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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 c¢ooliny or temperature upgrading over a wide range of
input and ambient temperatures. The system can thus be used with a varielLy
of heat sources including waste heat, solar energy or a fossil fuel.

The conc¢eptual design of the MHHP was developed in Phase I. After initial
technical definition, Booz Allen counducted a natinnal market survoy inclnding
a study of applications and market sectors. Saolar performed the technical
tasks in Phase I, including conceptual development, thermal and mechanical
design, laboratory verification of design anA material performance, cost
analysis and the detailed design of the Engineering Development Test Uunit
(EDTU). A test plan for 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
was ¢hosen for development. Operating temperature ranges for the upgrader
were selected to be 7U-110°C (160 230°F) fnr the source heat and 140-190°C
(280-375°F) for the product heat. These ranges are applicable to many pru=
cesses in industries such as food, textile, paper and pulp, and chemical.
The hydride pair well suited for these temperatures is LaNig/LaNig, sAlg,s.

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 £DTU.

- 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.

The 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 potential of beiny vne of these energy
oonservinyg 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 the 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 funational laboratury model to be built and
tested in Phase II of this effort. The market analyses which led to technical
requirements and targets is presented first. The technical design tradeoffs
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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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 lucluded the completion of a preliminary market study and a
defendable design for the EDTU. Both of the goals were met within Lle orig=
inal funds of Phase I. (The results of the marketing effort by Booz Allen
were furnished +to thé proyram without direct. cogt to BNL by SoCal. Both
SoCal and Solar made significant reductions in proqgram related fees.

The marketing study, performed by Booz Allen, investigated the potential
applications for the MHHP in the residential, commercial, industrial and
transportation market sectors. Then, the configurations were studied in
each sector. The market needs (applications), cost structure, and energy
source were examined fur each gconfiguwration. Fourteen applications were
selected from the study and subjected to a forced ranking. In the rankiny
process, the project team rated the market, technical and other characteris-
tics for each application against the properties of the MHHP. The three
highest rated applications, industrial heéat amplification, industrial temper-
ature upgrading and vresidential gpace heating, 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, capacities, performance and costs for this application were compiled
and supplied to SoCal and Solar. -

In the technical efforts numerous design parameters were studied using analy-

tical models. Critical components and characteristics were also subjected
to verification via laboratory tests. The major areas of study includ

-2 -



h transfer enhancement, 1low thermal mass, mechanical configurations,
hyu.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 massive, 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 considered 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, LaNig and LaNi4.5Alo_5, meet the several requirements

enumerated by the project 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 contain the partlcles. 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
LaNig packed around 14 finned copper tubes while the second vessel will
contain LaNi,y gAlg ¢ in a similar configyuration. Solid insulation will ther-
mally isolate the tubes and hydride materials from the high mass pressure
vessel. A single metallic filter in each 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 wvessels and in the external
heat exchangers.



A prime consideration in the design is the capability to open up the ve L
for inspection or rebuild. Serious consideration was given to this feature
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 thé 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 EDTI is to be operated for several weeks,
rebuilt with new heat exchangers, filters or hydride materials as necessary
and retoected., From these tests, hardware modifications and concurrent labor-
atory tests, the engineers will gain suffié¢ient knowledge of the temperature
upyrader to minimize 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-continucus) temperature upqrader, and a reduced
testing schedule. In order to make the alternate plan technically wvaluable,
the construction and testing of an alternate EDTU would be preceded by a
laboratory phase in which several aspects of the final 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 vessels rather than four which would provide 20,000
Btu/hr rather than 40,000 Btu/hr. The alternate EDTU would operate in a
noncaontinuous fashion due to the required charge cycle (an accumulator could
make the output virtually continuous). Data gained 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-
cst pace. The Phase II alternate plan would verify the critical technologies
in the hydride vessel and leave many of the system c¢onsiderations for a
future phase of this program.

At the conclusion of Phase I the team is enthusiastic about the market and
t.cohnical prospects for the MHHP. SoCal views the metal hydride heat pump as
a future energy saving appliance with great potential for the industrial and
residential marketplace. Solar believes that the MHHP can be effectively used
in industrial heat recovery installations once the technical risks have been
minimized. In addition, Solar can envision the use of the MHHP as a poutential
encrgy recovery device for its line of gas turbine engines. Booz Allen sees
great potential for this technology in the transportation sector 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.



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.



2

INTRODUCTION

2.1 BACKGROUND

One of our nation's major goals is to reduce dependence 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 eneryy 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
rescarch to investigate pntential heat utilization technologies. Metal
hydrides were identified as a potential foundation for a thermally driven
heat pump. The cancept 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



in investigating new energy conserving products. In 1980, Brookhaven NatiC..u.
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).
Booz Allen has an ongoing agreement with SoCal to determine 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 research and development aimed at the design,
development and demonstration of a metal hydride heat pump. This includes
advancing the state-of-the-art of hydride heat pump technology to thec point
where performance and energy efficiency can be well established.

Development of this functional MHHP will proceed from conceptualisation to
preprototype fabrication and testing via a three-phase approach:

Phase I - Concept Definition
Phase II - Proof of Concept
Phase III - Engineering Evaluation

The scope of Phase I of this project includes development nf A ronceptual
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 I.. The EDTU will be fabricated and tested in Phase
II. 2An ECngincering Bvalualiuu Test Unit (EErU) will be designed in Phase
IT, and built and tested in Phase TTI. Figure 3 showes thc 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 sentinn nutlines the basic hydride technoloygy
and how it is applied Lu the three hydride heat pump cycles. Also
discussed are major technical design issues where further develop-
ment was required and emphasized in this project.

. The Market Study chapter 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.

- 8 -
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BROOKHAVEN NATIONAL

GAS COMPANY LABORATORY
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Figure 2. Project Organization
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APPLICATIONS
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MHHP
DEFINITION EDTU
DATA
PHASE IA PRELIMINARY
MARKET
ANALYSIS MARKET
RE-ASSESSMENT
MARKET STUDY
PROGRAM PHASEIB
PHASE I
Figure 3. Relationship Between Development and Market Study Program




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. BAlso discussed are major technical design
issues where further development was required and emphasized in this project.

3.1 PHYSICAL DESCRIPTION OF METAL HYDRIDES

Many crystalline metals can absorb iarge 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 reac£ion.

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

. Pressure-composition isotherms display a plateau over a large range

of hydrogen compositions.

Reversibility 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 Hy molecule is adsorbed and reduced to atomic hydrogen at the surface
of the material. Then atomic hydrogen is absorbed into the material and
diffuses rapidly into the metal lattice to occupy the interstitial locations.
Once a threshold temperature or pressure hac been attained, the formation of
Lhe hydride in this manner is almost always exothermic.

- 11 -



The heat-of-formation of the metal hydrides is vastly different for diffe z
base metal systems. One alloy, LaNig, has a heat-of-formation of 7.3 kecal/
mole Hy; Mg hydride shows a heat-of-formation of nearly 17.8 kcal/mole Hy;
and Ce hydride has a heat-of-formation near 49.2 kcal/mole H,. 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 PBASIC HYDRIDE HEAT PUMP CYCLES

Hydride-tforming metal alloys with different thermodynamic characteristics can
be used as thermal working elements to provide heat pump ouperation. The
heat pump cynle requires two different alloys chosen to operate together as
a working pair. One can be designated as the warm cide alloy and Lhe other
the cold side alloy. These hydride alloys must be chosen to operate as a
pair baced onn their natural pressure-temperature response characteristics.

Chararteristic hydride curves result when the hydrogen pressure is measured
and plotted as a function ot hydruyen content (H/M = hydrogen/metal atoms)
for a given constant temperature (Fig. 4). Curve A shows a typical hydro-
gen desorption isotherm, and curve B 1is the hydrogen absorption isotherm
for the same alloy at the same temperature. The vertical space between the
+wn ¢urves indicates the magnitude of pressure hysteresis characteristic of
the particular alloy. It 1s des.rable Lu selrat allnys with a flat plateau
to achieve optimum heat pump performance. The plateaus for curves A and B
are ¢haracteristio of T.aNigHy. Some alloys behave as shown in curves C
and D where the soughteafter flal plateau is eitfier steeply sloped (curve C)
or too 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 Figure 5 along with the pressure/tempera-
ture cycle diagram, The caycle functions as follows. The fully hydrideda
warm side alloy is exposed to Ty, which allows it to desorb hydrogen at a
pressure P, while absorbing thermal energy from the heat source. Simul-
taneously, the hydrogen-depleted cold side alloy is exposed to a heat sink
at Ty, which allows it to abhsorb hydrogen at pressure Py (P, > P3). The
hydrogen [luwa from the warm side alloy to the cold side alloy. Heat is
rejected bythe cold side alloy at Ty. The flat character of the plateaus
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 Ty, lowering its equilibrium pressure to P4q. The cold side
alloy is exposed to the chilled fluid loop and estabishes equilibrium at ™-
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and Py, (P4 > P1) 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, is greater than P,. Thus to produce refrigeration (Ty),
high temperature heat (Ty) is used to fire the system, while heat is rejected
to the atmosphere at the ambient temperature (Ty).

For heat amplification, the heat pump oi)eration 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 (T;) that was previously used for refriger-
ation is obtained from a lower temperature, ambient condition source. The
medium temperature heat (Ty), 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 temperature heat source to
drive the system, this cycle upgrades a medium grade waste heat stream (Ty)
to a higher temperature (Ty) without the use of a fossil fuel input. Speci-
fically, this cycle uses an intermediate temperature heat source (Ty) and
low temperature ambient conditions (T) -to produce the hidh temperature
process stream (Ty).

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.
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COMPONENT SCHEMATIC P —T CYCLEDIAGRAM
MED. TEMP. (7
CHARGE HEAT REMOVAL (E)//
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/ f / ™ T
Qouyt AT T QN AT Ty Qi AT Ty USEFUL QoyT AT TH

Figure 7. Cycle Name: Temperature Upgrade

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 suited for
this particular application; iron and titanium are both plentiful and rela-
tively low in cost. However, the LaNig type hydrides have some important
technical advantages over the FeTi type.

LaNig is the best known representative of a class of alloys known as ABg.
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, cobalt, 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 ABg class of alloys
exhibits rapid hydriding kinetics at or near room temperature. Tablc 1
summarizes the pertinent properties of candidate ABg hydrides.

The pressure-composition isotherms at 40°C (104°F) of hydrided FeTi and LaNig
are shown in Figure 8 (Ref. 1). Note the constant and relatively low plateau
pressure of LaNig over the entire hydrogen compositional range. The lower
pressure simplifies and economizes the mechanical design of the heat pump,
while the broad, flat plateau allows for a proportionally wider hydrogen
excursion. In . contraet, TFeTiHy has a constant equilibrium pressure for
only about half of its hydrogen content. The BABg class of hydrides, 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 ABg alloys discussed above outweigh the cost advantage

the FeTi alloys. Accordingly, the team selected a hydride pair from the
nog class to use in the MHHP Project.

- 15 -




Table 1

Properties of Selected Intermetallic Hydrides

Plateau Pressure, Atm (psi-abs) H/ABg Ratio Cost, DollarsP
Intermetallic AH, k cal/ at end of E, Btu Per
Compound 20°C 50°C 100°C mole Hy Plateau 1b of Alloy |Per 1lb Alloy Per Btu Reference
LaNiS 1.8 (26.5) 5.8 (85.3) 22 (323) -7.28 6 -90.2 15.00 0.166 (1,2)
LaNi4Cu ~0.7 (10.3) 2.2 132.3) ~iG.S (154} -9.66 S -99.4 14.50 0.146 (1)
CaNiS 0.4 (5.9) 1.3 {19.1) 10.6 (155) -7.5 s -%99.3 6.50 0.065 (3)
LaNig gAlg 4 0.18 (2.7) 0.6 (8.8) | 4 {58.8) -8.7 3 -111.9 ~15.00 0.134 (s)
C(Lao'67Nd0‘25Pro.08)Ni5 3.3 (48.5} 10 (147) 42 (617) -6.9 6 -35.8 13.00 0.152 (2)
MMNisa 17 (250) 42 (2653) 152 (2205) -5.46 5 -€7.9 11.00 0.162 (2)
LaRig gMng,g4 0.13 (1.9 0.54 (7.9) | 2.5 (52.8) -9.1 5.4 -120.5 15.00 0.124 (1)
MMNig 9Mng 3 9.3 (137) 24.8 (365) 90.1 (132¢) -5.5 5.8 -6%.3 11.00 9.167 (1)
MMNi, gAlg s 3.1 (45.6) 9.2 (135) 37.9 (557 -6.7 5.2 -75.9 ~11.00 0.147 (4)
MMNi4Fe 6.4 (94.1) 17.2 t253) 52.9 (925} -6.3 5.1 -57.1 ~10.00 0.149 (4)
MMNi,g 1s5Feq, g5 12 (176) -- -- ~-6.3 5.2 -63.3 ~10.00 0.146 (4)
MMNi3.5Cu1.5 | 5.1 (75.0) 18.9 (278) 63 (1000) -6.4 4.9 -€4.0 ~10.00 0.156 (4)
Cagy 7MMg 3Nig 3.2 (47.9) | 80 (118) 40.0 (58€) -6.5 6 -56.5 ~7.00 0.073 (5)
(CFM)Ni4_8Alo_2 1.6 (23.3) 5.6 (81.8) 28.1 (413) -7.5 6 -¢4.7 ~13.00 0.137 (5)

aMM - mischnetal

bBased upon 50 tons of ABg per year as of May 1980.

CCeriumfree mischmetal (CFM)

(1) Communication with C. E. Lundir, University of Benver, Denver, CO, also "Modification of Hydriding
Properties of AEg Type Hexagonal Alloys Through Manganese 3Substitution”, C. E. Lundin, et al.

(2) overview, No. 56, Molyccrp, Inc., White Plains, New York.

(3) Argonne National Laboratory, AHL-79-8 (1979).

(4) “Develcpment of Low Cost Nicke:-Fare Earth Hydrides for Hydrogen Storage", G. 9. Sandrock.

Communications with J. G. Canron, Molyccrp.

(5) M. H. Mendelsohn, et al, J. Less Common Met., Vol. 63 (1979).
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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
B

The primary cost item in the heat pump is the metal hydride powder. 'ABS
compounds, the materials selected, cost $10/1b (1981$, large quantity esti-
mates). Thus, it is imperative to minimize 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 thé heat transfer charac-
terigtiacs 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 dJdevice 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.

1is is due to the importance of minimizing the masca of the structure to
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reduce the parasitic self-heating and cooling losses. Heat transfer £
the heat transfer fluid to the structure is not considered to be as critical
as the heat transfer from the structure to the individual metal hydride
particles.

3.4.2 Performance

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 energy to the required driving energy. COP values for
the MHHP are maximized by minimizing parasitic losses =-- the less energy
regquired to heat and cool the licat exchanger structure, the more net useful
outymt enerqy-

Similarly, the capacity of an MHHP is expréssed in tormg nll the rate at which
useful outpnt eneryy ic evrhanged. It is calculated by dividing the energy
output per cycle by the total cycle time. Thus, tulal cycle time is inversely
proportional to capacity. A reduction in cycle time would increase the
capaeity.

3.4.3 Particle ContainmentL

If filters are used to contain the metal hydrides separately in two beds,
large hydrogen pressure drops occur unless the filters are properly designed
and installed. The pressuré drups olow the flow of hydrogen and increase
the cycle time, thus increasing the amount of hydride materlal needed nex
useful output.

3.4.4 Particle Expansion

The process of hydrogen absorption and desorption causes the metal crystal
lattice to expand and contract leading to the comminutivin of the original
hydride alloy particles. After many such cycles, the process of comminution
produces a progressively greater proportion of fine particles. The MHHP must
be designed with the ability to absorb this hydride powder expansion or risk
rupturing under internal pressure.

