRMA INC ORM8 INC PRMC INC CODE CURV EVX 

0 40010 0 0 0 0 0 6 0 
I 10003 1 2;)003 1 0 0 6 0 
0 40003 I 4·)0 10 0 0 0 4 0 
0 400"1 0 0 0 0 0 0 6 0 

OUfPUT CODES 

INC NO. 

1 7 
1 5 
I 2 
0 0 

NO. PfiAAM. 

0 0.0 
5 0.0 
5 0.0 

.0 0.0 

A PAR AM. B 

0.0 
0.0 
0.0 
6.2800E+OO 

PAR AM. C 

0.0 
0.0 
0.0 
0.0 

PAGE 

TIME PUNCH 
LIMIT CODE 

10 0 

READ 
CODE 

0 



PSEUDO SEQUENCE 

C~P. COND. NODE RCX STU DCND 

2 
1 1 
2 3 

3 
2 2 
3 4 

4 
3 3 
4 5 

5 
4 4 
5 6 

6 
5 5 
6 7 

7 
6 6 

-------- TIME HR 
0,0 

1 2 
1. OOOOE t02 0.0 

0 

0 

0 

0 

0 

0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

MINUTES 
0.0 

PREVIOUS 

3 
0.0 

COUNT PREV 
1 0.0 

TEMPERATURES 

4 
0.0 

CURRENT TEMPERATURES 

INC 

1 2 3 4 
0.0 1.0000E+02 6.4011E-01 0.0 

CAPACITANCES 

2 3 4 5 
0.0 1. 1980E-02 1.1000E-02 7.3600E-03 

CONDUCTANCES 

1 :.! J 'I 
2.0830E+01 3.2333E+03 5.1000E+OO 3.7000E+OO 

MISCELLANEOUS VALUES 

3 4 5 6 
o.o 0.0 0.0 0,0 

TIMI! CON3TMH3 

3 4 5 6 
3.6994E-06 1. 2500E-03 1. 2475E-03 1. 2690E -03 

HEAT B~LANCE 

2 J 4 5 
-2 .4414E-04 2.0697E+03 0.0 0.0 

RELATIVE HEAT BALANCE 

2 3 4 5 
5.8~81£-08 1 .OOOOE+OO 0.0 0.0 

-------- TIMF.. HR MINUTES COUNT PREV INC 
2.7780E-03 1 .6668E-01 3005 8.6636E-07 

CURRENT TEMPERATUR!!3 

1 2 3 4 
1. OOOOE +02 8.5862E+01 8.5774E+01 4.2336E+01 

MI SCEt-LANF.OllS VALUES 

3 4 5 6 
1. 0276[·1 00 4.6Ei70E-01 1 .2616E-01 2.-l-119n-o:z 
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NEXT INC MIN RC 
q ~4R4F-07 ~ fiqq4F-On 

5 
0.0 

5 
0.0 

6 
3.6800E-03 

0 
2.2000E+OO 

'1 
o.o 

7 
6.5714E-04 

6 
0.0 

0 
0.0 

NEXT INC 
9.2484E-07 

5 
1.7142E+01 

7 
1.7775E·OJ 

6 
0.0 

6 
0.0 

7 
4.6000E-04 

{I 

7.0000E-01 

10 
0.0 

7 
0.0 

7 
0.0 

MIN fH,: 
3.6994E-06 

6 
6.6355E+OO 

10 
1.6456E+OO 

7 
0.0 

7 
0.0 

t t 
o o 

7 
3.8642E+OO 

11 
1.03~~1;:+01 



------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
5.5560E-03 3.3336E-01 6011 7.7859E-07 9.2484E-o7· 3.6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1.0000E•02 9.2108E+01 9.2058E•01 6.3973E+01 4.0925E+01 2.6597E•01 2.1649E+01 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1.1029E+OO 7.0370E-01 3.0121E-01 9.7876E-02 9.9584E-03 2.2156E+OO 1 .3914E+01 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
8.3340E-03 5.0004E-01 9018 8.8289E-07 9.2484E-07 3 .. 6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1.0000E+02 9.4679E+01 9.4646E+01 7.5251E+01 5.7979E+01 4.6104E+01 4 . 1 7 38 E + 0 1 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1 . 1339E • 00 8.2776E-01 4.2673E-01 1.6966E-01 1 .9200E-02 2.5772E+OO 1 .6185E+01 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
1.11 12E-02 6.G672E-01 12025 8.8289E-07 9.24841;-07 3.6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1.0000E•02 9.6255E+01 9.6231E+01 8.2503E+01 7.0007E+01 6. 1 181 E+·O 1 5.7884E+01 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1. 1528E•·OO 9.0754E-01 5.1525E-01 2.2515E-01 2.6627E-02 2.8274E<OO 1. 7756E+O 1 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
1.3890E-02 8.3340E-01 15032 8.8289E-07 9.2484E-07 3.6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1. OOOOE +02 9.7330E+01 9.7313E+01 8.7521E+01 7.8557E+01 7.2179E+01 6.9786E+01 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1. 1658E+OO 9.6273E-01 5.7818E-01 2.6562E-01 3.2102E-02 3.0044E+OO 1 .8868E+01 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
1.6668E-02 1.0001E+OO 18039 8.8289E-07 9.2484E-07 3.6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1.0000E•02 9.8086E+01 9.80741':•01 9.1071E•01 8.4652E+01 8.0077E+01 7.8358E+01 

MISCELLANEOUS VIILUES 

3 4 5 6 7 10 11 
1.1749E+OO 1 .0018E+OO 6.2304E-01 2.9468E-01 3.6045E-02 3.1305E+OO 1 .9659E+01 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
1. 9446E-02 1. 1668E+OO 21046 8.8289E-07 9.2484E-07 3.6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1. OOOOE+02 9.8625E+01 9.8617E+01 9.3598E•01 8.9000E+01 8.5723E•01 8.4492E+01 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1.11:!14t+OO I. 0290E•OO 6.550~E-01 3.1'34F;F-01 3.88661;-02 3.2204E•OO 2.0224E+01 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
2.22~4E-02 1.3334E+OO 24053 8.8289E-07 9.2484E-07 3.6994E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 
1.0000E·•02 9.9009E+01 9.9003E+01 9.5400E+01 9.2104E+01 8.9755E+01 8.8873E+01 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1.1861E·•OO 1.0494E+OO 6.7788E-01 3.3030E-01 4.0882E-02 3.2845E+OO 2.0627E+01 

- 157 -



-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
2.5002E-02 1 .5001Et00 27060 8.8289£-07 9.2484E-07 3.6~~4E-06 

CURRENT TEMPERATURES 

I 2 3 4 5 6 7 
1.0000E•02 9.9283E+01 9.9278E+01 9.6686E+01 9.4319E+01 9.26~3E+01 9.2001E+01 

MISCELLANEOUS VALUES 

3 4 5 6 7 10 11 
1. 1894E+OO 1 .0635E+OO 6.9418E-01 3.4089E-01 4.2320E-02 3.3303E+OO 2.0914E+01 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
2.7718E-02 1 .6631E+OO 30000 9.2484E-07 9.2484E-07 3.6994E-06 

PREVIOUS TEMPERATURES 

1 2 3 4 5 6 7 
1 .OOOOE+02 9.9475E+01 9.9472E+01 9.7586E+01 9.5869E+01 9.4648E+01 9.4190E+01 

CURRENT TEMPERATURES 

I 2 3 4 t:i 6 7 
I .OOOUE•02 9.9475E+01 9.9472E+01 9.7587E+01 9.5870E+01 9.4649E+01 9.4191E+01 

:l 
0.0 

1 
2.08::l0Fi01 

3 
1.1917E+OO 

3 
3.6994E-05 

2 
2.2839E-01 

CAPACITANCES 

0 4 5 6 7 
1. 1980E-02 1. 1000E-02 7.3600E-03 3.6800E-03 4.6000E-04 

CONDUCTANCES 

2 3 4 5 . E? 
3 2~3Ji•03 6, 1000E+OO J.7000~+UU 2.2000E+00 ?.OOOOE-01 

MISCELLANEOUS VALUES 

4 5 6 7 10 11 
1 .0735E+OO 7.0560E-01 3.4831E-01 4.3328E-02 3.3624E+OO 2.11 16E+01 

TIME CONSTANTS 

4 5 6 7 
1 .2500E-03 1 .2475E-03 1 .2690E-03 6.5714E-04 

HEAT !:!AI.fiNCE 

3 4 5 6 7 
1 .0920E+OO 3.2609E+OO 3.6676E•OO 2.3648E+OO 3.2064E-01 

REI.ATIVE HF.AT Bfii.IINrF.. 

2 J 4 5 6 
7.8668E-01 

7 
1.0000E+OO 1 .0554E-02 5.3742E-02 2.0423E-01 4.0577E-01 
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0001 0 
00020 c 
00030 
00040 
00050 
(1(1060 
00070 
0 (I o::: (I 
(1(1090 
(1(11 (I (I 

001 1 (I 
00120 
oo1:::o 
00140 
00150 
00160 
00170 
00180 
I) I) 1 ::::5 
00190 
00200 
0021 (I 
00220 
(I 02:::: (I 
1)0240 
00250 
00260 
00270 
00280 
0029(1 
oo::::oo 
(II):::: 1 (I 
o o:::2 o 
oo::::::::o 
o o:::4o 
00350 
(I (I:;: t· (I 
(1 (1.;:7 (I 

(I (I·;:::: (I 
(I (I:::: '3' (I 
(104 00 
0041 0 
00420 
oo4::::o 
0 044 (I 
(10450 
0 04E. 0 
00470 
(I 04t: 0 

DIMENSION 0(100)• AK<100)~AC<100) 
FINITE ELEMENT HEAT TPANSFEP I tWDF:t·1AT I Dt~ 

CF'1=.092 
CF'2=.107 
CV=O 
N=4 
Th.11 = 0. 028 (r 
H=100. 
At·~G=::::. 141 f./2 
PH01=55t: 
F:H02=259 
cor·m 1 =2 o o 
COND2= 0. ;::: 0 
IFt=1 
IC=30000 
F' I=. (I (1:;::::::::::::: 
S:T=O. 10 
TAt·H:=70 
THG=69.0 
I .•. IF: I TE 0::6 ~ 1) 

1 FDF:t·1AT ( ··· I NF'UT 
F:EAD 0::5~•> D1 
lo.IF: I TE <E.~ 2> 

2 FOPMAT (/ INPUT 
F:EAD 0::5~•> Y1 
lo.IF: I TE 0::6 ~ ~:) 

:::: FOF:t'1AT ( ··· I t"WUT 

l.o.IP I TE 0::6 ~ 4) 
4 FOF:t·1AT 0:: ·· HWUT 

F:EAD <5•+":1 T1 
I .. JF.: I T E 0:: E. ~ :::: 00 ) 

Fit~ TH I CKNE::;:::;: 0:: INCHES:) "') 

H\'DF:IDE THICKNE::;:~: 

FIN LEt~GTH 0:: INCHES:> ,· > 

E:OUt·~ D AF.:Y T E t·1F'E F: AT UFE 

300 FDF:MAT (/ INPUT CDNV HEAT TRANS CDEFF (BTU/HF: FT++2 F)/) 
PEAD 0::5~•::. H 
.Tio!= Tl.o.ll . ...-12 
I.• .IF.: I T E 0::6 , 4 0 > 

40 FDF:t1AT c I NF'Ul 1 u.t::t:. 111 Hr'lt:. r t:.f'":: •.1rK nt.~·.·' ~· 

F:EAII (':•• +) TDl 
l·.IF: I TE (E.~ 1 Of.) 

106 FOPMAT 0::/ HEAT GENEF:ATI0N7 l=YE2 2=N0') 
PEAD 0::5~•> HG 
TD""- TI•l /12 
D=IIl /12 
Y=Yl/12 
FL=FLl/12 
DL=FL/ O::N-D 
VlA= (D+\') +Tl·.l 
C1A=F:HOl+CPl+VlA 
AVl=CDNDl+D/(TW+DL) 
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00490 
00500 
00510 
00520 
(1(1530 
(1(154(1 
00550 
(1(1560 
00570 
(I (15:::: (I 
(1(1590 
(l(lf.OO 
!"10610 
(I (lf.2 (I 
(I 06 :~:(I 
(1(1640 
(I o.:. 5 (I 
(10660 
OOE-70 
(I (I~·:~: (I 

(1(1690 
00700 
(1(1710 
(1(1720 
(1(1730 
(1(1740 
(I (17J (I 
00760 
(I (1770 
(I (17:::: (I 
(11)790 
(1 (1:~: (1 0 
(• n::: 1 o 
(I (1:::2 (I 
(1 (I:::·~: (I 

(1(•:=:4(1 

(1 o:::s (I 
(1 (1:::.:. (I 
(I (1:::7 (I 
(I (I:~:::· 1) 

(it"l:;:·~ (1 

(1 (•·:.· (1 (1 

(I (I·;::. 1 (I 
(I (••;::.2 (I 
(I (I'?~: (I 

(1 0'?4 (I 
(I 0'?5 0 
(I 09f. (I 
(1(1970 
(I 09t: (I 
(1(19QI) 

AV3=2+Y/(TW/COND1+DL/COND2> 
AV4=COHD2+Y . ...-DL 
AKE.=<D+Y)/(1/H+TW/2/COND1) 
AK5=1/(D/COND1/DL/4+Y/COND2/DL/2) 
C1=RHD1+CP1+DL+D/2 
C2=RH02+CP2+DL+Y 
AC(1)=ANG+<TD-TW)/2 
DO 41 I =2~ N 
AC<I>=ANG+<TD+(2+I-3)+DL)/2 

41 corn I r~uE 
RK(1)=ANG+(TD/2-TW) 
DO 42 I =2~ t~ 
t=~v u _:. =At·~·;;• ··:rr~,,.·2' n -2> •I•L) 

42 Cotn I NUE 
OC='? O+F:HD2+ DL +'r' 
liiJ I (1 I :... 2 ~ t·t 
0 0:. I> =OC+AC 0:: I> 

1 o corn I nuE 
VOl H=Fl+Y+AC(N/2+1) 
VOLF=FL+D+AC(N/2+1) 
'·/OL T.E:='.,.' 1 A+AC ( 1) 
SHTB=VOLTB+RH01+CP1 
SHH=VOLH+RH02+CP2 
SHF=VOLF+PH01+CP1 
VOLFT=VOLTB+VOLF 
'·,·'OL T;;:;' ... •nt FT +'·/OLH 
:::HFT=S:HF +:::HTE: 
SHT=SHH+SHF+SHTB 
.S Hf:·=::.HH.····:~:IH 
S.HF.' 1 =·:·HFT.····:::HT 
IF o:CK .EO. 0) GO TO 500 
I .• .IR I TE < 6 ~ + _:. AK 1 ~ AK2 ~ AK3 ~ FH:::4 ~ Ak5 ~ C 1 ~ C2 ~ \·'OLH ~ '·.·'ULF ~ S.HH ~ :::Hr 
WRITE <6~•> V1A~V2A~CtA~C2A~Ak100~AK300 

5o o corn I t·HJE 
WRITE (8~5) D1~FLl~Y1~H~TD1~HG 

5 FORMAT (' Flt-i THCVa'~F~.3,1X1~FIN LNGTH=~~F5.2~1x~ 

r;;. 