3.4.5 Design

To be commercially acreptable, a heat pump must be adaptable to a variety of
site or application dependent conditions. Thuse requirements 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 *-
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rasized. Among the specific interfaces of the heat pump 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 pump with the proper quantity of hydrogen gas.

The resulting heat pump 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 have 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 market 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. Some
of these specific application requirements include:

-~ Product size and weight

- First cost and operating economics

- 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 program to attempt to con-
figure and develop heat pumps to meet the demands for every possible
MHHP application.

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

The purpose of the market study task was 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 specific information on the market-related technical

requirements likely to affect the competitiveness in each market of
a specific MHHP configuration.
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4.1 GENERAL DESCRIPTION OF MARKE'T 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 (Fig. 10). There are ne significant fast grow-
ing segments within the residential HVAC equipment market. Heat
pumps have made significant penetration of new house construction,
but gas heating is envisioned &8 mdintaining its traditional 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,
thé MHHP could ocompete effectively within this range of performance.
Radical changes in the equipment market causéd by introduction of
highly efficient gas heat pumps or signficiant penetration of
sular oyctems are nul e&xpcoted during the 1980°'s.

. The cost implications fur the MHHPR are favorahle, Prelminary iundi-
cations are favorable for MHHP technology. 1In order to be compar-
able to conventional residential space conditioning on first cost,
Llie MIIHP, assuming $200 for base furnace components, should aim
for a factory cost of $400-600 for a 54,000 Btu/hr unit. This
appears to be a reasonable Aevelopment goal.

. No major physical impediments are forceeen to MHHP product adoption
(Table 2). Despite its possible larger size and weight, the fuel-
fired MHHP product should be acceptable for most applications
within the resldential ceuvlon.

A preliminary characterization of the commercial HVAC market (Fig. 11) 1indi-
cated that it may hold some opportunities for the MHHP, but that competition
in this market 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.
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HEATING

UNITS SHIPPED (000 $) DOLLAR VALUE OF SHIPMENTS ($105) DUCTED
WARM
AIR
YEAR 5000 4000 3000 2000 1000 ) 100 200 300 400 500 600 S/UNIT
- | 1 | 1 1 1 1 I 1 1
1970 $127
1972 $132
1974 $154
1976 $153
1978 $177
1979 |58 $201
KEY:
(] DUCTED WARM AIR
HYDRONIC

B=E ELECTRIC BASEBOARD

COOLING
UNITS SHIPPED (000 $) DOLLAR VALUE OF SHIPMENTS (3106)
HEAT
' PUMP
YEAR 3000 2400 1800 1200 600 300 600 900 1200 1500 SIUNIT
L 1 1 1 1 1 1 1 1 J
1970 %il $463
1972 $511
1974 $601
1976 8| $596
1978 $608
1979 $633
KEY:
[ SPLITSYSTEMS

=) YEAR-ROUND PACKAGED
SINGLE-PACKAGE A/C
B2 HEAT PUMPS

Figure 9. Annual Shipments of Residential Heating and Cooling Egquipment

- 23 -



2000

1500}
“OTHER”
HOUSING UNITS “OTHER"
EQ(:,)(;:;:)ED 1000 [ELECTRIC
OIL BOILER
GAS
HE BOILER AT -
PriMP RIS AL
T CUTHER
500} as
GAS C
FURNACE BOILER
GAS
FURNACE GAS
FURNACE
i NEW REPLACMENT ADD-ON
CONSTRUCTION : OR
CONVERSION

Figyure 10,

Table 2

Rocidential Heating Equipment Use

Physical Characteristics Comparison

Vulume Comparison

. Weight. Comparison

Unit m3 (£t3) kg (1b)
Residential $plit System 0.7-1.0 (25-35) 113-159 (250-350)
Electri¢ Heat Pump '

Residential Furnace unly 0.4-0.C (15-20) aR-79 (150-175)
Furnace and A/C 0.7-1.0 (25-35) 113-159 (250-350)
Combination

Fuel-Fired MHHP 1.0-1.3 (35-4b) 204~-250 (450-550)
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EQUIPMENT TYPES

PACKAGED
" ROOF-TOP
(7%) CHILLERS
\ (2%)
/ / BOILERS
(11%)
) PACKAGED
AIC EQUIPMENT
(87%)
EQUIPMENT CAPACITIES
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1 [ L | | | 1 ]
f f f 1 T 1 1 7
UNITARY A/C
\\\\\
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N
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Figure 11. Commercial Building Space Conditioning
Equipment Classifications
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Advanced, highly efficient technologies are expected to be int

duced and agressively marketed during the 1980's. The commercial
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 1likely 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 encounlLer morc
competition than in other sectors. Fuel-driven MHHP cooling in particular
would be at a disadvantage because of low-projected cooling COP.

Preliminary characterization efforts for the industrial marketplace indicated
a number of features whic¢h suyyest promise for the MHHP.

PROCESS ENERGY REQUIREMENTS
(1012 BTU/YEAR)

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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Figure 12. Industrial Waste Heat
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Figure 13. Industrial Process Heat Usage

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 chemlcal) 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 ranklne) 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
because 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 measurad 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 three tons and uses a freon
vapor compression cycle. This equipment is powered by belts from
the vehicle engine for truck/tractor air conditioning, reducing
vehicle engine efficiency. In other applications, vehicle/container
cooling is driven by auxiliary diesel engines or indirectly off the
vehicle engine through the vehicle's electrical system. No cooling
product driven by engine-generated waste heat exists un 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 1is inherently flexible and adaptable to a rénge of
ucos, and,

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

Classifying and ultimately reducing the varlety of possible MHHP applications
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 framework, most posaible MHHP functions 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 technolougy, as well as an understanding of the perti-
nent characteristics of the four major energy c¢onsuming sectors of the U.S.
econouy .

Booz Allen identified four functional uses fox 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 technolouyy are described bclow:

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

MHHP USES
RESIDENTIAL | COMMERCIAL| INDUSTRIAL | TRANSPORTATION
® STATIONARY SPACE o o o
CONDITIONING
® HEAT OR TEMPERATURE ) o
BOOST
® REFRIGERATION ® o
e MOBILE/TRANSPORATION ‘ L

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 1lifetime, comparable to that of conventional
HVAC equipment now on the market, and

- low maintenance regquirements for a MHHP device, which could be
a competitive advantage 1in 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 temperature stream for varidus processes
and 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 eguipment. A distinct
advantage of metal hydride technology in Lhis use is its ability
to function at subfreezing temperatures, which heat-driven absorp-
tion chillers using water as a working fluid cannot do. This may
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 cooling.
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A MHHP device in these applications may have distinct competit
advantages over currently available equipment by not using the
vehicle engine for mechanical driving power, which is 1likely 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 buildings - 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
individual dwelling units), the residential sector represents the
largest potential market [or tho MHHP teé¢hnoluyy. Tho dominant
pattern of energy use in homes is for space heating (60%) with 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 proc¢esgses — use 37 percent of U.S. total energy needs, of
which a small amount (less than 5 percent of industrial consumption)
is required for space conditioning. There are about 156,000 estab-
lishments in the ten most eéeneryy-intence U.S. manufacturing indus-
tries, which constitutes the potential industrial market for MHHP
devices?.

. Transportation - Accounts for 26 percent of U.S. eneryy usc. Exclu-
ding transport fuels, the predominant energy need is for cooling
cnergy in a variety of vehicles and mobile containers.

Figure 14 presents the matrix of uses and market sectors which was employed
to represent the universe of possible MHHP aplications. ©Each cell of the
matrix was examined to judye whether it represented a significant potential
market? for energy egquipment. From this examination, eight of the sixteen

lsource: o0ak Ridge National Laboratory: Industrial Fnergy Use Data Book,
1980

2The evaluation of a "signficiant potential market” included quantitative

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 conditioning and temperature boost in the trans-
portation sector, which are insignificant in terms of energy use
(2 segments).

. Temperature 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 market needs 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 interacts with its environ-
ment. These sources include air, water, waste heat and solar
enerqgy. :

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

LOW-GRADE DRIVING FUNCTIONAL PRODUCT

HEAT SOURCES HEAT SOURCES OPTIONS PACKAGES
® AIR ® FUEL - : ® HFATING : ® UNITARY HVAC
® WATER ® WASTE HEAY ® HEATING AND ¢ LARGE CHILLER/

® WASTE HEAT ® SOLAR COOLING BOILER

® SOLAR e COOLING ® INDUSTRIAL

® REFRIGERATION HEAT PUMP

® SPECIALIZED

PACKAGES

Figure 15. Potential Configurations
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. Functional options include differing combinations of the form
energy delivered by a device. Equipment can be designed 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 on 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 variables above, fourteen different possible MHHP configura-
tions were developed for the four market sectors. These configurations for
residential, commercial and industrial sectors are shown in Figure 16 and
are described as follows:

. In the residential sector, two heating-only devices were selected:
onc a fuel driven warm air furnace; and a similar product assisted
by a low temperature solar energy gyctem. Additionally, two heat
pumps were selected: one driven by fuel; and one driven by a hlyh
temperature solar energy system.

. For the commercial buildings sector, four MHHP product configura-
tions were selected. These products include three air source
pArkaged heat pumps; one with conventional electrical vapor com-
pression cooling techuolsygyy =ne 4driven by a medium temperature
solar system; and one employing an air-cooled evaporaldo®r and eonw
denser. In addition, a hydronic heating only product was included,
comparable to a aommercial hoiley.

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

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

. Truck or tractor cab air c¢onditioning; a small cooling energy need
which is required only during vehicle engine operation.

. Truck trailer or railway freight car refriyeration; a mid-sized
cooling energy need requiring continuous operation independent of

vehicle engine operation.

. Cargo ship hold refrigeration; requiring a laryer, 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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Residential

Commercial

TYPE OF UNIT

KEY FEATURES

® FURNACE

® TUEL-FIRED HEAT PUMP

® SOLAR-ASSISTED HEAT PUMP

® SOLAR-DRIVEN HEAT PUMP

FUEL-CRIVEN HEATING ONLY MHHP; USES AIR
AS LOW-GRADE MHEAT SOURCE; MAY BE USED
WITH DR WITHOUT CONVENTIONAL ELFCTRIC
AIC

FUEL-DRIVEN HEATING AND COOLING MNP
UNIT; SINGLE PACKAGE OR STLIT SYSTEM; USES
AIR-CQOLED EVAPORATOR AND CONDENSER

FUEL-DRIVEN HEATING ONLY MHIIP; USES
LOW-GRADE SOLAR TO ROOST H.P. COP; MAY
AE USED WITH OR WITHOUT ELECTRIC A/C

REQUIRES MEDIUM TO HIGH TEMPERATURE
SOLAR SYSTEM {150°F+ ) TO DRIVE AIR SOURCE
HEAT FUMP AND COOLING CYCLE; MAY ALSO
USE SOLAR AS LOW-GRADE HEAT SOURCE

Industrial

CONFHGURATION

APPLICATION REQUIREMENTS

HEAT AMPLISIER

TEMFERATURE UPGRADER

REFRIGERATION UNIT

Figure 16.

® LCW LEVEL HEAY SOURCE
o PROCESS NEED FOR HOT WATER
OR LOW PRESSURE STEAM

® LOW TEMPERATURE HEAT SINK

® INTERMEDIATE TEMPERATURF
HEAT SOURCE

® NEED FOR HIGH TEMPERATURE
PROCESS <J75°F

e LOW TEMPERATURE HEAT SINK

¢ INTERMEDIATE TEMPERATURE
HEAT SOURCE

¢ NEED FOR PROCESS COOLING

TYPE OF UNIT

KEY FEATURES

® PACKAGED FUEL-FIRED UNITARY
HEATING/COOQLING UNIT

® PACKAGED FUEL-FIRED HEAVING/
ELECTRIC COOLING UNIY

® PACKAGED SOLAR-DRIVEN

HEATING/COOLING UNIT

® FUEL-FIRED HEATING ONLY
BOILER SURSTITUTE UNIF

FACTORY ASSEMBIED, CENTRAL SYSTFM
HEAT PUMP. USES AIR COOLED
EVAPORATOR AND CONDENSER. CAN AE
EITIER SINGLE PACKAGE OR SPLIT
SYSTEM.

FUEL-DRIVEN, HEATING-ONLY MINIP IN A
SINGLE PACKAGE WITH COOUING. USES
AIR AS HEAT SOURCE. USES ELECTRICALLY
DRIVEN VATOR COMFPRESSION FOR
COOLING.

USES MEDIUM GRADE SOLAR ENERGY TO
DRIVE AIR-SOURCE MHUIP. CAN USE
EITHER AIR OR SOLAR AS HEAT SOURCE.

USES LOW-GRADE WASTE HEAT WITH A
FOSS!IL FUEL HEAT SOURCE TO PROVIDE
LOW PRESSURE STEAM.

Definition of Residential, Commercial and Industrial MHHP Project Configuration



a very different form in each application. Thus, these applications
represent three distinct configurations applicable to the transportation
sector.

4.4 SCREENING CRITERIA

This step of the market analysis was essentially a competitive assesgsment 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
respective market seqmentl. In effect, thcoc oriteria, shown in Figure 17,
served as qualitative measures of market, technical or other risks.

Specifically, three groups of ranking criteria were identified:

. Market criteria - +this category included two measures of the
attractiveness of an individual market: 1its ovuverall size 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, twé economic crlierlia were
included, as measures of the ability of the MHHP to compete with
rconventional or advanced energy products on a first cost or life
cycle cost basis.

TECHNICAL (10%)

MARKET (50%)

OTHER (10%)

o SIZE, WEIGHT

*» SAFETY
¢ THERMAL CAPACITY
*« TEMPERATURE RANGE

+ COMPETITIVE
TECHNOLOGY STATUS

e DEVELOPMENT RISK

POTENTIAL IN
1985-1990

ADDRESSABLE SIZE

AUAPTABILITY TO TECHNOLOQY
DISTRIBUTION SYSIEM

MAXIMUM FACTORY COST

COMPETITIVE TECHNOLOGY
ECONOMICS

TAX CREDIT

NOISE
COMPLNTIIVE TECHNOLOGY
ADVANTAQES/DISADVANTAGES

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 opefa—
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
credits 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 risk - the chance tlhat 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 he decveloped to
perform as efficiently ur more efficiently than competing conven-
tional and advanced equipment; also the chance that some other
features would 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 technologqy. Thus
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they were individually weighted 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 team members were summed by category
of criteria (market, technical and other).

. These scores were summed and averaged to produce a consensus
weighted average total.

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

1100

INDUSTRIAL TEMPERATURE UPGRADER
INDUSTRIAL REFRIGCNATION UNIT

* INDUSTRIAL HEAT AMPLIFIER
“FIRST4
TIER” 900

@ RESIDENTIAL FUEL-FIRED HEATING-ONLY

( TRUCK CAB AIR-CONUITIONING
700 COMMERCIAL FUEL-FIKED BOILCN EUB.