r. 
C• 

>=:···H\TI THCK=···~FE .. :::~ V<~ .... H="~F5. o~ li<~ ···rr•=·· •F4.2~ li<~ ··HI_3=··~F2. ( 
l.oiF' I TE (f: ~ 6) I A • I C ~ PI ~ ~:T 
FOH1F1T • 12· J.:.~F:=:.s • ..;:.:-F-4.2.· 

C 1 AA=C 1 A+AC o::1 > 
l.tF: IT E o: ::: • 7> T III'I:E;, C 1 fit-! 
FOF:t·1AT <::::::-::·' 101.101 ·· ~ 71-:~ ,·1··, 2:·,-;, FE .. 1, FE:. 7.:0 
I•O 4 ;: I =2 ~ t·~ 
C 1 Z = C 1 +A C ( I ·:o 

l.otF· 1 TE (c: ~ t:) I, TAt·H:: ~ C 1 Z 
F 0 F: t·l AT ( 2 i< ~ I 2 ~ ··· 2 0 01 ·' ~ 7 ~< ~ ,. E: ··· , 4 i< ~ F 4 • 1 ' F 8 • () 

4:::: corn It~uE 
DO 44 I =2 ~ t~ 
C2Z=C2+AC (I) 
~'=I+ 10 
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01000 
01010 
01020 
01030 
01040 
01 041 
(11 o:. (I 
01060 
01 (If, 1 
01070 
01 (I::: (I 

01090 
01100 
01110 
01120 
OJ 1 3 0 
01140 
01150 
01160 
01170 
I) 11 <::I) 

01190 
01200 
01211) 
01220 
1)1230 
(1124 (I 
01250 
01 E·t. o 
01270 
I) 1 2::: I) 
012'~1) 

I) 1 :~: (II) 
01 ·~: 1 (I 
01 :~: 2 (I 
01 :;: :;: (I 
(11 ·~:4 (1 

(11 ::::. (1 

(11 :::.:. (1 

(11 ·::: 7 (I 

(11 :;: ::: (I 
(11 ::::"? (1 

(11 ::: '? 1 
01 4 (I (1 

1:11 4 1 (I 
(i 142 (I 
014:::0 
(11 4 4 (I 
01450 
(1 1 4 .:. (I 
"114 7 (I 

WRITE (8~9) J~TAMB~C2Z 
9 FO~MAT (2X~I2~'0001'~7X~'1'~4x~F4o1~F8o7) 

44 COtH I tKIE 
l.o.IF: I TE O::f:, 1 9> T 1 

19 FOF:t·1AT 0::2:=<~ ... ~:101···,9;-::,···1···~2>=:~F6o1::0 
IF O::HG o GT o 1 > GO TO 1 07 
WRITE (8,20) THG 

20 FORMAT 0::2X~ ... 320101 ... ,7X, ... 90000 ... ,F4o1) 

1 o7 corn I nuE 
l.o.l F: I T E ( t: , 1 0 0 ) 

1 0 0 FOF:t·1AT 0:: -·· -··) 
AK1A=Af::1+AV<:2> 
WRITE 0::8,11> AK1A 

11 FORMAT (3X, ... 120000100000220000002 ... ,F8o3> 

J=t'l-1 

Af::2A=AK2•AK(I+1) 
K=I+1 
l.o.IP I TE O::t:, 12> I~ I , K ~ AK2A 

1 2 F 0 R t·1 AT 0:: 2 >=: , I 2 , ·· 2 0 0 0 .·· , I 2 , ... 2 0 0 0 -·· , I 2 , ... 2 0 (II) 0 0 02 -·· ' F ,:;: o 3 ) 

45 COtH I nUE 
A~<:~:A=f1K::::•AK <2> 

1 3 F 0 F: t·1 AT 0: 2 >=: ~ -· 1 1 0 0 0 0 0 1 0 0 0 01 2 0 0 0 0 0 0 01 ··· ~ F :=: o ::;: > 
l.oiR I TE O::f:, 1 3> AK3A 
J=t-i-1 
DO 4E. I =2 ~_I 
AK4A=AK4+AK(I+1> 
K1=I+10 
K2=I+11 
l.o.IRI TE O::t:, 14) Kl, K1, K2~ AK4A 

14 FORMAT 0::2X,I2,4X·I2,4X~I2~7x,'1',F8o3) 
46 cmn I nuE 

DO 4 '? I= 2, t-.f 
AK5A=Af::5•ACO::I> 
._11 =I +2f: 
--'E'= 1 + 1 o 
I.•IF.: I TE (f: ~ 1 5> ._11, I, ._12, AK5A 

1 5 F 0 F:t·1 AT 0:: 2 >=: , I 2 ~ ·· 0 '? 0 0 ,· ~ I 2 , .·· 1 0 0 0 ' ' I 2 , .·· 1 (II) 0 0 0 02 ·' , F ::;: o :;: ) 

4'? COtiTitKIE 
Ak6A=A~=:E.•AV ( 1 > 
WRITE 0::8,21> AK6A 

21 FOPMAT (2X,'5000003100000100000001',F8o3> 
I F o: H 1:; • 1::; T o 1 > 1::; 0 T 0 1 (14 
DO 1(14 I=2,n 
Cl 1 (1 0 = C1 o. I > 
I f::=4'?+ I 
H1= 1 0+ I 
I C=:::: 0+ I 
I,J F· I T E •. ::: , 1 0 :;: ·:, I ~,: , I n • I C , 0 1 0 0 

1 (I ::: F 0 F· t·1 H T I 2 ::-·: ' I 2 ' / I) 1 0 (' . • I 2 • . . (1 1 (I 0 .· ' I 2 ~ .· 0 1 0 0 (I (I 01 / • F ::: 0 :::) 

1 04 ~- nrn I t1UE 
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1) 14:::: (1 

(11 4 ·::-,. (1 
01500 
01510 
01'511 
01520 
015:::: (I 
015::::1 
01':·40 
01550 
01560 
01570 
015BO 
•:11590 
0 1 E. 0 0 
01 E. 1 0 
01620 
Ol ~.~: 0 
01 f. 4 (I 
(11(.5(1 
01 f. E. (I 
01670 
016~:0 

01690 
01700 
01710 
0172(1 
I) 1 7:::: (I 
01740 
01 75 (1 

01 7E. 0 
01770 
017f:(l 
01790 
(11791. 
01792 
(11 79:~: 
01794 
01795 
01 7'~6 
01797 
(11 ~:(I (I 
(I 1 t: 1 0 
01 ::::2 (I 
I) 1 :=: :::: (I 
01 ~:4 ~· 
01 :::5 (I 
01 ::::E. 0 
01 t:7 0 
01 ::::::::o 
(11 :::'?(I 

I.IF'l TE I:: .. li"II):O. 

1 .• 1 F' 1 T E 0: :::: ~ 1 0 0 ·, 
I .• JF:ITE •::=:. 101;. 

1 01 F 0 F' t1 A T 0:: ·· 04 0 01 0 0 0 04 0 01 0 ·' • 1 9 >:: • ·· E. 0 0 01 ,· ~ 1 0 :=< ~ .·· 0. ·' ) 
IF O::HG • GT. 1 > 1::;0 TO 1 Oc: 
I .• IR I TE (::;: ~ 1 05::0 

105 FORMAT ('10032011001201000000000000005000101001.0/) 
1 OE: COtH I I~UE 

1.·.1 F' I T E ( B ~ 1 0 0) 
l.o.IF.: I TE (E:, 1 0 0) 
l.o.IP.ITE (1:;:, 102) 

102 FORMAT (/0001000100010030/) 
I_,JF: I TE (E: ~ 1 0 (I) 

t=· no cor-n I NUE 
I .•. IF: I TE (f., 2::::> 

23 FORMAT (////~/ FINNED TUBE HYDRIDE HEAT EXCHANGER/) 

l.o.11-:: I TE •.:..:. ~ ~t:> 
FORMAT </••••••••••••••••••••••••••••••••••••••••••••••• 
l.o.IP I TE 0::6 ~ 2-:..::0 

29 FORMAT (/ INPUT VALUES//) 
l.ol F.: I T E 0:: f.~ 2 4 ':t D 1 

24 FORMAT 0::' FIN THICKNESS 
l.o.IF: I TE (f.~ 25> Y 1 

25 FORMAT (/ HYDRIDE THICKNESS 
l·.IF' I TE 0::6 ~ 2E.> FL 1 

26 FORMAT (/ FIN LENGTH 
I.IF'ITE (t;.~27) T1 

27 FORMAT (/ WATER TEMPERATUR~ 
1 .•. 1 R I T E 0:: f. ~ :;: 01 > H 

,. ~ Ft .• 1 ~ .· 

:;: 01 f- Ut?i1AT •.: ··· COH'·/ I ![fiT TF.:AtC •:·oEFF .·· • Ff,. 1 ~ ·· 
l.o.lf::: I TE ~.6 ~ :~: 02;• Tl·ll 

:;: 02 FOF.:t·1AT ( ··· TUf:E I • .IRLL TH I O. f·iE~:~: 
WF'ITE (6·303> TD1 

303 FORMAT (' TUBE DIAMETER 
IF O::HG • GT. 1) GO TO 109 
l.o.IF.' 1 TE (f.~ f. 0 0.:0 

600 FORMATO::' HEAT G~NEF:ATIDN 
GO TO 601 

109 WRITE 0::6~602> 
602 FORMAT (' HEAT GENERATION 
E. 01 corn H~UE 

i .•. IF: I TE .:..:. ~ 3 O> 

'~F5.4···· 

.·· ~ F5. ~:!t ··· 

'"(ES:"') 

NO·') 

30 FORMAT (///~/ t·1tiTEF: I HL F'ROF'EF.:T IE~:'/) 
l.o.IF.: I TE 0::6 ~ ~: D 

31 FOkt·lAT 0::2 (1;.:; ··· 
I.JF: I TE (f.~ ::::2::0 CF' 1 ~ CF'2 

F"') 

f:TU.····HR FT ••2 F 

I r·iCHES: ···) 

INCHES:··> 

::::2 FOF:t·lAT < ·· :::PEC IF I C HEAT O::f:TU/LI:t1 F;. " ~FE .• :::~ C>': ~FE .• 3> 
WRITE (f.~33':t RH01~PH02 

33 FORMAT (" DENSITY <LBM/FT++3) ~~F8.2~5x~F8.2) 
WF'ITE <6~34) COND1~COND2 

:;:4 FOF:t1AT <" COHDUCT IV I T'l' o: . .E:TI_I .. ···HF: FT F) ... ~ n::. 2 ~ ":·>=: ~ F~:.; 
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1 
1 9 1 0 
1 '?2 (I 
1 '?:~: (I 
1 '?4 0 
1 ·~s (I 
1 '?.;:.(I 

1 970 
)1 9::: (I 
) 1 ·~·=.. (I 
)c· (I (1 (I 

:12 (I 1 0 

·:oc-
I - -

:~:6 

.-.~ . .: ... 

-,r, -·~· -

:~:·? 

l.o.IF.: I TE (6 ~ ::::5) 
FOF.:t·1AT (/ //" 
l.oiF' I TE (E.~ ?.E.)· 
FOF't·1AT 0::2 0>:: ~ / 

CALCULATED VALUES//) 

H\'DF: I DE 
WPITE <6~37) VOLFT~VOLH~VOLT 

TOTAL,·/) 

FOPMAT (~ VOLUME ~FT++3)/~13X~F8.7~5x~F8.7~5x~F8.7) 

WF'ITE (6~38) SHFT~SHH·SHT 

FOF:t·1AT C HEAT CP.F'AC. IT\' O:I:TU.--··F> -·· ~ F~:. 7 ~ 5>-: ~ Ft:. 7 ~ 5::; ~ Ft:. 7) 
loiF.'ITE 0::6~ :~:·?) :=:HF:l, 3HF.: 
FORMAT (~ HEAT CAP/TOTAL HEAT CAF' 
CALL E::< IT 
nm 
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FINNED TUBE HYDRIDE HEAT EXCHANGER 
••••••••••••••••••••••••••••••••••••••••••••••••• 

INPUT VALUES 

FIN TH I CKf'iE:~S 
HYDRIDE THICKNESS 
FIN LENGTH 

0.020 
0.150 
0. 250 

WATER TEMPERATURE 170.0 
CONV HEAT TRANS COEFF1000.0 
TUBE WALL THICKNESS .0200 
TUBE DIAMETER 0.250 

HEAT I:;Et·iEPAT I ON 

MATERIAL PROPERTIES 

SPECIFIC HEAT <BT0/LBM F) 
DENSITY <LBM/FT++3) 
CONDUCTIVITY <BTU/HR FT F) 

CALCULATED VALUES 

'·.·'OLU~1E <FT ++3) 
HEAT CAPACITY <BTU/F) 
HEAT CAP/TOTAL HEAT CAP 

NO 

ItiCHE:~: 

I NCHE:~: 
INCHES 
F 
BTU . ...-HR 
INCHES 
I t·iCHES 

TUBE.···'F I t·i 

0.092 
55:::. I) I) 

200.00 

TUBE.···'F IN 

.0000015 

. 0000766 
(1. 244:::5 

FT++2 F 

H\'DF.: I DE 

0.107 
~5'3. 0 I) 

I) • :~: I) 

H\'DRI DE 

• 0 0 I) I) o:::5 
. 0 0 02:~:62 

fl. 7~~i15 

- 16Y - -riO' 

TOTAL 

I) 0100 
I) :~: 1 2~: 



APPENDIX 7 

ACTUAL DATA RUN OF P315A FOR THE COMPACT 

FINNED TUBE CONFIGURATION 
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P-315 

DUMP 
CODE 

1 

NODE 

1 
2 
3 
4 

12 
13 
14 
31 

COND 

1 
1-' 2 
"--.1 3 w 11 

12 
13 
30 
31 
32 
50 

LOC. 

1\NS 

40010 

I. D. 

10001 
C• 

THERMAL TRANSIENT ANALYSER REVISION NO. 2.0 10/12/81 16.24.40 
FIN THCK• 0.020 FIN LNGTH• 0.25 HVD THCK• 0.150 H•1000. TD•0.25 HG•2. 0000000 

MAX. PRINT STAB. VIIP.. EVALUATION CRIT. 
COUNT INTER. CRIT. TIME TEMP. 
30000 3.3300E-03 1 . OOOOE- 0 1 0.0 0.0 

TEMPERATURE NODES AND CIIPIICITIINCES 

INC CAP CURV RCX EVX NO. TEMP. CAP. VAL. 

0 1 0 0 0 1 7.0000E<01 1. 8200E -05 
20 1 0 0 0 2 7.0000E<01 6.5000E-06 
20 1 0 0 0 2 7.0000E<01 9.7000E-06 
20 1 0 0 0 2 7.0000E<01 1 .3000E-05 

0 1 0 0 0 1 7.0000E•01 5.2500E-05 
0 1 0 0 0 1 7.0000E•01 7.8700E-05 
0 1 0 0 0 1 7.0000E•01 1. 0500E -04 
1 0 0 0 0 1 1.7000E•02 0.0 

CONDUCTANCES 

INC NODE INC r~ODE INC CURV EVX NO. COND. VAL. 