RESIDENTIAL SOLAR DRIVEN HEATING
“SECOND RESIDENTIAL FUEL-FIRED HEATING/COOLING
TIER” < REFRIGERATED CARGO SHIPS @ RFSIDENTIAL SOLAR ASSISTED HEATING
COMMERCIAL FUEL-FIRED HEATINQ/CUOLING
COMMERCIAL FUEL-FIRED COOLING :
TRUCK TRAILER REFRIGERATION
\ 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 1likely 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:

500
INDUSTRIAL °
REFRIGERATION
MARKET RISK TEMPERATURE
W GREATER THAN UPGRADER -
&« TECHNICAL RISK °
O 300 | HEAT
:’ ° AMPLIFIER
< RESIDENTIAL '
o FUEL-FIRED
Z 200 | HEATING ONLY
[&]
w
-
100 TECHNICAL RISK
GREATER THAN
MARKET RISK
] | | l ]
100 300 ' 500 700

MARKET/ECONOMIC SCORE

Figure 19. Comparison of Market at Technical Risks of Top
Ranked MHHP Confiqurations .
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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 waste heat stream to raise the temperature of a
thermal process stream. As shownh in Lhe figurc, this unit conld
be designed to operate in the following three-step cycle:

CHARGE
COLD SIDE WARM SIDE
TANK TANK
® = O
<
P1<Py
QouTAT T ONAT T Low HIGH
our®t L INAT M TEMPERATURE TEMPERATURE
Ty  100-140°C (210-280°F) 140-190°C (280-375°F)
‘ TmM  55-75°C (130-165°F) 70-110°C (160-230°F)
HEAT REMOVAL T 5:20°C (40-70°F) - 1-45"C ( 30-110°F)
COLD SIDE WAHKM SiDE
TANK TANK
® B ©®
[ 4
I’VVV\/\V’\ [\/\/\/\/\/\1
P3>P

QIN AT ™

USEFUL QouTt AT TR

Figure 20.

/
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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. Aan
example of such an application would be in a pulp mill where a 71-
82°C (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 WARM SIDE
TANK TANK
® =
-
A %\/\/\/\J
USEFUL QoyT AT TMm QN AT Ty HIGH GRADE
LOW GRADE HEAT
HEAT (STEAM)
TH 138°C (280°F) 191°C (375°F)
b. DISCHARGE/HEAT REMOVAL Ty 9982°C (120-180°F) 121°C (250°F)
T 16-24°C (60-75°F) 38°C (100°F)
COLD SIDE WARM SIDE
TANK TANK
© B O
-—
Py>Py
Qiny AT T USEFLIL QouT AT Ty

Figure 21. Heat Amplification Unil



A Fuel-Driven Heat Amplifier is also seen as a Promising MHHP
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 would 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).

Thoce apabilities maké thls device appear suitable for U.S. indus-
trial plants in gsuch induotrids #x food, tevtriles, pulp and paper,
and chemical. An example of its application might be 1in Lle mecat
packing industry, wheéere 32°C (90°F) waste heat from refrigerator
condensers could be upgraded by the device to provide 82°C (180°F)
hot water for plant cleanup operations.

The Third Recommended Application is & Kuel-Fired Metal Hydride

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
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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 Operating Cost Target Capacities
Market Configuration Temperatures (s/ton) ! (tons)
Industrial Temperature Low Temperature 800-1000 40-1500
Upgrade Ty = 100-140°C (210-280°F)
Ty = 55-75°C (130-165°F)
Ty, = 5-20°C (40-70°F)
High Temperature
Ty = 140-190°C (280-375°F)
Ty = 70-110°C (160-230°F)
TL = -1-45°C (30-110°F)
Industrial Heat Low Grade Heat 550-750 40-1500
Amplifier
Ty = ~138°C (280°F)
Ty = 49-82°C (120-180°F)
Ty, = 16-24°C (60-75°F)
High Grade Heat
TH = w19 8e (375VF)
Ty = 121°C (250°F)
T, = 38°C (100°F)
Residential Space T, = 93°C (200°F) 400-6002 3-10
Heating Ty = 29°C (85°F)
Ty, = -1-4°C (30-40°F)
"1 ton = 12,000 Btu/hr
2pased on a 4.5 ton unit ’

- 41 - M-



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 materials are the single most important component of the metal
hydride heat pump. The properties of the ABg 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 ABg
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 ABg 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 USHf) 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, 1long 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 ABg 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 made
at room temperature in desorption.

An extensive review of the ABg 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 ABg-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 LaNig 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 LaNig. This is achieved by replacing a portion of
the nickel with either Al, Mn or Cu.
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Figure 23. Design Procedure Fléwchart

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

The candidate alloy pairs werc redured to a few pairs that showed the greatest
promise. BAll of the pertinent hydride parameters were cunsideéred in this
evaluation.

The material reguirements for a metal hydride heat pump are specified by the
operating temperatures. A MHUI' reguireg two different hydrides to work in
tandem, one alloy operating on the c¢old eide and the other operating on the
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
desorpltion plateau pressures is an important factor in selection of the MHHP
temperature-pressure cycle. The hysteresis between the absorption~desorption
plateau pressures tends to lower the maximum AT at which the MHHP can vperate.
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Table 4

ABg-Type Alloys

Cold Side Alloys

LaNig, Lag,gCag, gNis, MMCog , Mm0.3Ca0.7Ni5
Mmgy p5Cag,75Nig, MmNiy gAlg 5, MmNiy 5Crg g
MmNig q5Feq, g5, MmNigFeq, MmNij 5Cop g
MmNi,Cos, MmNiqCoy, CFMmNi4.8AlO.2

Mmg 5Cag, 5Nig 5Alg 5, Mmg 5Cag 5Crg .5

Mmg gCag, 5Nig sMng 5, and MmNiy 5Crg o5Mng 55

Warm Side Alloys

LaCu5, LaC05, LaN14.9A10.1, LaNi4.8Alo_2
LaNig 75Alg, 25, LaNig 53lg 3, LaNiy gAlg 4
LaNiy gBlg,g, LaNig gMng 4, LaNij gCoj g

LaNi4.OCu1 .0 and CaNi5

Table 5

MHHP Temperature Upgrade Operating Conditions

Low Temperature

Ty 100-140°C (210-280°F)
Ty 55-75°C (130-165°F)
T,  5-20°C (40-70°F)

High Temperature

Ty 140-190°C (280-3759F)
Ty 70-110°C (160-230°F)
Ty, -1-45°C (30-110°F)
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Table 6

List of Possible Hydride Alloy Pairs

T, Ty Ty
. Cold Side Alloy P (abs) P(des) P(des) P(abs) Warm Side Alloy
1 |LaNnig 20°C 96°C 162°C LaNig 5Alg.s
1.62 atm 18 2 atm 2.43 atm 17.3 atm
2 MmNi4‘15Fe0.85 34°C 96°C td42=C T.aNis
17.6 atm 78.3 atm  18.6 atm | 67.0 atm '
3 | LaNig 24°C 94°¢C 144°C LaNiy gMng 4
1.91 atm 17.2 atm 3.17 atm 15.2 atm*
4 Mmg gCap gNig gAlg. g 20°C 94°¢C 150°C LaNig gMng 4
1.44 atm* 20.7 atm 3.17 atm 17.9 atm*
5 MmO_SCao'sNi4.5]\lo‘5 20°C 96°C 180°C
144 atm* ; 22.0 itm  2.43 atm- ! 19.9 atm | LaNig gAlg g
; i
6 | MmNi4 5Crg agMng . as 20°¢ 96°C 180°c |
5.0 atm* : 62 atm 5.0 atm 54 atm LaNig gAlg .4
7 lumg sCag.gNig sAlg .5 20°C ; 96°C : 140°C Latiiy gAlg.q
t.44 atm* ! 22.0 atm 5.04 atm 20.8 atm
8 | MmNiy gCoz .5 2000 | 96°C ! 18oeC LaNig gAlg.s
1.60 atm* ; 31.2 aem  3.43 atm 29.3 atm
i
9 | MmNi, 5Cojp. 5 20°C : 96°C 168°C LaNig gMng 4
1.60 atm* | 31.2 atm  3.41 atm | 28.4 atm* |
1 M
10 | MmNiy 5Coy 5 20°¢ i 96°C i 180°C LaNig gAlg g
1.60 atm* | 31.2 atm 2.43 atm i 26.3 atm
{ .
11| MmNinCoy P 36°c : 96°C 140°C LaNig gAlg.4
2.1 atm* | 22.8 atm 5.04 atm ! 20.8 atm
12 | MmNipCog 22°C i 96°C 17U LaNig gAlp g
1.05 atm* i 22.8 atm 2.43 atm 21.0 atm
[
13 | MmNi,Coj 22°¢C 96°C 156°C LaNigq gMng .4
1.05 atm* 22.8 atm 3.41 atm 20.9 atm
14 | MmNiCog 28°C i 96°C 162°¢C LaNi, gAlg g
1.02 atw* + 19.09 atm 2.43 atm 17.3 atm .
1
15 | MmNicoy 28°C ! 96°C 150°C LaNi, gMng. 4
1.02 atm* 19.09 atm 3.41 atm 17.87 atm
16 | Lag gCag.4Nig 20er 969¢ 164°C Lalig sAlg,s
1.68 atm* 20.8 atm 2:43 atm 18.1 atm
17 Lag _gCag, qNig 20°C 96°C 152¢eC LaNig gMng. 4
1.63 atm* 20.8 atm 3.41 atm 18.8 atm
10 | Mmg 3Cap,7Nig 20°¢ 96°C 146°C LaCug
3.51 atm 29 87 atm 4 58 atm 22.6 atm*
19 MIT\0.25C60.75N1‘.5 20¢C 96°C . 15089¢ LacCur
3.3 atm* 40.7 atm 4.58 atm 30:2 atm
20 | MaNiy 5Cop 5 20°¢ 96°C 148vC LaCug
1.60 atm* 31.2 atm 4.58 atm 28.3 atm*

*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't Hoff diagram (where the logarithm of the pressure is
given versus the inverse of the temperature). Figure 24 is an illustration
of a van'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 = AH + TAS
or
P = A exp(-B/T]

where AH is the -enthalpy of formation, AS 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
y/ n(P,/Py,) 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 LaNi4.6A10.4
2. LaNlS LaNi4.5A10.5
3. Mle4.15F30.85 LaN15

The second combination showed promise in a MHHP temperature upgrade 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 LaNig/LaNiy, K gBlg,4 alloy pair. The van't
Hoff parameters used were LaNiS: A = 4.25 x 1% atm. and B = 3712 K (taken
from Ref. 3) and LaNi4.6AlO.4: A = 8.74 x 10° atm. and B = 4451 K (taken
from Ref. 4), the hysteresis parameter ln(Pabs./PdeS.) was 0.19 and 0.13 for
for LaNig and LaNig gAlg,4 taken from References 3 and 4 respectively. This
alloy pair does not meet the requirements of Ty < 110°C and Ty > 140°C, but
is presented to illustrate the importance of considering the effects of
hysteresis. The LaNig, gAlg,4 absorption pressure is approximately 3 atm.

igher than the desorption pressure. If only desorption data were considered,
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: cycle would work by relaxing the temperature requirement 4°C (i.e, Ty or
Ty), 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 LaNig/LaNig gAly 5 is an example of a combination that
would operate in the specified temperature ranges. The van't Hoff parameters
used were LaNig: A = 4.25 x5105 atm. and B = 3712 K (taken from Ref. 3) and
LaNi4.5A10.5: A = 5.97 x 10° atm. and B = 4580 K (taken from Ref. 4). The
hysteresis parameter for LaNig was 0.19 but due to a large difference in the
reported values for LaNig gAlg, s, 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 Ty from 162°C
to 144-°C.

The third example of a possible alloy pair is MMNi, ¢gFeq, gg/LaNig where the

LaNig is now the warm side alloy. The van't Hoff parameters used in the
calculations were MMNi4 15Feq g5 A = 2.97 x 107 atm and B = 3041 K (taken
from Ref. 3) and LaNiS: A = 4.25 x 105 atm and B = 3712 K (taken from Ref.

3). The hysteresis parameters used were 0.17 and 0.19 for MMNi, 4g5Fep g5 and
LaNig respectively (taken from Ref. 3). BAs 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.

TEMP. UP-GRADE CYCLE B

A B TH
LaNi5 —  LaNig gAlg 4

A:ln (Pabs/Pdes} = 0.19

50 |~ B:fn (Pabs/Pdes) = 0.13

40

™

PB(abs.)

PBiabs.)
(NO HYSTERESIS)

e T —=]

{Pressure {Atm).

20 -

AN

PA(des.)

PAfabs.) /
L 3

B(des.)

0 1 1 1 1 1
20 40 60 80 100 120 140 160 180

Temp.(°C)

Figure 25. Pressure/Temperature Upgrade Cycle
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Figure 26. Pressure/Temperature Upgrade Cycle With Low Hysteresis
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Figure 28. High Pressure/Temperature Upgrade Cycles

The alloy pair LaNig/LaNig gBAlg,g 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 LaNig and LaNi,y gBAlg,5 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 Ty = -1-45°C, Ty = 70-110°C and Ty =
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 LaNig and LaNig 5Alg s have a relatively
high hydride heat of formation allowing for efficient use of the alloy. 1In
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 orxder 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
the parasitic thermal losses caused by the heating and cooling of the heat

*hange structure (maximizing the coefficient of performance). Therefore,
vue 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 transfer enhancement techniques, hydride material
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
memhers, 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 localed
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 studied 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 temperature
differentials. 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

3s0lid 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 aluninum structure forming a solid hydride and aluminum
~onfiguration.
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Figure 30. Tubular Hydride Heat Exchanger Configuration

is not rapidly vremoved. 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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Figure 31. Conducltance/Capacitance Calculation Program Models
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REM YALUE CALCULATIOMS FOR HYDRIDE SOLID CYLIMDER

29 D1=55@

38 E1=8.9915

48 D;-E.? o

S8 EZ=8.1373

68 R1=0.47

T8 Rz=0.5

80 H=5Rn0

S0 A1=20n

189 A2=1.4853

119 Ki=R2xH 12

120 K2=0.5%#A1*#((R2+R1)/(R2-R12)
130 K3=3.5#RA2

148 Kd4=2.5#RA2

1580 K5=1.5%R2

160 kF a,5+A2

179y =9

188 ’1 DixE1.-233

1980 x2=D2*E2-238

208 EE A1 (R2T2-R1t2 2

219 03 ¥ CRIT2~(TER1-3012)
229 C4 ((P*R1/3012~(SxR1 3512
238 CS5=K2x({(S%R1~ 8)*;-&3+P1/dlf
240 CA=H2#((3%R1-8)12-(R1~3)1t2
254 L7= AzwfRi ‘Drta

268 FRINT "Ki="jK1{

278 PRIMT "K2="3K2

288 FRINWT "K3="3K3

299 PRINT "K4="3K4

380 PRINT "KS="3KS

319 PRINT "K5="3K§

3289 PRINT

33A PRINT “Ci="j5C1

348 PRINT "C2="iL¢

350 PRINT "“C3="3C3

368 PRINWT "Cd="3iC4

3786 PRINI "C5-"3CS

388 PRINT "CG&="35006

399 PRIMT "C?P="3L?7

4068 END

Sample Output of CHY

(input to P315A)
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Figure 32.

density of the urpper tube wall, lb/ft3

specific heat of copper tube wall, btu/lb “F
equivalent density of internal solid, lb/ft3
equivalent specific heat of internal solid, btu/lb °F
inner radius of tube wall, inches

= outer radius of tube wall, inches

external lieat tranwfec coefficient, btu/hr £t °F
thermal conductivity of the tube wall, btu/hr £t vg
equivalent thermal condutivity of the internal
solid wall, btu/hr ft °F

conductance values, btu/hr ft °F

capacitance values, btu/°F

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 of the thermal mass ratio for a zero mass heat
exchanger is one. ‘

Table 7 1lists 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 mmmher of internal fins, 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
47 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 study prouvided a guide for choosing the optimum
tubular design. A nominal one inch OD coPpér tube with six internal fins,
a wall thickness of 0.065 inch and a fin 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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Figure 39. Summary of Plot of Tube OD Vs. Time to Reach 90%

Temperature Equilibrium

Table 7

Assumptions in the Sensible Heat Calculations*

hydride powder = LaNig

AT = 32°C (90°F)

density of copper tube = 550.0 1bm/ft3

density of LaNig = 518.4 lbm/ft3

density of aluminum foam = 169.34 lbm/ft3

dencity of filter material = 339.0 lbm/ft>
density of hydrogen gas = 0.0045 1bm/ft3

specific heat of copper tube = 0.0915 Btu/lbm°F
specific heat of LaNig = 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
gpecific heat of hydrogen gas = 3.4 Btu/lbm°F
heat of formation of LaNig = 60 Btu/lbm

hydride packing factor = 50%

tube wall thickness = 0.030 inch

tube length = 1.0 foot

external heat transfer coefficient = 500 Btu/hr ft2oF

*English units are shown because the computer model was
set-up in that fashion.
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VTuBE = 6.35 x 10~ 4 3
v = 131 x 10-3#3
FINS

ViaNis = 241 x 103 #3
LaNi5 3
Vgas = 109 x 10-3#3

VTOTAL = 514 x 10— 3 #3

-MTUBE = 0.35 bm

MF|NS = 0.72 Ibm
MLaNiS = 1.251bm 6
Mgas = 49 x 10=61bm

MTOTAL = 232 Ibm

SH. TUuBg = 2.875 Btu
SH FINS = 5.872 Btu
S.H. LaNi5 = 12.029 Btu
3.H.gas = 1.5 x 1N~3 By

S.H. = 20.777 Btu
TOTAL Btu

ASSUME A Hs for LaNi5 = 60 F
m

A Hy = (1.25 Ibm) (60 Btu/lbm) = 75.0 Btu
90% TEMP EQUILIBRIUM TIME = 41 SEC.

NET ENERGY RATE = (/5.0 — 20.78)Btu  _ 2305 Btu
(2) (41 sec) 1 hr hr
3600 sec

Figure 40. Sample Catculatluus for Copper Tuhe With Eight 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
rig; 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 calorimeler-Lype dovice hy measuring the amount of heat
released or absorbed by the tube under specified test conditions.

Three configurations were tested:
1. solid hydride/12% aluminum foam in a copper tube

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

3. solid hydride/12% aluminum foam in a copper tube with longitudinal
filter.
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Figure 43. Thermal Mass Ratio Vs. Time for Configuration #3

Table 8

. Comparvison of the Three Illydride 'fube tionfiyurations

Configuration #1: Configuration #2: Configuration #3:

Hydride/12% Foam With

anlid Hvdridﬁa_zl Al Foam Tube _ Tube With'8 Ruclaigula? Llnturnel Pina | Longitudinal Filter Tube

1.00 in. OD [ 0.75 in. 0D ] 0.50 in. OD | 1.00 in. OD| 0.75 in. OD | 0.50 an. OD {1.00 in. OD [U. /3 0. I | 0450 in, oD
Cycle Time (sec) 238 114 48 oz 52 30 310 232 54
Net Bnergy Rate 87y l 263 ann 2380 1887 835 666 464 758
{Btu/hr}
Sansihle Heat (Btu) 16.93 9.7 4.47 20.78 12.95 6.24 17.66 10.29 4.83
Thermal Mass Ratio 0.7 0.67 .59 0.58 0.50 0.34 U.08 0.47 0.5

e e e JEDES SO —
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POWDER

FILTCR

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

SCALE 3:1

Figure 48. Optimum Tubular Design

Testing consisted of loading the tubular configuration with a known amount
of activated LaNig hydride. The tube was then connected 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 above. (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 circumstances. However, in the cases where
no internal heat generation occurred, i.e., a temperature rise bascd only on
the sensible heat of the tubular component occurred, the data fox the computer
and experimental tests matched very closely. Therefore, the goal of testing
to verify the computer results was accomplished in the cases 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 an externally finned tube hydridc hecat exchanyer wds
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
finite element heat transfer analysis program, P315A, evaluated the effect
of dimension changes on the performance of this system. A separate computer
program, 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 Appendix 7.

Figure 58 shows the basic finite element model used in this analysis. The
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. 1In a preliminary analysis
of this design approach, the time to reach 90 percent of the heat exchanger
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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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 develop an initial system design. Two design
parameters were considered of major importance during this 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 ratlos. 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 continued 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

1.
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E 4
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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 =o. 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
or this analysis. This data is shown in Figures 64 and 65 for the two
6n/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 = 0.020 inch
hydride thickness = 0.150 inch
fin length = 0.250 inch
tube diameter = 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/hr EL2?F is desirable.

Using the optimum design geometry and a value of H equal to 1000 Btu/hr ft2°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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Figure 66. Effect of Convective Heat Transfer Coefficient on Cycle Time

Experimental Verification of Compact Finned Tube Heat Exchangers

A bench scale model 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
analycic.

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
tube and the voids between the fins were filled with inactive metal hydride
powder (LaNig). The clear plastic tube was used so that complete filling of
the fin spaces could be assured and viewed. 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.

The experimental model was plumbed 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 throuch
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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 = 0.020 inch
Tube length = 12 inches

Assumed Operating Conditions:

AT = 38°C [(100°F)

H = 1000 Btu/hr ft2ep

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 shown in Figure
71. Duc to limilLations 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 tube

y placing a centerbody in the middle of the tube. Unfortunately, this
estriction resulted in a lower water flowrate and actually decreased the heat

ey £



Calculated Parameters:

Volume: V 0.00042 ft3

copper 3
Vhydride = 0.00238 ft
Mass: Mcopper 0.234 1bm
Sensible Heat: SHcoPper 0.0216 Btu/°F
SHy, yaride 0.0659 Btu/°F
SHtotal = 0.0875 Btu/°F
Energy Release: He = 60 Btu/lbm hyd x Mpvdride 37 Btu
Energy Absorbed (from specific heat): Hgy = SHioy T = 8.75 Btu
Cycle Time: t - 1.13 min.
Net Energy Release: E = He - Hgg = 25 Btu/min
2
E = 1505 Btu/hr

Figure 67.

Sample Calculation for Finned Tube Hydride Heat Exchanger

Finned Tube Test Section and

B0 =

Sample of Finned Tubing




BYPASS
Laap

Figure 69. Finned Tube Test Section With Insulation and Water Supply

e

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 Hydride Heat Exclianyer

trangfer rnetficient. Results from this test are shown in Figyure 72. The
heat transfer coefficient in this test was 150 Btu/hr telopd, A second
attempt to improve the heat transfer coefficient was made by using tap water
from a laboratory sink. This provided an adequate flowrate to achieve a
heat transer coefficient of 1000 Btu/hr ft2°F, but lowered the water temper-
ature to 47°C (116°F). Data from this test is shown in Figure 73.

Initial inspection of this data indicated that Lhe experimental results
consistantly fell short of the analytical predictions (except perhaps for
short time periods). The time required to achieve 90 percent of the temper-
ature difference between the initial temperature and the water temperature
are considerably longer than predicted (from 50 to 125%).

From a different aspect, the actual temperature rise achieved in the predicled
cycle time varied from 74 to 79 percent of the maximum possible temperature
rise, as opposed to the desired 90 percent. Thus, the actual temperature rise
is from 82 to 88 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 act
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 c¢an be utilized for heating, cooling and temp-
erature upgrading. Depending on the mode of operation, heat is absorbed
and desorbed by the MHHP at high (Ty), low (Ty), and intermediate (Ty)
tomperatures (Figs. 74 and 75). The coefficient of performance (COP) is
useful in comparing the thermal efficiences of various MHHP heat transgter
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 the powder
and heat exchangers in which the powder is located. The heat of absorption/
Aesnrption is determined from the hydriding reaction across the flat plateau
region of the characteristic isotherms for each alloy. ''he published values
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
ig traversed. In actual MHHP operation, a small amount of the metal hydride
will remain inactlve (nut abserbing hydrogen) and the full plateau width
will not be utilized. Therefore, in computing the actual heat of absorption/
desorption of the metal hydride powders, the theoretical 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 vary 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 pump vperation is identiocal for heating or cnoling cycles; only the
temperature use is altered (Fig. 74). The refrigeration produced by hydride
B at T 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
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In the storage mode (Fig. 74a), hydride A is heated from Ty to Ty and desorbs

hydrogen. Hydride B absorbs hydrogen and heats up from Ty to Ty.

heat transferred to hydride A and B is:

+ -
SH (TM T

Qnet(a, ) = Q4es(a) A

g)

Qnet (B, ) Qabs(p) * SHy (Tp = Ty

H = sensible heat
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Figure 75. Heating and Cooling Operation

where Qgqeg(a)s 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 Ty to Ty and
absorbs hydrogen. Hydride B desorbs hydrogen and is cooled from Ty to Ty.
The net heat transferred to hydride A and B is:

SH )

Qnet(a, Ty) Qabs(a) + SHy (Ty - Ty

Qges(b) *+ SHp (Ty - Tp)

Qnet (B, T,)
The COP equations for heating and cooling are:

Qnet(s, T, ) Qges(p) * SHg (Ty = Ty)
COPcoo1 = =

Qnet(A, TH)

(r,, - T,)

+ SH M H

Qdes(A) A
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Qnet(B, TM) * Qnet (A, TM)

COPheat
@net(a, Ty)

Qabs(B) * SHg (T, - Ty) + Qabs(a) * SHA (Ty ~ Ty)

Qdes(n) * Ja (Ty = Ty)
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 Ty (Fig. 75). The coefficient of performance
of the MHHP operating as a Lemperature upgrader is:

Net Heat Output at Ty

cop (u)y = -
upgrade Net Heat Input at Ty

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

®net(a, T, )u T fQdes(a) * SH (Ty = Ty)
- Onet(s, T)u = fans(p) * SH (Ty = Tg)
In the upgrade mode (Fig. 75b), hydride A absorbs hydrogen and is heated

from Ty to Ty. Hydride B absorbs hydrogen and is heated from Ty to Ty-

.Qnet(A,‘TH)U = Qups(a) t SH (Ty - Ty)

%net(s, T,)u = Zdes(s) * SH (Tp, = Ty)

The COP equation for temperature upgrade is:

Qnet(A; TH)U

COP; :
upgrade
. A Qnet(a, Ty U T Qnet (s, Ty )U

Qabs(a) * SH (Ty - Ty)

Qaes(a) * SH (Ty = Ty) + Qges(p) * SH (T[, - Ty

The COP was calculated for the optimum MHHP design 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 Ty = -177°C (350°F), Ty = 93°C
(200°F) and T;, = 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

3gulted in a Copupgrade 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 AP across the filter is substan-

tial, the result is a long cycle time. Theretore, a filter test riy was
fabricated to determine the pressure drop across various hydride powder/filter
configurations. Previous filter testing had indicated that the AP across a

specific filter can vary substantially depending upon the orientalion of the
filter in relation to the metal hydride powder.

Filter 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.
76). A U-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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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 a manomeler to determine the pressure drop across the test
assembly. Since the total AP 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 AP 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 filter
surface, then that filter was not working as a filter and the AP was constant
through this filter regardless of orientation. This means that the AP for
the "working" filter 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. 1In the data presented in Figures 77 through 79, the AP is plotted as
function of flow density (ACFM/fL? - actual cubic teet per minute/square
ot of filter surface area) and the height of hydride powder in the copper
tube.
2 1 80¥ v
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A value for the required amount of filter surface area per pound of hydride
powder could be determined 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 in? of 18.5 in? total.

The tests on the sintered stainless steel filter showed that the best powder
orientation for the flat filter in terms of low pressure drop was with no
powder in contact wilh 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 passihility for Llie design.
A tubular mesh filler was tested. The filter was 4.28 inches long and 5/16
inch OD and was rated at 40 microns. Figure 80 shows the filter befure and
after testing. The hydride 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 produces
gh pressure drops and clogging of 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 CONTROL 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 gyiven 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
gystem) .

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 effect a gradual shutdown.

These capabilities must be provided in bulh the EDTU phase and in the 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. Size yeduction
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 s$et of inpulL and output
tasks. The I/0O section supplies information to and transfers commands from
the basic intellegence of the control. The following two sections expand on
the I/0 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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(b)

ment under control. This is to be accomplished with thermocouples
and a reference junction for the thermocouples. The flow rdtes of
heating and cooling fluids will be sampled for control purposes.
The operator's input will be received via a keyboard.

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)

(b)

(c)

(d)

(e)

(£)

(g)

(h)

(1)

(3)

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.

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.

Valve Control Circuit. This circuit translates the logic 1level
signal from the computer circuits to levels which will activate
the solenoid valves in the system.

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.

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

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

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

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

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

Display Panel (included in micro terminal). This is a combination
of alpha numeric display elements augmented 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

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 define specific transducer
requirements. The task includes identifying cost cffcotive devices in
compliance with the specific requirements. If required, additional software
will he created to make wuse of potential cost effective transducers.

The human/machine interface will bécome much more conclse. There will no
longer be a complex dialog inherent in an experimental system. The display
will reduce in s$ize and complexity. Simple dedicated 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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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, a 64 byte random access memory, 28 input-output lines,

nd a 8 bit event timer.

onolithic integrated circuit.
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Figure 86. Block Diagram Single Chip Microcomputer

The microcomputer, 2.0 inches long, 0.6 inches wide and 0.2 inches deep,
needs to be mounted on a printed circuit board, which will also include
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 (Table 11).

5.6 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 ABg hydrides -- LaNig and
LaNiy gAlg, g -— 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 costs were evaluatcd based on malerial costs only. Assump-
tions based on manufacturer's estimates are as follows:

copper $1.00 per 1bm
filter $0.81 per in2

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

Functional Features

Phase III
Feature EETU
Vendor Intel
CPU type Intel 8022
Memory
RAM 64 Bytes
ROM 2K Bytes
clotk 3.0 MHs
Minimum Cycle Time 8.4 sec
Instruction Count 74
Number of Keys on Keyboard 6
Display
Number of characters viewed 4 LCD
Type of character Numeric
Buffer space None
Lamps (discrete) 8 LCD
Communication Direct
Analog I/0
Number of channels in 2
Number of channels out 0
D voltage range t5.5V: to +2+75V
Resolution 8 Bit
Power Supply +5 VDC
Reguirements 0.5
Physical Size 45" 3 20250 x 225"

Table 12 summarizes the material costs, energy costs and cost per ton for the
optimum MHHP configurations. The energy costs is on a footage basis. The
energy cost is a ratio of the material cost to the net energy rate. A sample
calculation for the net energy rate was shown in Figure 40.

Results showed 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 p¢
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 (10'3 $/ Cost Per Ton
Configuration ($/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 configuration is showu dagaln 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 the 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
iclosed in a pressure vessel. This unit has overall dimensions of approxi-

= 101 =



POWDER

FILTER

Flgure 80. Optimum T™ibular Configuration Design

Figure 89. Tube Constructed With Six Copper Fins

mately 15 inches in length and 3 inches in diameter. It is estimated to
weigh about 10 1lbm, contain 3.7 1bm of hydride and supply 9,000 Btu/hr.
The design shown incorporated one of the three methods for installing the
filter. An alternate route would be to surround the entire finned tubhe
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 numbers for the compact externally finned hydride he
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Table 13

Hydride Heat Exchanger Comparisons

‘Thermal | Calculated Specific Filter Area cop* Comments
Heat Mass Cycle Tine Heat Rate Cost Required Temperatire
Exchanger Configuraticn Ratio {minutes) {(Btu/hr-1lb Hyd) | (3/Bzu/hr) (in2/btu/hr) Up Grace advantages bisadvantages
Externally Firned Tube 0. 75 1.13 2,443 4.25 x 1073 0.42 . pressure vessel containment . difficult to assure
hydride powder filling
a. central tube filter 0.006 . minimfzes water inventory
. no definite room for
b. annual f:ilter 0.060 . moduler construction expansion
c. end plate filter 0.003 . standard finned tube technology
Internally Fianed Tubs 0.57 1.€7 1,554 7.0 x 1073 | 0.38 . provea tubular construction . difficult to braze fins
. in long lengths
a. end cap Eilter 3.5 x 1074 . isolation of individual =zubes
little control over
b. central tube filter : 0.004 . easily scaled to larger wazer inventory
H capacity .
. . sealing problems
| -

*maximum poscible =

0.5% (actual calculaticns shown for COF in Appendix 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. The design is
supported by calculations and layout drawings.