20 1 0 2 20 0 0 6.3300E-01 
20 2 20 3 2() 0 0 6.5400E-01 
20 3 20 4 20 0 0 9. 1600E-01 

0 1 0 1 2 0 0 0 1.8000E-02 
0 12 0 13 0 0 0 1 .5000E-02 
0 13 0 14 0 0 0 2. 1000E-02 
9 2 10 12 10 0 0 7.0000E-03 
9 3 10 13 10 0 0 1. 1000E-02 
9 4 10 14 10 0 0 2 1. 5000E -02 
0 31 0 1 0 0 0 I 1.9400E-01 

OTHER VALLES 

INC NO. VALUE 

VARIABLE LINES 

INC PRM/1. INC PRMB INC PRMC INC CODE CURV EVX NO. 

0 40010 0 0 0 0 0 6 0 0 

OUTP•.JT CODES 

INC NO. 

1 30 
0 0 

PROBLEM 
START 
0.0 

PIIRIIM. II 

0.0 

PRINT 
START 

3.3300E-03 

OUMMV 
- 1 

0.0 

PIIRAM. B 

0.0 

PAR AM. C 

0.0 

INCREMENTS 
0 

0.0 

PAGE 

TIME PUNCH 
LIMIT CODE 

1.0 0 

READ 
CODE 

0 



P-315 THERMAL TRANSIENT ANALYSER REVISION tJO. 2.0 10/12/81 16. 24.41 PAGE 2 
FIN THC ~- = 0.020 FIN LNG-H= ·). 25 H"D THCK= 0. 150 H=1000. TC•=0.25 HG=2. 0000000 

PSEUDO SEQUEII.CE 

CAP. COND NODE RC X STU DCtJD 

0 0 0 
1 2 

1 I 12 
2.1 22 
50 31 

2 o) 0 0 
1 

'! 3 
3•) 12 

22 •) 0 0 
2 I 1 
2 '! 23 
39 12 

3 ·) 0 0 
'! 2 
J 4 

31 13 
f-' 

23 ) 0 •) "-! 
+:- 22 22 

2) 24 
4) 1::! 

4 ) 0 0 
) ::. 

32 1 4 

24 0 0 0 
23 23 
41 14 

12 0 0 0 
1 1 1 
1 2 1J 
30 2 
33 22 

13 0 0 0 
12 12 
13 14 
31 3 
40 23 

14 0 0 0 
13 13 
32 4 
4 1 24 



~-JI5 THERMAL TRANSIENT ANALYSER REVISION NO. 2.0 10/12/81 16.24.41 
FIN THCK= 0.020 FIN LNGTH= 0.25 HVD THCK= 0.150 H=IOOO. TD=0.25 HG=2. 0000000 

-------- TIME HR 
0.0 

MINUTES 
0.0 

COUNT PREV INC 
I 0.0 

NEXT INC MIN RC 
1 .2558E-06 5.0232E-06 

I 
7.0000E+01 

11 
0.0 

2 1 
0.0 

31 
1 .. 7000E•02 

1 
7.0000E•01 

~ I 
0.0 

'21 
0.0 

31 
1.7000E+02 

PREVIOUS TEMPERATURES 

2 
7.0000E+OI 

12 
7.0000E+01 

22 
7.0000E•01 

3 
7.0000E+01 

13 
7.0000E•01 

23 
7.0000E•01 

4 5 
7.0000E+01 0.0 

14 15 
7.0000E+01 0.0 

24 25 
7.0000E•OI 0.0 

CURRENT TEMPERATURES 

2 
7.0000E+·01 

1 2 
7.0000E+01 

22 
7.0JOOE+01 

3 
7.0000E•01 

13 
7.0000E•01 

23 
7.0000E•01 

4 
7.0000E•01 

14 
7.0000E•01 

24 
7.0000E+OI 

CAPACITAIJCES 

5 
0.0 

15 
0.0 

25 
0.0 

6 
0.0 

16 
0.0 

26 
0.0 

6 
0.0 

16 
0.0 

26 
0.0 

7 
0.0 

17 
0.0 

27 
0.0 

7 
0.0 

1 7 
0.0 

27 
0.0 

8 
0.0 

18 
0.0 

28 
0.0 

8 
0.0 

18 
0.0 

28 
0.0 

9 
0.0 

19 
0.0 

29 
0.0 

9 
0.0 

19 
0.0 

29 
0.0 

I 2 3 4 12 13 14 22 23 
1.8200E-05 6.5JOOE-06 9.7000E-06 I .JOOOE-05 5.2500E-05 7.8700E-05 1 .0500E-04 6.5000E-06 9.7000E-06 

I 
6.3300E-OI 

31 
I. IOOOE-02 

10 
0.0 

CONDUCTAIJCES 

2 
6.5400E-01 

3 
9.1600E-OI 

32 39 
1 .5JOOE-02 7.0000E-03 

11 
I. 8000E -02 

40 
1. 1000E-02 

MISCELLANEOUS VALUES 

TIME CONSTANTS 

1 2 1 3 2 1 
1.5000E-02 2.1000E-02 6.3300E-01 

41 
1 .5000E-02 

50 
1.9400E-OI 

22 
6.5400E-OI 

23 
9.1600E-01 

PAGE 

10 
0.0 

20 
0.0 

30 
0.0 

10 
0.0 

20 
0.0 

30 
0.0 

3 

24 
1.3000E-05 

30 
7.0000E-03 

I 2 22 3 23 4 24 I 2 13 14 
1 .2314E-05 5.0232E-06 5.0232E-06 6. 1354E-06 6. 1354E-06 

I 
1.9400E•01 

2 
0.0 

I 2 
1 . OOOOE + 00 0. 0 

HEAT BALMJCE 

22 
0.0 

3 
0.0 

RELATIVE HEAT BALANCE 

22 
0 0 

3 
0.0 

23 
0.0 

23 
0.0 

1. 3963E -05 

4 
0.0 

4 
0.0 

1 . 3963E- 05 

24 
0.0 

24 
0.0 

I. 1170E-03 

12 
0.0 

12 
0.0 

1 .3569E-03 2.0588E-03 

13 
0.0 

13 
0.0 

I 4 
0.0 

14 
0.0 



-------- TIME HR MINUTES COUNT PREV INC N:.XT INC MIN RC 
3.3300E-03 1.9980E-01 2653 1. 2435E -06 1. 2558E -06 5.0232E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 8 9 10 1. 5475E. +02 1.5281E+02 1.5120[+02 1.5052:::+·)2 0.0 0 .0 0.0 0.0 0 .0 0.0 

11 12 13 14 15 16 17 18 19 20 0.0 1.3089E+02 1. 1628E+02 1.1298:.+)2 0.0 0.0 0.0 0.0 0.0 0.0 

21 22 23 24 25 26 2:- 28 29 3C· 0.0 1.5281E+02 1.5120E+02 1. 5052:.. )2 0.0 0.0 0.0 0.0 0.0 0.0 

------- TIME HR Ml NUTES COUNT PREV I N•: NEXT INC MIN RC 
6.660CE-03 3.996oE-OI 5306 6.&66:ZE-07 1. 2558E-06 5.023:<E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 8 9 10 
1. 6259E+02 1.616-3E+02 1.60E3E+02 1 .E043E+:>2 0.() 0.0 0.0 0.0 0.0 0.0 

11 1 2 13 14 1'5 16 1 .. 18 19 20 
0.0 1.51S:5E+02 1.43'i9E+02 1.41211E+)2 0.0 0.0 0. •) 0.0 0.0 0.0 

2 1 22 23 24 25 26 27 28 :<9 30 
0.0 1 .6nG3E+02 1.60e3E•02 1, 6a49oE.+:l2 0.0 a.o 0. •) 0.0 0.0 0.0 