6.1 GENERAL DESCRIPTION OF THE EDTU HEAT EXCHANGER MODULE

A detailed design of a proof-of-concept metal hydride heat pump was developed.
This unit, the Engineering Development Test Unit (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. 21) 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 1s 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
finned length of the tube is one foot.

The 14 finned copper tubes are divided evenly so that seven tubes function as
water inlets and seven 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
cyiindrical 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 flange 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
0.035 inch thick. It runs parallel 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 staggered along Lhe vessel wall, three on one side and two on the
other. This allows for equal and uniform filling of the hydride powder into
the vnids hetween the fins. No weldiny or processing other than replacing
the pressure plugs is required. One plug is utilized as a rupture 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 LaNig packed
“avound the 14 finned copper tubes, while thc second vessel will contain
WNiy gAly g in a similar configuration. The hydrogen path is located at
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the 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 1lbs LaNig (8.5 lbs/vessel)

17 1lbs LaNig, gAlg,5 (8.5 lbs/vessel)

40,000 Btu/hr upgraded heat @ J76°C (350°F)
Calculated COP = 0.42

Predicted Cyole Time = AR seconds

Weight 200 1bs (=50 lbs/vessel)

6.2 EDTU SYSTEM OPERATION

The EDTU is designed for continuous output. Continuous output requires dual
pressure vessél palrs and appropriatc controle to estahlish 180 degrees out
of phase operation. This allowsg that at all times onc pair is charging
while the other is rejecting heat. This Lype of opcration is =entrnllcd by
a series of wvalving operations and three water flow paths (Fig. 92).

The EDTU temperature upgrade system operates as follows. (Hydride A1 and
A2 in Figure 92 is LaNig and Hydride B1 and B2 is LaNig gAlg.g.) Warm water
at Ty is circulated through hydride B1 which allows B1 to deseorh hydrngen
at Py while absorbing heat from the water. Hydride A1, the hydrogen-depleted
cold side alloy, is exposed to the heat sink Ty which allows it to absorb
the hydrogen at P, (Py > P4)- This is the charge half of the cycle.

At the same time, hydride A2 is ocxpused Lo Ty Wwhich allows A2 to desorb
hydrogen at P; while absorbing thermal energy froum Lhe medium tcmperature
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 (Ty).
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The actual test facility contains, in the low temperature loop (Ty),
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 Ty. 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 (Ty) 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 wuse
fully assembled circuit boards and other electronic units wherever possible.
Several reasons are evident for the use of vendor supplied, standard hardware
sets:

: Cost = When building one unit, such as the EDTU, one cannot justify
the high cost of printed circuit layout, production and debugging.
The units on the market are fully acceptahle for the MHHP. The
only drawback of those units is the general nature of standard
units which usually give the user more capabilities in a larger
package than one would require in a custom package. The cost of
standard units is considerably less than custom units.

. Reliability - Factory produced units have been subjected to exten-—
sive engineering evaluation and test to ensure high reliability for
various applications.

. Factory Tested - Each factory assembled board is subjected 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
take 6 months to fully implement. The unique softwarc required for
the MHHP will be developed in the interim.
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Table 15

EDTU System Components

Number Item Quantity
1 Pumps (capacity: 10 gpm, see Appendix 11) 3
2 Flowmeters 4
3 Check valves 16
4 3-way solenoid valves 2
5 2-way solenoid valves 23
6 Metering valves 8
7 Relief valves 4
8 Condenser/heat exchanger 1
9 Water heater for medium temperature loop 1
10 Heat exchanger for medium temperature loop 1
11 Storage tanks (10 gallon capacity 2
12 Chiller heat exchanger 1
13 Water heater for low temperature loop 1
14 Thermocouples 6
15 Pressure transducers 6
16 Water filters 3
17 3/4 inch OD copper tubing 100 ft
18 1/4 inch OD copper tubing 60 ft
19 Filter material (1 sheet) 150 in?
20 Pressure vessels (includes cylinder body, hemi- 4
spherical end, flange, connections)
21 LaNig hydride powder 20 1bs
22 LaNig gAlg,g hydride powder 20 1bs
23 Insulation -
24 Hydrogen gas . 5 bottles
25 Controls -
26 Miscellaneous hardware -

6.3.2 Comparison of Two Candidate Hardware Sets

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 RAM and 8K ROM card
(b) DAC 16 line output card

(c) Keyboard and display card

(d) Analog I/0 caxd

(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 to
complete electronic hardware. The minimum size case to enclose this config-
uration is approximately 9 inches high, 9 inches deep and 18 inches wide.

Tha keyhnard and display card provides a light emitting diode alpha/numeric
display section. It can display 64 different ASCII encoded characters in
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 sectlon of this card is made up of a 5 by 5 pushhuttaon
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 (Table 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 {8080) 4 X RAM, and 8K ROM card with 48 L[/0 lines
and serial I/0 (Fig. 93).

(b) Keyboard and display panel (not a card) (Fig. 94).
(c) Analog I/0 card (Fig. Y5)

The above group of cards (except b) are mounted in a card cage. The card
cage has edge board connectors and a prewired bus structure ("Multi Bus™").
The card cage needed for this application has nominal dimensions of 8.5
inches high, 3.5 inches deep and 14.25 inches wide. This group of c¢ards
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 dee

and 16 inches wide (Fig. 96 for chassis design).

- 114 -



Table 16

Functional Features Comparison

Phase II EDTU

Feature Requirement Alternate 1 Alternate 2
Vendor Prolog Intel
CPU type Programmable using Intel 8085 Intel 8080

PLM cumpller

Memory
RAM 200-400 Bytes 4K Bytes 4K Bytes
ROM 2-4K Byte 8K Bytes 8K Bytes
Clock 1 MHz or greater 6.1 MHz 2.04 MHz
Minimum Cycle Time 5 sec 1.3 sec 1.95 sec
Instruction Count 70-80 111 1t
Number of Keys on Keyboard 1% or more 25 42
Display
Number of characters viewed 10-12 8 (LED) 16 (LED)

Type of character
Buffer space

40 ASCII Codes
48 characters

64 ASCII Codes
8 characters

64 ASCII Codes
80 characters

Lamps (discrete) 4 LEDS 8 LED 6 LED

Communication Convient. BUS RS232

Analog I/0

Number of channels in 12 16 16

Number of channels out 2 2 2

DC voltage range S volts #10 V or +5 V + 10 Vor +5V
Resolution 8 bits 10 bits 12 bits

Power Supply +5 VDC +5 VDC -5VDC +12 +12
Requirements Single preferred 4.25 A 5.8a . 1A .2A .27
Physical Size

Card cage Less than 3 cubic 6" x 6" x 8" 3.5" x 8.5" x 14.25%"
Power supply feet 6" x 6" x 8" 2.25" x 5.25" x 9"
Display 4.5" x 6.5" x 0.75"| 0.6" x 4.5" x 8.5"

The keyboard and display for this alternativec is a micru=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 readable by humans. The keyboard has 42 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
2 two wire pair to the serial I/0 port of the microprocessor card.
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Figure 93. MULTIBUS Single Board Computer

The remaining functional features for Alternate 2 Are listed on the comparison
table (Table 16).

6.3.3 Results of Comparison

The EDTU prototype control unit will be built utilizing the Intel "Multi
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 approach burdens the aperator with
considerable compuler coded typs wwssagsss. Both alternatives provide equiva-
lent computing capabilities, analoy input-cutput, cize and weight,

6.4 LABORATORY LAYOUT

Figure 98 shows where each major component of the EDTU will be located in
the Heat Recovery Laboratory at Solar's Research Facilities in San Dieg~

- 116 -



16 CHARACTER

[ 8 LED LAMPS j ALPHA/NUMERIC DISPLAY
6 BIT )
DISPLAY DISPLAY
DRIVER DRIVER
BUFFER

REGISTERS

16 CHAR .

DISPLAY
TERMINAL INPUT BUFFER
CONTROL OUTPUT BUFFER

LOGIC e 80 CHAR. RS
rTRANSMITTEFIL—’ﬁg% 5
ﬁ* A% 80 CHAR REC INTER,

MESSAGE
MEMORY
P14 MESSAGE
WITH 80
COLUMN > CHARACTERS
EACH

42 POSITION J
KEY BOARD

ROW

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 sa 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 plumbing connections and the waler inventory. The chiller
heat exchanger and condenser/heat exchanger will be installed outside the
rooom. All water tubing was designed to be as shorl as 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 design addresses many of the issues that affect the success of the
These issues are heat transfer, partic¢le containment, particle expan-
sion and safety,

MHHP.

Heat Transfer

The design of the EDTU contains the most advanced hydride 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 steel filter to contain
. the hydride particles in the pressure vessel. This filter was
found through testing to be adequate in not only rejecting hydride
particles form the hydrogen gas stream, but, it also allows the gas
to transfer between vessels with a low pressure drop. Thus, the
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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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Particle Expansion

Particle expansion is a critical parameter because it can cause a
large internal pressure which in turn may lead to rupture of the
container. The EDTU 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 EDTU design are many precautions necessary to
provide safety. The major concern is with the leakage of hydrogen
gas. In the pressure vessgsel design, all seal 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. DA hydrogen detection/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, greater emphasis is placed on technology
development and the concomitant reduction of risk in the MHHP components.
Phase ITI - 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 any 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 larger unit. Facility and data 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 6neé 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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MONTHS FROM START OF PROGRAM

RECOMMENDED SOCAL SOLAR SOLAR
PHASE Il SCHEDULE 5 6 7 8 9 10 1 12 13 14 15 | ENGINEERS | ENGINEERS [ TECHNICIANS
Prog-am Management and Support 1400
TASK 1
Fabricate EDTU . 500 1000
Rework Test Facilities 100 200
Commercialization Feasibil .ty Analysis
TASK 2
Test 800 500
Majcr Rework 150 300
Retest 700 600
I 150
Phase Il Test Report
TASK 3
Detailed Design 900
Performance Analysis N N - ?gg
L
Phase Ill Test Plan 200
Deta | Design Report
DELIVERABLES
Prog-ess Reports \v4 Y V Yy Y YV Y v Y 3
Phase Il Test Report
Phase Il Test Plan
Phase 1l Design Report
Fina: Commercialization Report
Deta:l Design Program Briefing
BNL Contract Review Meeting and \v/ \v4 Y
Semiannual Report

Figure 100.

Phase II Milestone Chart
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MONTHS FROM START OF PROGRAM

OPTIONAL SOCAL SOLAR SOLAR
PHASE Il SCHEDUL= 2 3 5 [3 7 8 9 10 11 12 13 14 |ENGINEERS | ENGINEERS | TECHNICIANS
Program Management and Support 700

TASK 1 — SUBSCALE TESTING

Heat Exchanger Fabtication and Test 200 200
Upgrade Cycle Material Test I I l 200 250
Water System Optimization I 1 l 200 50
Controls Evaluation : L L 150 50
TASK 2 — FABRICATION

Update Final Design 100

Fabricate Test Unit 250 400
Modify Test Facility 1 200 350
Install Unit In Facility 150 150
TASK 3 — UPGRADER TESTS

Preliminary Evaluaticn 300 250
Performance At Temoperature - 200 300
Capacity Optimization . . 250 200
COP Optimization L[ I 250 200
Analytical Support L L ‘ 150

TASK 4 — REPORTING
Design Recommendations For Phase It 200
Performance Analyses 200

Progress Reports \v/ \v4 \v 7 Awy \vg \v4 \v %7 AN J7 J7 47

Phase Il Program Briefing ( r 100

Phase Il Final Report i 200

Figure 101. Optional Phase II Schedule




.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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Lag gBag oNig

ALLOY van't Hoff Specific Thermal Plateau Hysteresis H/M Comminution Long Term a HF Poisoning Safety Chemical
Relationship Heat Conductivity | Shape Degradation Stability
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2.
. 31 31 31
Lakis g7
3.
qi 31 31 31
LaNi ) o
4.
8 8 8 8
LaCug
5.
LaCog 7,20 6.7,20 6,7,20 7
6.
. 31 31 31
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) 31 31 31
Lag, gSro.2Nis
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Lag g¥p.2Nig ? 7
11.
LaO.Ber.ZNiS 7 7
12.
31 3l 31
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ALLOY Van't Hoff Specific Thermal Platean Hysteres's H/M Comminuzion Long Term 4 Hp Poisoning Safety Chemiceal
Relationship Heat Conductivity | Shede Degradation Stability
13.
Lag oCeg,Nig 2 8 28 8
14.
Lag gCeq,oNig 28 2 28 8
15.
Lag, 7Ceq. 3Nig 28 28 28 28
16.
Lag gCep.gqNig 28 28 28 28
17.
Lag Ceg. sNis 26 28 28 28
18.
Lag 4Ceq gNig 2€ 28 28 28
19.
Lag gNdq oNig 7 7
20. i
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ALLOY Jan't Hoff Specific Thermal Plateau Hysteresis 4/M Comminution Long Term & Hp Poisoning Safety Chemical
Relationship Heat Conductivity | Shape Degradation Stability

25,
LaNig_ 75Alg 25 21 21,30 21,30 21,30 21 10
26.
LaNig_7Alg.3 1 - 1 1 1 1
27.
LaNi, Alg 4 9, 10 9 9 9 9,10
28..
Lasiq_SA‘lO.S 9,21 9,21 9,21 9,21 9,21
29.
Laviy JAlg g 31 31 31 .
30.
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31.
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32.
Laniy gAly s 10 10
33,
Lalig oCry. o 7 7
34
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35
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ALLOY van't HofZ Specific Tharmal Platea: Hysteresis H/M Comminution Long Term a H? Poisoning Safety Chenj\,jiial
Relatior.ship Heat: Conductivity | Shede Degracation Stability
37. . N
LaNig sMng.3 1z 12
38.
LaNi,y gMng 4 12 iz 12 12
39. “
LaNi4'5Mno'63 1z 12
40.
LaNig _qFe).0 7 7
41.
LaNiy gFe) , 31 31 31
42,
LaNi, gCog.2 ' 3 31 31
43.
LaNi, 5Cop s 6 6
44, .
: !
LaN14,OC°1.O 7 7
i
45.
LanNiy 7500) g i 6 6
46.
LaNiz oCo2.0 31 6, 31 31 6, 31
1}
47. ]
LaNij 5Cop 5 . i 6
48,
LaNi; of03.0 6 6
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ALLOY Van't Hoff Specific “hermal Plateau Hysteresis H/M Comminution Long Term s Hp Foisoning safety Chemical
Relationship Heat Conductivity | Shape Degradation Stability
49. K
LaNi) 5C04 g 6 6
50.
LaNi; gCo4 o 6 6
5T,
Lali, oCug ) 30 30 30 30 £
52.
LaNi, (Cu) o 7 i
53.
LaNig sPdg 5 31 31 31
54,
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€5,
TaNi, (Ag) o 7 7
55.
LaNig 4Sng 3 31 31 31
57. N
Lag sCep.sNig gCop. 2 23 23 23
58.
Lag sCep.sNig 505 5 23 23 23
59.
Lag, sCeg sNig ooy 0 23 23 23
.
60. N
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ALLOY Var't Hoff Specific Thermal Plateau dysteresis H/M Comminution Lcne Term A Hp Poisoning Safety Chemical
PRelationship Heat Ccnductivity | Shape Degraiation Stability
6l.
canig 8, 14, 17 z, 3 2 2, 8 8
62.
smCog 5 5, 31 31 5, 31 5
63.
CeCog 2C 20
64.
MmNi, g 13 18
65.
MmNiA'73 18 1e 18 18 18
66.
MmNi4 g5 18 18 18 18 18
67.
o 13,14,15 2,12,14 12,22 2,12,14, 14,15,16,
5.0 16,17,27 15,16,17 15,16,17 17,27
22,27 22,27
68.
MI“NiS.OG 18 18
69.
MmNiS‘]J 18 18 18
70.
MmCo > I 7 < 11
5 15,1%» 1 17 1¢,16,17
71.
Mng oCag \Nig 14,17 (14) 14 14
72.
Mmg gCag. 2Nig 1 3 1,2 1 1 X
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MmNig gAlg,