------- TIME HR MINUTES COUNT PREV IN:: NEXT INC MIN R•: 
9 . 99 a o E- ·J 3 5.994aE-O: 7959 9.:!677E-07 1. 2558E-06 5.0232E-05 

CU.'li<ENT TEMPERATURES 

t-' 1 2 3 4 5 6 7 8 9 10 
.....,j 1.6634~+02 1.6587E+02 1.6547E•02 1.6!:30E+02 
0\ 

0.0 0.0 0. ·) 0.0 0.0 0.0 

11 1 2 13 14 15 16 1 7 18 19 20 
0.0 1.611'3[+02 1. 5708[ +02 1.5!:69E+02 0.0 0.0 0.') 0.0 0.0 0.0 

21 22 23 24 ::15 26 27 28 29 30 
0.0 1.65E7E+02 1.6547E+02 1. 6!030E +oQ2 0.0 0.0 0.) 0.0 0.0 0.0 

·------- Tll'lE HR MINUTES COUNT PREV I fiiC JI.EXT INC MIN RC 
1. 3320E-02 7.9920E-01 10612 9.:J877E:-07 1.2558E-06 5.0232E-OE 

CURRENT TEMPERJ\TURES 

1 2 3 4 5 6 7 8 9 10 
1.6819E+02 1 .6795E+C2 ;.67?5::0+02 1.6767E+02 0.0 0.0 0.0 0.0 0.0 0.0 

11 12 13 14 . 5 16 17 18 19 20 
0.0 1 . 65 6 1 E.+ Co2 1.6360E•02 1.629CE•·02 0.0 0.0 0.0 0.0 0.0 0.0 

21 2 2. 23 24 25 26 27 28 29 30 
0.0 1.6·795E+02 1. 67'75E+02 1.6:"'6'iE+02 0 0 0.0 0.0 0.0 0.0 0. •) 

-------- TIME HR MINUTES ·:::OUNT PREV 1r-.c 11EXT INC MIN ~to::: 
1 . 6 6 50 E - ·0 Z 9.9900E-O~ 13265 9.3B;7E-07 ·. 255BE-06 5.0232E-06 

CURRENT TEMPER/. T UR ES 

1 2 3 4 5 6 7 8 9 10 
1 .6909E+02 1. 6898E+02 1 .. 68.38E+02 1.688LE<02 0 0 0.0 0 .·0 0.0 0 .a 0.0 

11 12 13 14 5 16 1 7 18 19 20 
0.0 1 .6781E+02 1.6631[+02 1 .6646E•02 0 0 0.0 0.0 0.0 0.0 0.0 

21 22 23 24 :!5 26 27 28 29 30 
0.0 1.6898[+02 1 .6838E+02 1.6eE4E<02 0 0 0.0 0.0 o.a 0.0 0 



-------- TIME HR MINUTES C:JUNT PREV INC NEXT INC MIN RC 
1.9980E-02 1.1988E+OO 15918 9.3877E-07 1. 2558E-06 5.0232E-06 

CURRENT TE'<lPERATURES 

1 2 3 4 5 6 7 8 9 10 
1. 6954E +02 1.6948E+02 1 .6943E+02 1.6941E<02 0.0 0.0 0.0 0.0 0.0 0.0 

11 12 13 1 4 15 16 1 7 18 19 20 
0.0 1 .6c89E+02 1. 6839E+02 1. 6822E +02 0.0 0.0 0.0 0.0 0.0 0.0 

21 22 23 24 25 26 27 28 29 30 
0.0 1. 6948E +02 1. 6943E+02 1.6941E<02 0.0 0.0 0.0 0.0 0.0 0.0 

-------- TIME HR MINUTES C:JUNT PREV INC NEXT INC MIN RC 
2.3310E-C•2 1 .3986E+OO 13571 9.3877E-07 1.2558E-06 5.0232E-06 

CURRENT TEJ.1PERATURES 

2 3 4 5 6 7 8 9 10 
I ~q71'<=+0? 1.6973E+02 1.6971E+02 I .6970E<02 0.0 0.0 0.0 0.0 0.0 0.0 

11 12 13 14 15 16 1 7 18 19 20 
0.0 1 .6943E+02 1.6918E•02 I .6909E+02 0.0 0.0 0.0 0.0 0.0 0.0 

...... 21 22 23 24 25 26 27 28 29 30 
-.....1 0.0 1. 6973E +02 1.6971E•02 1.6970E+02 0.0 0.0 0.0 0.0 0.0 0.0 
-.....1 

-------- TIME HR MI f~UTES COUNT PREV INC NEXT INC MIN RC 
2.6640E-02 1 .5984E+OO 21224 9 . 3 8 7 7 E -·o 7 1.2558E-06 5.0232E-06 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 8 9 10 
.6987E+02 1.6986E+02 1.6984E•02 1. 6984E +02 0 .0 0.0 0.0 0.0 0.0 0.0 

11 1 2 13 14 15 16 1 7 18 19 20 
0.0 1.6969E+02 1.6956E·02 1.6952E•02 0.0 0.0 0.0 0.0 0.0 0.0 

2 1 22 23 24 25 26 27 28 29 30 
0.0 1. 6986E +02 1 .6984E-02 1 .6984E+02 0.0 0.0 0.0 0.0 0.0 0.0 

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
2.9970E-02 1.7982E+OO 23877 9.3877E-07 1. 2558E -06 5.0232E-06 

CURRENT TEI'I1PERATURES 

1 2 3 4 5 6 7 8 9 10 
1.6993E•02 I. 6992E +02 1.6991E•02 1 .6991E•02 0.0 0.0 0.0 0.0 0.0 0.0 

11 I 2 13 14 15 16 I 7 18 19 20 
0.0 1.6982E+02 1 .6975E ·02 1.6973E<02 0.0 0.0 0.0 0.0 0.0 0.0 

2 1 22 23 24 25 26 27 28 29 30 
0.0 1. 6992E +02 1 .6991E-02 1.6991E•02 0.0 0.0 0.0 0.0 0.0 0.0 



-------- TIME HR MINJTES COUNT PREV IJ.JC NEXT INC MIN RC 
3. 330·:>E-C2 1.9380E+OO 26530 9. 38 7 7 ·: -0 7 1. 2558E -06 5.0232E-06 

CURRENT TEMPERt.TURES 

1 2 3 4 5 6 ';' 8 9 1 a 
.6995E•02 . 699'::E • 02 1.6994E•02 1.6994E•02 0.0 0.0 0.0 0.0 0.0 O.C 

11 12 13 14 15 '•6 1 7 18 19 2C· 
0.0 1.698:E•02 1. 6984E • 02 1. 6983r: •·J2 0.0 0.0 O.G 0.0 0.0 0. C· 

21 22 23 24 25 26 2:' 28 29 30 
0.0 1.699::£+02 1.6994E•02 1.6994:•02 0.0 0.0 0.0 0.0 0.0 0.0 

-------- TIME HR MINUTES COUNT PREV I 'll•: NlXT INC MIN RC 
3.6630E-C•2 2.1978E•OO 29183 9.3877:-07 1 2558E-06 5.023!E-06 

CURRENT TEMPERATURES 

1 2 3 4 ~ 6 8 9 10 
1.6996£+02 .699~:E•02 1.6996£•02 1. 6995::+02 0.0 0 .0 0.0 0.0 0.0 0.0 

t-' 
11 1 2 13 14 15 16 1 .. 18 19 20 

-...! 0.0 1.699:.E+02 1.6989£+02 1. 6988E+02 0.0 0.0 0.0 0.0 0.0 0.0 
00 

2 1 22 23 24 25 26 27 28 29 30 
0.0 1.6996E+02 1.69S6E•02 1 .6995E+02 0. •) 0.0 0.0 0.0 0.0 0.0 

---STABILITY CRITERION SATISFIED---

-------- TIME 1-\R MINUTES GCUNT PREV lNG N:XT INC MIN R(; 
3.7582E-02 2.2549E•OC ~9941 1. 2558E -06 1.2558E-06 5.0232E-06 

CURRENT T:MPERATURES 

1 2 3 4 5 6 7 8 9 .1 0 
.6996E+02 1.6996E+02 1. 69~6= •02 1.6995E•)2 0.) 0 .0 0.:> 0.0 0.0 0.0 

11 12 13 14 1 5 16 1 7 18 19 20 
0.0 1.699•::!E+02 1.6990E+02 1. 6989E.+ :>2 0.) 0.0 0.) 0.0 0.0 0.0 

21 22 23 24 25 26 27 28 29 30 
0.0 1. 6996£ +02 1.6996E•02 1. 6995E.+ :>2 0.:> 0.0 0.:> 0.0 0.0 0.0 

---STABILITY CRITIEP.ION SAT!SFI:D---



-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC 
3.7583E-02 2.2550E+OO 29942 1.2558!':-06 1.2558E-06 5.0232E-06 

PREVIOUS TEMPERATURES 

1 2 3 4 5 6 7 8 9 10 
.6996E•02 1.6996E+02 1.6996E+02 1 .6995E+02 0.0 0.0 0.0 0.0 0.0 0.0 

11 1 2 13 14 15 16 17 18 19 20 
0.0 1. 6992E •C>2 1.6990E+02 1.6989E+02 0.0 0.0 0.0 0.0 1).0 0.0 

21 22 23 24 25 26 27 28 29 30 
0.0 1 .6996E+C•2 1 .6996E•02 1.6995E+02 0.0 0.0 0.0 0.0 0.0 0.0 

31 
1.7000E+02 

CURRENT TEMPERATURES 

1 2 3 4 5 6 7 8 9 10 
1. 6996E •02 1.6996E+C·2 1.6996E+02 1 .6995E•02 0.0 0.0 0.0 0.0 0.0 0.0 

11 1 2 13 14 15 16 1 7 18 19 20 
0.0 1. 6992E + 02 1 .6990E•02 1.6989E•02 o.q 0.0 0.0 0.0 0.0 0.0 

2 1 22 23 24 25 26 27 28 29 30 
0.0 1 . 6996E + 02 1 .6996E•02 1.6995E+02 0.0 0.0 0.0 0.0 0.0 0.0 

31 
1.7000E+02 

..... CAPIIC I TI\N•:;ES ....... 
•D 

1 2 3 4 12 13 14 22 23 24 
1. 9200E -05 6.5000E-06 9.7000E-06 1.3000E-05 5.2500E-05 7.8700E-05 1. 0500E -04 6.5000E-06 9.7000E-06 1. 3000E -05 

CONDUCT AN•:;E S 

d) 1 2 3 11 1 2 l3 2 1 22 23 30 

0 .6 . J 3 0 0 E - 0 1 6.5400E-C1 9.1600E-01 I. 8000E -02 1.5000E-02. 2.. 1 0 0 0 E.- 0 2 6.3300E-01 6.5400E-01 9. 1600E-01 7.0000E-03 

31 32 39 40 41 50 
1. 1000E-02 1 . 5000E -02 7.0000E-03 1.1000E-02 1 .5000E-02 1.9400E-01 

MISCELLI\NEOUS Vo\LUES 

1;) 
0. ·) 

TIME CONSTAiHS 

1 2 22 3 23 4 24 12 13 14 
1 .2314E-05 5.02J2E-06 5.0232E-06 6. 1354E-06 6.1354E-06 1.3963E-05 1 .3963E-05 1. 1170E-03 1. 3569E -03 2.0588E-03 

HE/IT 81\L/\NCE 

~ 2 22 3 23 4 24 12 13 14 
1 .8387E-04 1.2926E-04 1. 2926E -04 5.0211E-04 5.0211E-04 3 .4085E-04 3.4085E-04 1. 2406E -03 1.4548E-03 2.0440E-03 

RELATIVE HEI\T 81\L/\NCE 

I 2 22 3 23 4 24 1 2 13 14 
.3568E-02 2.2813E-02 2.2813E-02 i.1392E-01 1.1392E-01 1.5089E-01 1 .5089E-01 6'.9293E-01 8 . 52 4 2 E.- 0 1 1·. OOOOE + 00 



APPENDIX 8 

TEMPERATURE UPGRADE COP CALCULATIONS 

FOR OPTIMUM DESIGN 



Hot side alloy 

Cold side alloy LaNi5 

Hydrogen/metal ratio: 

H/M 3.18 gmole H2/lbm LaNi4 •5Alo.s (Ref. 1) 
H/M 3.14 gmole H2/lbm LaNis (Ref. 2) 

For equal amounts of H'2 absorbed/desorbed: 

3.14 gmole H2/lbm LaNis 
0.987 

Use: 

1 • o lbm LaNis 
0.987 lbm LaNi 4 • 5Alo.s 

This yields: 

3.14 gmole H2 (absorbed/desorbed) 

and 

92.2 Btu (Ref. 3) QLaNi
5 

QLaNi 4 • 5Alo.s 114.6 Btu (Ref. 2 ) 

where Q heat of absorption/desorption 

Hydride utilization factor 70% 

Therefore: 

(0.7) (92.2 Btu) 64.5 Btu QLaNi5 

QLaNi 4 •5Alo.s 
(0.7) (114.6 Btu) 80.2 Btu 

COP upgrade 
Qdes(LaNi4 • 5 Alo.sl + SH(LaNi4 • 5 Alo.s> 

+ SHLaNis (TL - TM) 

where the heat of desorption has a negative value and the heat of absorption 
has a positive value. 

Th\l,S; 

- 80.2 Btu -80.2 Btu 
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Let: 

TH 

COP upgrade 

64.5 Btu -64.5 Btu 

350°F TM 200°F TL 80°F 

= 

80.2 Btu + 
SH(LaNi4.5Al0.4) (200°F -

-80.2 Btu + 
SH(LaNi4.5Al0.4) (350°F - 200°F) 

+ SH(LaNi
5

) (80°F - 200°F) 

80.2 Btu + SH(LaNi Al ) (-150°F) 
4.5 05 

350°F) 

+ (-64.5 Btu) 

-144./ Htu + SH(LaNi Al ) (150 6 F) + SH(LaNi) (-120°F) 
4.5 0.5 5 

:r, ntP-r,na lly Finned Tube 

Sensible heat (from computer model) 0.187 Btu/°F"lbm alloy 

For 1.0 lbm LaNi 5 and 0.987 lbm LaNi4.5Alo.5: 

SHL N' a ~5 
0.187 Btu/°F 

SH . Al 
LaN~4.5 0.5 

0.185 Btu/°F 

Sul.J!:ltl tm::.ing im::.o L:U.I:' upgrade equa t~on: 

Cu.l:'upqrade 
-----8~0.2 + _,(0.185)(-150_) 
-144.7 + (0.185)(150) + (0.1R7)(-17.0) 

52.45 
-139.39 

-0.~8 

Externally Finned Tube 

Sensible heat (from computer model) 0.142 Btu/°F"lbm alloy 

For 1.0 lbm LaNi 5 and 0.987 LaNi 4 • 5Al 0 • 5 : 

SHLaNi 
5 

0.142 Btu/°F 

' 
0. 140 Btu/°F 

Substituting into COPupgrade equation: 

80.2 + (0.140)(-150) 
COP upgrade -144.7 + (0.140)(150) + (0.142)(-120) 

- 184 -



59.2 
-140.7 

-0.42 

Theoretical maximum COPupgrade: 

(asumes no sensible heat) 

COP upgrade 80.2 -0.55 

-80.2 - 64.5 

Water System Sensible Heat Burden for Externally Finned Tube Hydride Heat 
Exchanger 

Initial coefficient of performance values for various configurations were 
calculated with the system boundary located at the inner tube wall/water 
system interface. To include the water system sensible heat burden in the 
COP calculations, the sensible heat of the water was calculated assuming 50 
percent mixing -- one-half of the water located in the hydride unit would be 
heated or cooled during the thermal cycling. 