ALLOY van't Hoff Specific Thermal Plateau Hysteresis H/M Comminution Long Term a4 By Poisoning Safety Chemical
Relationship Heat Conductivity | Shape Degradation Stability
73.
Mmg 75Cag a5Nig 14, 17 (14) 14 14
74.
Mno_50C30. 50N1s 14, 17 2, 17, 18 2, 14, 17 14, 15, 18,
27 27
75.
Mmg_30Cag. 70Nis 2 2 2 2 2
76.
Mmg 35Cag 75Nis 14, 17 (14) 14 14
77.
Mmg . 20%@0.80N%s 2 2
78.
Mmg_15Cag, gsNis 2 2
79.
Mmg . 10¢a0. 90Nis 2 2
180,
Mmg_9oTio.10Nis 14, 17 (14), 17 14, 17 14
Mmg 75Tig 25Nig 14, 17 : (14) 14 14
82.
Mmg 50Tig, 50Nis 14, 17 27 27
83.
MmNig 9Alg y 22 22 22
84.
22 22 22
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ALLOY Jar't Hoff Speciiic Thermal Plateau Hysteresis H/M Comminution Long Term 8 HF Poisoning Safety Cherical
Ralationship Hea: Conductivity | Shape Degradaticn Stability
85.
MmNig 75Alg 25 23 13
86.
MmNig 7Alg, 3 z2 2 22 :
.
87.
MmNig g5Alc, 35 ‘ 13 13
88.
MmNig gAlg 4 22 2: 22
89, ] T
MmNi, gAlg g 1. 2: 13, 1 2, 13,14, 1. 2, 22 1, 2, 13, 1,2,14,27
14, z7 2, 27 14, 22,27 e
90.
MmNig 3Alg 7 2 2
31,
MmNiy 4Alg g 2 2
92.
MmNig 5Sig 5 12 14
93.
MmNig sCrg g 14, 27 14 2 14, 27 L4, 23
94.
MmNi, Mng 3 12 12 12 12 12
95.
MONiy 9gMRg 4 12 12
56. }
MmNi, goMng 4g 12 12




6T

ALLOY Jan't Hoff Specific Thermal Plateau Hysteresis H/M Comminution Long Term 4 Hp Poisoning Safety Chemical

Relationship Heat Conductivity | Shape Degradation Stability
97.
MmHig gMng. s 14, 15, 27 2, 12,14,] (2), 12 2, 12, 14 14, 15, 27

15, 27 15, 27
98.
MWig yMng. 5 12 12
99.
MmNig 3Mng 7 2, 12,31 12,31 2, 12,31
T0C.
MmN g sFeq 3 22
101.
MmNi4 sFeq s 2 22 2
102.
MmN_, ysFeq.8s L 1 1 1 1 1
163
MmNZ, oFe)l o 2 2 2 2 2
.
104.
MmN:i3.5Fe1_5 2 2
105.
MmNiy oCoy g 15 15, 23 23 15, 23 15
106.
MmNiy oCoy g 15 15, 23 23 15, 23 15
=07.
MmNiy gCoy 5 14, 15, 27 14, 15, 14,15,27 14,15, 27
27

108.

15 15

MmNisy gCo3 ¢
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ALLOY van't Eoff Specific Thermal Plateau H/steresis. H/M Comminutlon Long Term 8 Hp Poisoning Safety Chem>cal
Relationship Heat Conductivity | Shape Degradation Stability
109.
MmNiy gCo, ¢ 15 15
110.
MmNig oCuy g 2 2
111.
MmNij3 5Cuj g 2 2 2 2 2
112.
MmNip 5Cup 5 2 2
113.
CFMmNi4 gAlg o 9 9 9 9 9
114.
CFMmNig (Alg 4 10 9 9
115.
Mmg sCag sNig sAlg. 5| 14 14
116.
Mmy sCag, sNig 5Crg.s 14
117.
Mmg 5Cag. sNig sMng.5 14
118. - -
Mmg _sCag gNi2.sCop g 14, 15 27 14,15,27
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MmNig 5Crg a5Mng, 25 14 14 14 14
120.
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121.
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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, convection,
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.

General Theory

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

(T5 - Tj) AT;

» 1
ij _Tiizg—_— Aij = Pici Vi At (1)

2k

n

whereAXij(ft) = the distance between the centers of elements i and j

element i; volume ViA(ft3)
/// temperature T; (°F)

kij btu is the material thermal conductivity
hr ft-F

Py 1b is the material density
ft3

C; btu is the material specific heat
lh °F

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.

_ A,.

Let Kij = kij ij (btu/hr °F) be called the thermal conductance between
Axij

nodes i1 and j and

L

1

PiCyiVy (btu/°F) be called the thermal capacitance of node i
Equation (1) becomes

Aa

Ln Kl'] (TJ - Tl) = l'-A-t—- (2)
Solving (2): At
At ” —
EoxTo (E) b Ky RERT
T, (t + At) = “nh it 1 -6 J + T, (t) e
nKij

(3)

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

Ci
At < (4)
Z% Kij
For example, At = 1/4 yields
Ei
Z'n Ki_'l

Ti (£ + At) = 0.2212 L K35 Ty () +
P Ky

n

0.7788 T; (t)

]
In fact,

all the nodal temperatures are calculated at multiples of a common
specific time step, (RC)min where

C, 1
1
(RC)mipn = Zn 1(ij d min (hr)

(5)
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(S|
L

P-315 TERMAL TRANSIENT ANALYSER REVISION NO. 2.0 08/20/81 12.08.24

SOLID CYLINDER----QUARTER NODE----- NO Q ADDEUL----- CHY .DATA 00000010
DUMP MAX. PRINT STAB. VAR. EVALUATION CRIT. PROBLEM PRINT DUMMY INCREMENTS
CODE  COUNT INTER. CRIT. TIME TEMP . START START - 0
1 30000 .2.7780E-03 1.0000E+00 0.0 0.0 0.0 2.7780E-03 ©.0 0.0

GEOMETRIC UNITS FOR RADIATION AND NATURAL CONVECTION CONDUCTANCES INPUT IN INCHES
TEMPERATURE NODES AND CAPACITANCES

NODE INC CAP CURV RCX EVX NO. TEMP . CAP. VAL.
1 (o] [o] o} (¢} o] 0 1.0000E+02 0.0
2 0o 1 0 (o] 0 0 0.0 0.0
3 (o] 1 [} o] (o} o 0.0 1.1980E-02
4 o] 1 Q (o] o] o 0.0 1.1000E-02
5 (¢} 1 ] o] 0o o 0.0 7.3600E-03
6 0 1 4] o} o] o 0.0 3.6800E-03
7 0 ! o o} o} o 0.0 4.,6000E-04
CONDUCTANCES
COND INC NODE INC NODE INC CURV EVX MO. COND. VAL.
1 (o} 1 ] 2 o (o] (o} 0 2.0830E+01
2 (o] 2 -] 3 (o] (o] 0 0 3.2333€E+03
3 o} 3 o 4 o] 0 (o} 0 5.1000E+00
4 o] 4 [+} 5 o] (o} o O 3.7000E+00
5] (o} 5 ] E] o] 0 (o] 0 2.2000E+00
6 0 6 (4} 7 o} 0 o O 7.0000E-01
OTHER VALUES
~OC. INC NO. VALUE

VARIABLE LINES

~ANS INC PRMA INC 9RMB INC PRMC  INC CODE CURV EVX NO. PARAM. A PARAM. B PARAM. C
40C10 0 40010 o} o] (o] o 0 6 o] 1 0 0.0 0.0 0.0
40C03 1 10003 1 22003 t o (o} 6 0 t S5 0.0 0.0 0.0
40C10 0 40003 1 43010 o] 0 (o} 4 o t . 5 0.0 0.0 0.0
40C 11 0 40010 o] (o] 0 0 0 6 o] 1 .0 0.0 6.28B00E+00 0.0

OUTPUT CODES
1.D. INC NO.
10CO1 1 7
40C03 1 S
40C10 1 2
(o} (o} (o}

PAGE

T
L

IME
IM1
1

T
o

1

PUNCH
CODE
o]

READ
CODE
(o]



CAP. COND.

bW

1.0000E+02

1
1.00

O0E+02

1
2.0830E+01

3
3.69

2
-2.44

94E-06

14E-04

2
5.8981E-08

1
1.00

3
1.02

-- TIME
2.7780E-03

OOCE+02

76CL+00

PSEU

DO SEQUENCE

NODE RCX STU DCND

0 [+] (o}
1
3
o o] 0
2
4
o o] 0o
3
S
o] (o} (o]
4
]
0 o] (o}
]
7
0 0 o
]
HR MINUTES COUNT
0.0 1
PREVIOUS TEMPE
2 3
0.0 0.0
CURRENT TEMPER
2 3
6.4011E-01 0.0
CAPACITA
3 4
1.1980E-02 1.1000E-02
CONDUCTA

a 3
3.2333E+03 5.1000E+00

PREV INC NEXT INC MIN RC
n.n0 Q 24R4F-07 A RAQ4F -0R
RATURES
4 S 6
0.0 0.0 0.0
ATURES
4 S -6
0.0 0.0 0.0
NCES
5 6 7
7.3600E-02 3.6800E-03 4.6000E-04
NCES

" ] 2l
3.7000E+00 2.2000E+00 7.0000E-01

MISCELLANEOUS VALUES

4 5 ) 7 i0
0.0 0.0 0.0 0.0 Q.0
TIME CON3TANTS3
4 S 6 7
1.2500E-03 1.2475E-03 1.2690E-03 6.5714E-04
HEAT BALANCE
3 4 S 6 7
2.0697E+03 0.0 0.0 0.0 0.0
RELATIVE HEAT BALANCE
3 4 -] 6 7
1.0000E+00 ©0.0 0.0 0.0 0.0
HR MINUTES GCOUNT  PREV INC NEXT INC MIN RC
1.6668BE-01 3005 8.6636E-07 9.2484E-07 3.6994E-06
CURRENT TEMPERATURES3
2 3 4 S 6
8.85862E+01 8.5774E+01 4 .2336E+01 1.7142E+01 6.6355E+00
MISCELLANEOUS VALUES
4 5 6 7 10
4. .6670E-Ct 1.2616E~01 2.114186-02 1.77766~03 1.6456E+00
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------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC
5.5560E-03 3.3336E-01 6011 7.7859E-07 9.2484E-07° 3.6994E-06

CURRENT TEMPERATURES

2 3 4 S 6 7
1.0000E+02 9.2108BE+01 9.2058€+01 6.3973E+01 4.0925E+01 2.6597E+01 2.1649E+01

MISCELLANEOUS VALUES

3 4 S 6 7 10 1
1.1029E+00 7.0370E-01 3.0121E-01 9.7876E-02 9.9584E£-03 2.2156E+00 1.3914E+01
-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC

8.3340E-03 5.0004E-01 8018 8.828B9E-07 9.2484E-07 3.6994E-06
CURRENT TEMPERATURES

t 2 3 4 S 6 7
1. 0000E+02 B.4679E+01 9.4646E+01 7.525tE+01 5.7979E+01 4.6104E+01 4. t738BE+01

MISCELLANEOUS VALUES

3 4 S 6 7 10 t
1.1339E+00 8.2776E-01 4.2673E-01 1.6966E-01 1.9200E-02 2.5772E+00 1.6185€+01
-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC

1.t112E-02 6.GG72E-01 12025 B8.8289E-07 9,2484E-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 6.1181E+01 65.7884E+01

MISCELLANEOUS VALUES

3 4 S 6 7 10 1
1.1528E+00 9.0754E-01 §.1525E-01 2.2515E-01 2.6627E-02 2.8274E+400 1.7756E+01

-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC
1.3890E-02 8.3340E-01 15032 8.8289E-07 9.24B4E-07 3.6994E-06

CURRENT TEMPERATURES

| 2 3 4 5 6 7
1.0000E+02 9 .7330E+01 9.7313E+01 8.7521E+01 7.8557E+01 7.2178E+01 6.9786E+01

MISCELLANEOUS VALUES

3 4 ] 6 7 to 11
1.1658E+00 9.6273E-01 5.7818E-01 2.6562E-01 3.2102E-02 3.0044E+00 1.8868E+01
-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC
1.6668E-02 1.0001E+00 18039 8.8289E-07 ©9.248B4E-07 3.6994E-06

CURRENT TEMPERATURES

1 2 3 4 S 6 7
1.0000E+02 ©9.8B086E+01 S.8074E+01 9.1071E+01 8.4652E+01 8.0077E+01 7 .8358E+01

MISCELLANEOUS VALUES

3 4 S 6 7 10 11
1.1749€+00 1.0018E+00 6.2304E-01 2.9468E-01 3.6045E-02 3.1305E+00 1.9658E+01
-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC
1.9446E-02 1.1668E+00 21046 8.8289E-07 9.2484E-07 3.6994E-06

CURRENT TEMPERATURES

1 2 3 4 5 6 7
1.0000E+02 9.8625E+01 9.8617E+01 9.3598E+01 8.3000E+01 8.5723E+01 8.4492E+01

MISCELLANEOUS VALUES

3 4 5 6 7 10 [
1.1814E+00 | . 0296E+00 6.5504E-01 3.154RF-01 3.88B66E-02 3.2204E'00 2.0224E+01
-------- TIME HR MINUTES COUNT PREV INC NEXT INC MIN RC
2.2224E-02 1.3334E+00 24053 8.828%E-07 9.2484€E-07 3.6994E-06

CURRENT TEMPERATURES

2 3 4 S 6 7
1.0000E+02 9.9009E+01 9.9003E+01 9.5400E+01 9.2104E+01 8.9756E+01 8.88B73E+01!
MISCELLANEOUS VALUES

3 4 5 6 7 10 1"
1.1861E+00 1.0494E+00 6.7788E-01 3.3030E-01 4.0882E-02 3.2B45E+00 2.0627E+01
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-------- TIME HR

MINUTES | COUNT PREV INC

2.5002E-02 1.5001E+00 27060 8.8289€E-07

]
1.0000E+02

CURRENT TEMPERATURES

2 3 4
9283E+01 9.9278E+01 9.6686E+01

9.
MISCELLANEOUS VALUES
3 4 5 6
1.1894E+00 1.0636E+00 6.9418E-01 3.4089E-01
-------- TIME HR MINUTES COUNT PREV INC
2.7718E-02 1.6631E+00 30000 9.2484E-07
PREVIOUS TEMPERATURES
1 2 3 4
1.0000E+02 9O.9475E+01 9.9472E+01 9.7586E+01
CURRENT TEMPERATURES
| 2 3 4
| .O00VE+02 9O.947BE+01 9.8472E+01 9.7587E+01
CAPACITANCES
2 s} 4 6
0.0 1.1980E-02 1.1000E-02 7.3600E-03
CONDUCTANCES
1 2 3 4
2.0830E+01 3 .23336+403 6.,1000E:100 3, 700UVE+UU
MISCELLANEOUS VALUES
3 4 - 6
1.1917E+00 1.0735E+00 7.0S560E-0f 3.4831E-01
TIME CONSTANTS
3 4 =] 6
3.6994E-05 1.2500E-03 1.2475E-03 1.2690E-03
HEAT BALANCE
2 3 4 s
2.2839E-01 1.0920E+00 3.2609E+00 3.6676E+00
RELATIVE HFAT BALANNE
2 3 4 5
1.0554E-02 5.3742E-02 2.0423E-01 4.0577E-01
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NEXT INC
9.248B4E-07