Volume of H2o in one EDTU pressure vessel 5. 1 in. 3 

Weight of hydride powder in one unit = 8.63 lb 

Yielding: 0.02 lb water/lb hydride x (0.5 mixing) 

0.01 lb water/lb hydride 

The sensible heat of water = 1 Btu/16°F 

Thus 

:::: 0.01 Dtu/°F lb alloy 

ThP. sP.mdhlP. hPr~t- fnr the externally finnQd tubQ = 0.1112 Btu/lb alloy 

The total sensible heat including water= 0.152 Btu/lb alloy 

For 1.0 lb LaNi5 and 0.987 LaNi 4 • 5Alo.s 

0.152 Btu?°F SHLaNi
5 

SHLaNi4.5Al0.5 
0.150 Btu/°F 

Substituting into COPupgrade equation: 

COP upgrade 80.2 + (0.150)(-150) 
-144.7 + 0.150)(150) + (0.152)(-120) 

57.7 
-140.44 

-0.41 
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.Assume: 

60 Btu/lbL N' a ~5 
19 Btu/mole H2 

Capacity= 12000 Btu/hr (1 ton) 

Temperature 

Pressure atm (14.7 psi) 

Amount of hydride powder 5 lbs 

Hydrogen Flow Rate 

Volumetric Flow Rate 

where m 
R 
T 
p 

200 Btu/min. 
19 ntu/mole I-12 

• v 

hydrogen 

in R T 
p 

flow rate 
gas constant, 766.5 
temperature 
pressure 

200 Btu/min. 

10.5 mole H2 
min • 

ft"lb /tb 0 R f m 

. 
v 

(10.5 mole H2 /min)(2 grams/mole H2 )(766.5 ft lbf/lbm0 R)(540°R) 

(14.7 lbf/in2 ) (144 in2/ft2 )(454 grams/lbm) 

9 ft3/min. (cfm) 

As an example, from Figure 79 which has been duplicated in this Appendix, 
the maximum allowed pressure drop of 5 psi and a vertical downward hydrogen 
flow through 1/2 inch hydride powder corresponds to a flow density of 70 
acfm/ft2. 

•rheretore: 

9 cfm 
Required filter surface area 0.13 ft2 18.5 in2 

70 acfm/ft2 

Filter area per pound of powder (18.5 in2/ton)(1 ton/5 lbs powder) 

3.7 in2/lb powder 
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lbjective: to find the optimum pressure vessel wall thickness 

Assume: internal pressure= 1050 psi1 
(actual design pressure = 350 psi, safety factor 

allowable stress for stainless steel= 30,000 psi 
pressure vessel radius = 3.0 inches 

3) 

Reference: Popov, E. P., Mechanics of Materials, Prentice Hall, Inc. 1976. 

Stress formulas: 

1. Circumferential stress (hoop stress) 

2. Longitudinal stress ~aL = Pr/2t 

where p internal pressurP. (psi) 
r = radius (in.) 
t wall thickness (in.) 

Solving 

t 
c 

t 
L 

equations and 2 for t, 

(1050 psi)(3 inches) 
30,000 psi 

(1050 psi)(3 inches) 
( 2 ) ( 3 0 , 0 0 0 psi) 

wall thickness, 

0.105 inches 

0.053 inches 

• ac Pr/t 

yields 

Therefore, design for circumferential stress condition; next'standard wall 
thickness greater than 0.105 inch is 0.125 inch thick. 

1At the design temperature of 177°C (350°Ft, the internal hydrogen pressure is 
2.4 MPa (350 psi). In the case of a sudden internal temperature rise above 
177°C, the corresponding hydrogen pressure inr.rP~Se~ logarithmically. A 
fe:u.::tor of safety equal to 3 adequately safeguards this event. 
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lbjective: to calculate the mass flow rates and pressure drops through water 
tubes 

Nomenclature: 

h external heat transfer coefficient 
Nu Nusselt number 
Re 
Pr 

D 

K 

urn 
1/ 

Assume: 

Reynolds number 
Prandtl number 
tube inside diameter 
thermal conductivity 
mean velocity 
kinematic viscosity 

pressure drop 
friction factor 
density 
tube length 
gravitational constant 
(32.2 ft/s 2 ) 

L 24 in. (approximate length of water flow path in one EDTU 
pressure vessel) 

D 0.19 in. (wall thickness 0.03 in.) 

h 1000 Btu/hr ft2 °F 

temperatures- TL = 80°F, TM = 200°F, TH = 350°F 

cold side alloy (CSA) 

warm side alloy (WSA) 

Reference: Ozisik, M. N., Basic Heat Transfer, McGraw-Hill Inc., 1977. 

Governing Equations: 

1 • Nu = 0.23 Re0.8Pr0.3 3. Re urn 
. D/V 

2. Nu h . D/K 4. ~p f . L p . urn 2 

2 . 1) . g 
c 

Mass Flow Rates 

CSA Analysis: 

propertiec of water at 140°F 

1/ = 0.018 ft2/hr 
K 0.38 Btu/hr ft op 

Pr 3.01 
p 61.4 lb/ft3 
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Using Equation 2: 

Nu (1000 Btu/hr ft2 °F) (0.19 in.) (1 ft/12 in.) 
(0.3 Btu/hr ft °F) 

Substituting Nu value into Equation 1: 

41.67 0.023 Re0.8 (3.01)0.3 

Re 7818 

Substituting Re value into Equation 3: 

7818 (urn) (0.19 in.) (1 ft/12 in.) 

(0.018 ft2/hr) 

urn 8888 ft/hr 

Cnversion to gallon per minute: 

TJ 
Ill 

0.87 qpm ~ 1 gpm • 7 tubes/pressure vessel 

WSA Analysis.: 

properties of water at 275°F v 

1/ 0.009 ft2/hr 
K 0.39 Btu/hr ft oF 

Pr = 1.3 
p 56.0 lb/ft3 

Using Equation 2: 

Nu 
(1000 Btu/hr ft2 °F) (0.19 in.) (1 ft/12 in.) 

(0.39 Btu/hr ft. f) 

Substituting Nu value into Equation 1: 

40.67 
Re 

o.023 Reo.8 (1.3)0.3 
10392 

Substituting Re value into Equation 3: 

10392 = (urn) (0.19 in.) (1 ft/12 in.) 

(0.009 ft2/hr) 

Urn 5907 ft/hr 

Covert to gallon per minute: 

0.58 gpm ~ 1 gpm • 7 tubes/pressure vessel 

- 198 -

41.67 

7 gpm 

40.60 

7 gpm 



?ressure Drop 

CSA Analysis: (assume smooth pipe) 

CSA friction factor 0.0305 (p. 256, Ozisik) 

(0.0305)(24 in.)(61.4 lb/ft3)(8888 ft/hr)2(1 ft2/144 in.2) 
L\p 0.16 psi 

WSA Analysis: (assume smooth pipe) 

WSA friction factor 0.027 (p. 256, Ozisik) 

(0.027) (24 in.) (56.0 lb/ft3) (5907 ft/hr)2 (1 ft2/144in.2) 
0.06 psi 
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