S
9.4319E+01

7
4.2320E-02

NEXT INC
9.2484E-07

5
9.5869E+01
5
9.5870E+0
6
3.6800E-03
5
2.2000E+00
7
4.3328E-02
5 :
6.5714E-04
6
2.3648E+00

6
7.8668E-01

MIN RC

3.6994E-06 °

6
9.2633E+01
10
3.3303€E+00
MIN RC
3.6994E-06
6
9.4648E+01
6
9.4649E+01
7
4.6000E-04

.6
%.0000E-01

to
3.3624E:+00

7
3.2064E-01

7
1.0000E+00

7
9.2001E+01

Tt
2.0914E+01

7
9.4190Et01

7
9.4191E+01

i1
2.1116E+01
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1
angl1o
ooozn
ODanzn
anngn
Goosa
Nonnan
onoyo
Qousn
aon9n
o100
aaiin
anico
aolzn
antidan
au1sa
onolel
O017a
an1en
anl1es
an19n
aaeson
oozl 0
Oz =0
o4
noazsn
Oncen
nngzya

aoz0n
on=1n
n0zzn
N
A3 0
noEsSn
RN ]
N7 0
=0
OO0
Oadan
fog1n
XL Y=4 1]
nngzo
00440
450
O0d4en
YL
D0Od4EnD

)

no

S

1 e

DIMENZION Q1003 RECIO00 AT CT 00
FIMITE ELEMENT HEHT TFERHZFEF IHFORMATION
CF1=.0%z
CFrz=.107
Ck=n
N=4
TWi=0, 0ce0
H=100.
AMG=2.141€-¢
FHO1=5%5¢
FHDI_ L_s.':-‘
COHD1I=2 01
COMDz=0.310
I1A=1
IC=Z20000
FI=,0Qzz2z%
ET=0.10
THME=Y1
THE=%. [
WEITE iEs 10
FORMAT o IHFUT FIN THICKEHEZZ CIMHOCHESY 70
FERD <Seex D1 '
WEITE d&sg
FOFRMAT o IHFUT HYDFIDE THICKHE =S CIMOCHEZS -
FEAD <S»e> Y1
WREITE &30
FOREMRT o IHFUT FIN LENGTH CIHCHEZY 72
FERD vSsex FLI1
WRITE .42
FOFRMART Ui IHFUT EQUHLARY TEMFEFRHTLUEE CFy 7
FEAD (S.ed T1
WFITE <&« 2000

.
2

FORMART o7 IMFUT COMY HEART TRANS CDEFF (ETLL-HE FTeesc F2

FEARD <Sse» H

TW=TW1.-1&

WMEITE vcadgd0

FORMRT <~ INFUT TUEE LHIHMEIER winones!
FEARLDI (S.e» TDI1

WEITE 8«1 0e0

FOFRMART o7 HEAT REMEFRATIONT 1=YEZ Z=HO":
FEAD cSise3 Hia

Th=TDh1-1&

L=n1~1¢

v=Y1-1¢

FL=FL1-12

DL=FL-i{N-1>

VIA=ChO+Y e TU

ClA=FHO1eCF1eY1A

AK1=COHD1eD - CTH+DLY
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COMTINUE
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SHTE=VOLTEeFRHOleCF1
ZHH=DLHeFRHOZeCPe
ZHF=VOLFeFHOl1<LF1
YOLFT="0OLTE+"“OLF
YOLT=wm FT+0OLH
SZHFT=ZHF+ZHTE
EHT=ZHH+IZHF+ZHTE

IR =CHHAEZHT

ZHRI=THF T-ZHT
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WRITE cEase3 WIASYWIASCIASCSASAKI 0D AKZ00
COMTIHUE
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: COMTINUE
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n1z1n WREITE S '

nicscn Jd=H-1

a1zzn 00 4€ I=2sJ

nlcdn AEYA=AKIeHE CT+12

N1&s0 K1=1+10 ‘

H1ZEn Kg=1+11
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APPENDIX 6
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FIMHED TUEE HYDRIDE HEHRT E=CHAMGER

(223 32 22222222 2222222 2 222 3222 2222 22 2223342222222 24

INFLIT VALLUES:

FIM THICENE:SE . 020
HYDORIDE THICKEHMHESE 0. 150 IMCHES
FIN LEHSTH 0.290  IHCHES
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APPENDIX 7

ACTUAL DATA RUN OF P315A FOR THE COMPACT
FINNED TUBE CONFIGURATION
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P-315 THERMAL TRANSIENT ANALYSER REVISION NO. 2.0 10/12/81 16.24.40 PAGE 1
FIN THCK= 0.020 FIN LNGTH= 0.25 HYD THCK= 0,150 H=1000. TD=0.25 HG=2. 0000000 .

DUMP  MAX. PRINT STAB. VAR. EVALUATION CRIT. PROBLEM PRINT ~ CUMMY [NCREMENTS TIME PUNCH READ
CODE COUNT INTER. CRIT. TIME TEMP . START START - 0o LIMIT CODE CODE
1 30000 3.3300E-03 1.0000E-01 0.0 0.0 0.0 3.3300E-03 O0.C 0.0 1.0 (o} [o]

TEMPERATURE NODES AMD CAPACITANCES

NODE INC CAP CURV RCX EVX NO. TEMP . CAP. VAL.
1 o] 1 o 0 o] 1 7.0000E401 1.8200E-05
2 20 1 0 0 o] 2 7.0000E+01 6.5000E-06
3 20 1 (s} (¢} o] 2 7.0000E401 9.7000E-06
4 20 1 0 o 0 2 7.0000E+401 1.3000E-05
12 0 1 0 [0} o 1 7.0000E«01 5.2500E-05
13 o] 1 (o] [0} 0 1 7.0000E+01 7.8700E-05
14 [s] 1 0 0 0 1 7.0000E+01 1.0500E-04
31 1 o o o 0 1 1.7000E102 0.0

CONDUCTANCES

COND INC NODE INC HNODE INC CURV EVX NO. COND. VAL.
1 20 1 o 2 20 6 O Z 6.3300E-01
2 20 2 20 3 20 0 O : 6.5400E-01t
i 20 3 20 4 20 0 O z 9.1600E-01
11 0 1 0 12 0 o (s} 1 1.8000E-02
12 o 12 o 13 0 o © 1 1.5000£-02
130 13 0 14 o0 o 0 1 2.1000£-02
30 9 2 10 t2 10 0 © Z 7.0000E-03
31 9 3 1o 13 10 O ©0 Z 1.1000E-02
32 8 a 10 14 10 © © Z 1.5000E-02
50 o a1 ¢} 1 [ [} 0 1 1 .9400E-01
OTHER VALLES
LOC. INC NO. VALUE
VARIABLE LINES
ANS INC PRMA INC PRVB INC PRMC INC CODE CURV EVX NO. PARAM. A PARAM. B PARAM. C
40010 O 40010 0O o o o @ 6 0 1 o 0.0 0.0 0.0
OUTPUT CODES
1.0. INC NO. o
10001 1 3o

¢ 0 o}
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P-315 THERMAL TRANSIENT ANALYSER REVISION NO. 2.0 t0/12/81 16.24 .41 PAGE
FIN THCK= 0.0Z0 FIMN LNG™H= 3.25 HYD THCK= 0.150 H=1000. TD=0.25 HG=2. 0000000

PSEUDD SEQUENCE
CAP. COND NODE RCX STU DCND

1 0 o 0

| 2
11 12
2.1 22
50 31
2 o o o
' 1
2 3
390 12
22 3 o o
21 1
29 23
39 12
3 5 o0 o
2 2
3 a
31 13
23 : > o o
22 22
23 24
4) 13
4 > o o
3 3
32 14
24 2 o o
23 23
41 14
12 5 o o
i1 1
12 13
32 2 f
33 22
13 o o o
12 12
13 14
37 3
ap 23 ; .
14 o o o
13 13
a2 4



r-315

O -

7.0000E+01

1.7000E+02

1
7.0000E+01

31
1.7000E+02

- S/l

1
1.8200E-05

i
6.3300E-01

31
1.1000€E-02

1.2314E-05

1
1.9400E+01

|
1.0000E+00

THERMAL TRANSIENT ANALYSER REVISION NO.

2.0

FIN THCK= 0.020 FIN LNGTH= 0.25 HYD THCK:=
HR MINUTES COUNT PREV INC NEXT INC
0.0 1 0.0 1.2558E-06
PREVIOUS TEMPERATURES
2 3 4 5
7 .0000E+01 7.0000E+01 7.0000E+01 0.0
12 i3 14 15
7.0000E+01 7.0000E+0 7.0000E+0O1 0.0
22 23 24 25
7 .0000E +01 7.0000Et01 7.0000E+01 0.0
CURRENT TEMPERATURES
2 3 4 S
7.0000E+01 7.0000E101 7 .0000E+01 0.0
12 13 14 15
7.0D200E+01 7.0000E+01 7.0000€'01 0.0
22 23 24 25
7.0J00E+01 7.0000E+01 7.0000E+01 0.0

CAPACITAHCES

2 3 4 12
6.5200E-06 9.7000E-06 1.3000E-05 5.2500E-05
CONDUCTAHNCES
2 3 1 12
6.5400E-01 9.1600E-01 1 .8B000E-02 1.5000E-02
32 39 40 41
1.5300E-02 7.0000€-03 1.1000E-02 1.5000E-02
MISCELLANEOUS VALUES
TIME CONSTANTS
2 22 3 23
5.0232E-06 §5.0232E-06 6.1354E-06 6.1354E-06
HEAT BALARNCE
2 22 3 23
0.0 0.0 0.0 0.0
RELATIVE HEAT BALANCE
2 22 3 23
0.0 0 0 0.0 0.0

0.150 H=1000.

MIN RC
5.0232E-06

6

0.0 o
16

0.0
26

0.0 (o}
6

0.0 o
16

0.0 o
26

0.0 (o]

13
7.8700E-05

13
2.1000E-02

50
1.9400E-01

4
1.3963E-05

(=]

TD=0.25 HG=2.

o~ o~ o~

14
1.0500E-04

21

6.3300E-01

24
1.3963E-05

10/12/81 16.24 .41
0000000
8 9
0.0 0.0
18 19
0.0 0.0
28 29
0.0 0.0
8 =]
0.0 0.0
18 19
0.0 0.0
28 29
0.0 0.0

22 23
6.5000€E-06 9.7000E-06

22 23
6.5400E-01 9.1600E-01
12 13
1.1170E-03 1.3569E-03
12 '3
0.0 0.0
12 13
0.0 0.0

PAGE 3

24
1.3000E-05

30
7.0000E-02

14
2.0588E-02



-------- TIMZ HR MINUTES COUNT PREV INC
,3.3300€E-03 1.9980E-01 2653 1.2433E-06

CURRENT TEMPERATURES

1 2 3 4
1.5475E+02 1.5281E+02 1.5120E+02 1.5082z+952
11 12 13 14
0.0 1.308BE+02 1.1628E+02 1.1298+32
21 22 23 24
0.0 1.53B1E+02 1.5120E+02 1.50522+)2
------- TIME HR MINUTES COUNT PREV INZ

6.660CE-03 3.93960E-01 5306 8.8662E-07

CURRENT TEMPERATURES

1 2 3 q
1.6259€+02 1.6163E+02 1.60E3E+02 1.E043E+32

11 12 13 14
0.0 1.5185E+02 1.4379E+02 1.4121E422

21 22 23 24
0.0 1.6163E+02 1.60E3E+02 1.6Q048E+22
------- TIME HR MINUTES COUNT PREV INZ

9.9900E-23 §5.8940€-0: 7959 9.3877E-07
CURRENT TEMPERATURES

|
= 1 2 3 4
si 1.66342+402 1.6587E+0Z 1.6547E+02 1.6530E102
| 1 12 13 14
0.0 1.61136+02 1.5708BE+02 1.5€69E+02
21 22 23 24
0.0 ) .65E7E+02 1.6547E+02 1.6530E+02
-------- TIME HR MINUTES COUNT PREV INC
1.3320E-D0Z 7.9920E-01 10612 ©9.3877E-07
CURRENT TEMPERATURES
1 2 3 4
1.6819E+02 1 .6795E+C2 i.67752+02 1.6767E+02
1 12 13 14
0.0 1.6561E+C2 1.6360E+02 1.629CE+02
21 22 23 24
0.0 1.6795€+02 1.6775E+02 +.6763E+02
-------- TIME HR MINUTES COUNT PREV 1NC
1.6650E-02 ©9.9900E-01 13265 S.3837E-07
CURRENT TEMPERATURES
1 2 3 4
1.6909E+02 1 689BE+02 1.6838E+02 1.688<E402
11 12 13 14
0.0 1.6781E+02 1.6631E+02 1,5646E402
21 22 23 24
0.0 1.6B98E+02 1.6838BE+02 1.SBEME02

0

0o

0

N
1

1

2
N
1

EXT INC
.2558E-06

5
o]
5
[o]
5
o]
EXT

INC
.2558E-06

5

0.0

S

0.0

2

5

0.0

0

0

o]

o

©
m o ow ou

N
1

z

y )

EXT INC
.2558€-06

S
0o
5
0
<}
o}
EXT INC
2558E-06

XT INC
.2558E-06

oy o ouw

[=]

(=]

(<]

(<]

[=]

[«

o

[=]

(=]

[=]

[«

MIN RC
5.0232€-06

6 T
.0 0.0
16 [
.0 . «0.0
26 27
.0 0.0
MIN RC
5.023ZE-06

6 v
.0 0.9
16 17
.0 0.9
26 27
.0 0.9
MIN RZ
5.0232E-05

6 7
.0 0.2
16 17
.0 0.9
26 27
.0 0.2
MIN RC
5.0232E-0E

6 7
.0 0.0
16 17
.0 0.0
26 27
.0 0.0
MIN RC
5.0232£-06

6 7
.0 0.0
16 17
.0 0.0
26 27
.0 0.0

o []

[=]

(=] o

(=]

o (=]

o

[=) (=]
om ol o

(=]

[=] o

[+]

or om oM o O ow

om oOmW oM

om o o

(=) o
ow OWw o0V

=]

o [=]

o

o (=)
cw ©V ow

(=]

[=] [=]
ow oW ouw

o

(=] [«

o

oY oW ow

oW oYy oV

10
0.0

29
0.0

39
0.9

10
0.0

20
0.0

30
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-------- TIME HR MINUTES COUNT PREV INC NEXT INC
1.9980€E-02 1.1988E+00 15818 9.3877E-07 1.2558E-06
CURRENT TEMPERATURES
1 2 3 4 S
1.6954E+02 1 .6948E+02 1.6943E+02 1.6941E402 0.0
1 12 13 14 15
0.0 1t . 6E89E+02 1.6839E+02 t.6822€E+02 0.0
21 22 23 24 25
0.0 1.6948E+02 1.6943E+02 1.6941E+02 0.0
-------- TIME HR MINUTES CDUNT PREV INC NEXT INC
2.3310E-02 t.3986E+00 13571 9.3877E-07 1.2558E-06
CURRENT TEMPERATURES
1 2 3 4 S
1 RATRE+02 1.6873E+02 1.6971E+02 1.6970E+02 0.0
L 12 13 14 15
0.0 1.6943E+02 1.6918E+:02 1.6909E+02 0.0
21 22 23 24 25
0.0 1.6973E+02 1.6971E:02 1.6970E+02 0.0
-------- TIME HR MINUTES COUNT PREV INC NEXT INC
2.6640E-02 1.5984E+00 21224 9.3877E-07 1.2558€E-06
CURRENT TEMPERATURES
1 2 3 4 5
1.6987E+02 1.6986E+02 1.6984E:02 1.6984E+02 0.0
i 12 13 t4 15
0.0 1.6969E+02 1.6956E-02 1.6952€+02 0.0
21 22 23 24 25
0. 1.6986E+02 1.6984E-02 1.6984E+02 0.0
-------- TIME HR MINUTES COUNT PREV INC NEXT INC
2.9970E-02 1.7982E+00 23877 9.3877E-07 1.2558E-06
CURRENT TEMPERATURES
1 2 3 4 5
1.6893E+02 1.6992E+02 1.6991E+-02 1.6991£+02 0.0
1" 12 13 14 15
0.0 1.6982€+02 1.6975E -02 1.6973E+02 0.0
21 22 23 24 25
0.0 1.6992E+02 1.6991E-02 1.6991E+02 0.0

MIN RC
5.0232E-06

6 7 8
0.0 0.0 0.0
t6 17 18
0.0 0.0 6.0
26 27 28
0.0 0.0 0.0
MIN RC
5.0232€-06
6 7 8
0.0 0.0 0.0
16 17 18
0.0 0.0 0.0
26 27 28
0.0 0.0 0.0

MIN RC
5.0232€-06

o
o~
(=]

6 8
0.0 . [+
16 17 18
0.0 0.0 0.0
26 27 28
0.0 0.0 0.0

MIN RC -
5.0232E-06

(=]
[«
o~
o

[]

o oM oo,
[=]
o~
=)

oo o om

o
(=]
[«
(=]

9 to
0.0 0.0
19 20
0.0 0.0
29 30
0.0 0.0
9 10
0.0 0.0
19 20
0.0 0.0
29 3o
0.0 0.0
=] 10
0.0 0.0
19 20
0.0 0.0
29 30
0.0 0.0
9 10
0.0 0.0
19 20
0.0 0.0
29 30
0.0 0.0
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-------- TIME HR MINJTES COUNT PREV [NC NEXT INC MIN RC
3.3302E-C2 1.9980E+00 26530 9.3877:-07 1.2558€-06 5.0232E-06

CURRENT TEMPERATURES

1 2 3 4 _ & 6 T
1.6995E+02 1.699%E+102 1.69D4E€+02 1.6994€102 0.0 0.0 5.0
1 12 13 14 15 16 17
0.0 1.698ZE+02 1.6984E+02 1.6983E+92 0.0 0.0 0.0
21 22 23 24 : 25 26 27
0.0 1.699ZE+02 1.6994E+02 1.69943402 0.0 0.0 0.0

-------- TIME HR MINUTES COUNT PREV INC NLXT INC MIN RC

3.6630E-G2 2.19378E100 29183 9.38772-07 1| 2558E-06 5.0232E-06
CURRENT TEMPERATURES
1 2 3 a s 6 -
1.6996E+02 1.699ZE+02 1.69G6E+02 1.69952+402 0.0 0.0 0.0
1 12 13 14 15 16 1
0.0 1.6992E+402 1.6989E+102 1.6988E+02 0.0 0.0 0.0
21 22 23 24 285 26 27
0.0 1.6996E+02 1.69S6E+02 1.6995E+02 0.9 0.0 0.0
---STABILITY CRITERION SATISFIED---
-------- TIME HR MINUTES CCUNT PREV INC NIXT INC MIN RQ
3.7582E-02 2.2549E+0C 29941 1.255BE-06 1.2558E-06 &.0232E-06
CURRENT TZIMPERATURES

1 2 3 4 5 6 7
| 6996E+02 1.6996E+02 1.6956Z+02 1.6995€+32 0.) 0.0 0.3
1 12 13 14 15 16 17
0.0 $.6992E402 1.69G0E+02 1.6989E+22 0.) 0.0 0.9
21 22 23 24 25 26 27
0.0 1.6996E+02 1.6996E+02 1.6995E+22 0.3 0.0 0.2

~--STABILITY CRITERION SATISFIZO---

8 2] 1a
0.0 0.0 0.¢
18 19 2¢
0.0 0 0.¢C
28 29 3c
0.0 0.0 0.0
8 9 10
0.0 0.0 0.0
18 19 20
0.0 0.0 0.0
28 29 30
0.0 0.0 0.0
8 9 10
0.0 0.0 0.0
18 19 20
0.0 0.0 0.0
28 %9 30
0.0 0.0 0.0
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2 3 4
6.5000E-C6 9.7000E-06 1.3000E-05

2 3 i
6.5400E-Ct 9.1600E-01 t .8000E-02

32

39 40
1.5000E-02 7.0000E-03 }.1000E-02

2 22 3
5.0232E-06 ©5.0232€E-06 6&.1354€-06

2 3
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2 22 3
2.2813€-02 2.2813E-02 ». 1392E~-01

MINUTES COUNT PREV INC
2.2550E+00 29942 1.2568E-06

PREVIOUS TEMPERATURES

CAPACITANCES

CONDUCTANCES

MISCELLANEOUS VALUES

TIME CONSTANTS

HEAT BALANCE

22

RELATIVE HEAT BALANCE

N

1.2558E-06

0.

(=]

[=]

o

[]

(=]
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4
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4
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1.0500E-04
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t3
1.4548E-03

13
8.5242E-01

24
1.3000E-05
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7.0000E-03

14
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14
2.0440E-023

14
1. 0000E+00



APPENDIX 8

TEMPERATURE UPGRADE COP CALCULATIONS
FOR OPTIMUM DESIGN
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Hot side alloy = LaNig gAlg g
Cold side alloy = LaNig
Hydrogen/metal ratio:

H/M = 3.18 gmole Hz/lbm LaNl4.5A10.5 (Ref. 1)
H/M = 3.14 gmole Hy/lbm LaNig (Ref. 2)

For equal amounts of Hj absorbed/desorbed:

3.14 gmole Hy/1lbm LaNig

- = 0.987
3.18 gmole Hy/lbm LaNig 5Alg, s
Use:
1.0 1lbm LaNig
0.987 1lbm LaNig gAlg, s
This yields:
3.14 gmole Hy (absorbed/desorbed)
and
Qawig = 92.2 Btu (pef, 3)
Qani, Aly g 11400 PR (gef. 2)
where Q@ = heat of absorption/desorption
Hydride utilization factor = 70%
Therefore:
QLaNiS (0.7) (92.2 Btu) = 64.5 Btu
QLaNi4.5A10.5 = (6.7) {(114.6 Btu) = 80.2 Btu
COPupgrade = e QabS(LaNi4-5AlO-5) " SH(]-‘"EH\I:'L4.5A10.5) (TM B TH)
Qaes(raNi, aly s) ¥ SH(rani, a1y o) Tn ~ Tm) ¥ Qaes(ranig)
* SHpani, (Tp - Ty )

where the heat of desorption has a negative value and the heat of absorption
has a positive value.

Thus;

Q = 80.2 Btu = -80.2 Btu

. 0 .
abs(LaN14.5A10.5) des(LaN14.5AlO.5)
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Qabs(ranig) ~ 42 Btu Qdes(LaNiy) ~64.5 Btu
Let:
Ty = 350°F Ty = 200°F T, = B80°F
80.2 Btu + SH ; ' (200°F - 350°F)
(LaNi, sAly 4)
COPupgrade = Tgo., Btu + SH (350°F - 200°F) + (-64.5 Btu)
: (LaNi Al ) .
4.5%70.4
+ SH(LaNiS) (80°F - 200°F)
80.2 Btu + SH . (-150°F)
(LaN14.5A105)

-144./ Btu + SH(p nj 5) (150%F) + SH(LaNiS) (-120°F)

a.5™,

Internally Finned Tube

Sensible heat (from computer model) = 0.187 Btu/°F*lbm alloy

For 1.0 lbm LaNig and 0.987 lbm LaNig, K g5Alg,s5:

S = 0.187 Btu/°F

H .
LaNlS

SH 0.185 Btu/°F

LaNig sAlg,5 =
SUbSTITUTing 1NTO LUPypgrade €quation:

80.2 + (0.185)(-150)

CUPypgrade = <-144.7 + (0.185)(150) + (0.187)(=120)
_ 52.45  _ _;.ag
~139.39

Externally Finned Tube

Sensible heat (from computer model) = 0.142 Btu/°F°lbm alloy
For 1.0 lbm LaNig and 0.987 LaNig,gAlg, s5:

SHiani, = 0:142 BEW/°F

SHy o5 = 0.140 Btu/°F
LaNi, Al g

Substituting into COPypgrade eguation:

80.2 + (0.140)(-150)
COPypgrade = -144.7 + (0.140)(150) + (0.142)(-120)
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= 39-2 = -0.42
-140.7

Theoretical maximum COPypgrade
(asumes no sensible heat)

COPypgrade = 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 H,O0 in one EDTU pressure vessel = 5.1 in.3
Weight of hydride powder in one unit = 8.63 1lb
Yielding: 0.02 1lb water/1lb hydride x (0.5 mixing)
= 0.01 1lb water/1lb hydride
The sensible heat of water = 1 Btu/16°F

Thus

SHy o = 0.01 Btu/°F 1b alloy
2

The sensihle heat far the externally finned tube = 0.142 Btu/lb alloy
The total sensible heat including water = 0.152 Btu/lb alloy

For 1.0 '1b LaNi5 and 0.987 LaNi4.5A10.5

SHLaNiS = 0.152 Btu?°F
SH . = 0.150 Btu/°F
LaNJ.4'5AlO.5
Substituting into Copupgrade equatibn:
COPypgrade =~ 80.2 + (0.150)(-150)
-144.7 + 0.150)(150) + (0.152)(-120)
- 2.7~ 0.4
-140.44
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APPENDIX 9

METHOD FOR SOLVING FOR REQUIRED FILTER AREA
PER POUND OF HYDRIDE POWDER
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Assume:

AHLaNiS = 60 Btu/lbLaNiS = 19 Btu/mole H,
Capacity = 12000 Btu/hr (1 ton) = 200 Btu/min.
Temperature = B80°F (540°R)
Pressure = 1 atm (14.7 psi)
Amount of hydride powder = 5 lbs
Hydrogen Flow Rate = 200 Btu/min. = 10.5 mole H,
19 Btu/mole Hy min.
Volumetric Flow Rate = V = @m R T
P
where m = hydrogen flow rate
R = gas constant, 766.5 ft’lbf/Ibm°R
T temperature
P = pressure

(10.5 mole Hy/min) (2 grams/mole Hy)(766.5 ft 1be/1b °R) (540°R)

(14.7 1b./in?) (144 in2/£t2) (454 grams/1b_)

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/ftz.

Theretore:
9 cfm
Required filter surface area = -~——— = 0.13 ft2 = 18.5 in2

70 acfm/ft2

(18.5 in2/ton) (1 ton/5 lbs powder)

Filter area per pound of powder

3.7 in2/1b powder
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APPENDIX 10

PRESSURE VESSEL STRESS CALCULATIONS
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)bjective: to find the optimum pressure vessel wall thickness

Assume: internal pressure = 1050 psi1
(actual design pressure = 350 psi, safety factor = 3)
allowable stress for stainless steel = 30,000 psi
pressure vessel radius = 3.0 inches

Reference: Popov, E. P., Mechanics of Materials, Prentice Hall, Inc. 1976.

Stress formulas:
1. Circumferential stress (hoop stress) —— 0, = Pr/t
2. Longitudinal stress —>0;, = Pr/2t
where P = internal pressure (psi)
r = radius (in.)

t = wall thickness (in.)

Solving equations 1 and 2 for t, wall thickness, yields

te = Pr/Ob and t; = Pr/ZGL

t = (1050 psi)(3 inches) _ 0.105 inches
o] 30,000 psi

t - (1050 PSl)(3 il’lChES) = 0.053 inches
L (2)(30,000 psi)

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°F), the internal hydrogen pressure is

2.4 MPa (350 psi). 1In the case of a sudden internal temperature rise above
177°C, the corresponding hydrogen pressure increases logarithmically. A
factor of satety equal to 3 adequately safeguards this event.

- 193 - _\gud-



APPENDIX 11

HEAT TRANSFER/PRESSURE DROP ANALYSIS
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)bjective: to calculate the mass flow rates and pressure drops through water

tubes
Nomenclature:
h = external heat transfer coefficient
Nu = Nusselt number
Re = Reynolds number AP = pressure drop
Pr = Prandtl number f = friction factor
D = tube inside diameter p = density
K = thermal conductivity L = tube length
U, = mean velocity go = gravitational constant
v = kinematic viscosity (32.2 ft/sz)
Assume:
I = 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 - Ty, = 80°F, Ty = 200°F, Ty = 350°F

cold side alloy (CSA) LaNig, T (80°F + 200°F)/2 = 140°F

mean

warm side alloy (WSA) LaNi4_5A10.5, T (200°F + 350°F)/2 = 275°F

mean

Reference: 'Gzisik, M. N., Basic Heat Transfer, McGraw-Hill Inc., 1977.

Governing Equations:

1. Nu = 0.23 Re?-8py0-3 3. Re = U_ ' D/v
2. Nu = h ° D/K 4. AP = £ °L P ° Um2
2 - D -
C

Mass Flow Rates

CSA Analysis:

propertiec of water at 140°F -—

v = 0.018 ft2/hr

K = 0.38 Btu/hr ft °F
Pr = 3.01

p = 61.4 1b/ft3
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Using Equation 2:

(1000 Btu/hr f£t2 °F) (0.19 in.) (1 £t/12 in.)

(0.3 Btu/hr ft °F)

Nu

= 41.67

Substituting Nu value into Egquation 1:

41.67 0.023 Re0+8 (3.01)0-3

Re 7818

Substituting Re value into Equation 3:

2818 - (°m) (0.19 in.) (1 ££/12 in.)
(0.018 £t2/hr)
U, = 8888 ft/hr

Coversion to gallon per minute:

U = 0.87 gpm ~ 1 gpm °

" 7 tubes/pressure vessel = 7 gpm

WSA Analysis:

propexties of water at 275°F = vV
vV = 0.009 ft2/hr
K = 0.39 Btu/hr ft °F
Pr = 1.3
P = 56.0 lb/ft3

»

Using Equation 2:

(1000 Btu/hr £t2 °F) (0.19 in.) (1 ££/12 in.)

(0.39 Btu/hr ft f)

Nu

40.60

Substituting Nu value into Equation 1:

40.67 = 0,023 Re®-8 (1.3)0.3
Re = 10392

Substituting Re value into Equation 3:

10392 = (Ym) (0.19 in.) (1 ££/12 in.)
(0.009 £t2/hr)

Un 5907 ft/hr
Covert to gallon per minute:

Unp = 0.58 gpm = 1 gpm 7 tubes/pressure vessel = 7 gpm
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ressure Drop

CSA Analysis: (assume smooth pipe)}
CSA friction factor = 0.0305 (p. 256, Ozisik)
(0.0305)(24 in.)(61.4 1b/ft3)(8888 ft/hr)2(1 £t2/144 in.?)

Ap = = 0.16 psi
(2) (0.19 in.) (32.2 ft/s2) (1.296 x 107s2/1 hr2)

WSA Analysis: (assume smooth pipe)
WSA friction factor = 0.027 (p. 256, Ozisik)
(0.027) (24 in.) (56.0 1b/ft3) (5907 £t/hr)2 (1 £t2/144in.2)

Ap = = 0.06 psi
(2) (0.19 in.) (32.2 £t/s2) (1.296 x 107s2/1 hr?)
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