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ABSTRACT

Southern California Gas Company and Solar Turbines Incorporated are coopera-
ting in the development and demonstration of a metal hydride/chemical heat
pump (MHHP). In the design of the MHHP, heat transfer was considered to be
the key technical study area. The goal of this effort is improved heat
transfer and reduced thermal mass in a hydride heat exchanger/containment
assembly.

Phase I of the three phase development program resulted in the detailed
design of an advanced hydride heat exchanger. Phase II consisted of the
experimental verification of the hydride alloy design data, fabrication of
the hydride heat exchanger module components, heat transfer testing of a
single heat exchanger element and preliminary performance testing of the
entire module. Phase 1II was devoted to the complete characterization of
the hydride heat exchanger modules through further operation and testing. A
review of other possible hydride heat transfer concepts was also conducted in
Phase III. The work described in this report was accomplished in Phase III.

ix/x
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NOMENCLATURE

S ol Description

Ty high temperature, °F (firing)
Ty medium temperature, °F (sink)
Ty, low temperature, °F (refrigeration effect)
corp Coefficient of Performance

0 quantity of heat, Btu/hr

TMR thermal mass ratio

t time, minutes

SH sensible heat, Btu/°F

Ap pressure drop, psi

Cp specific heat, Btu/lb°F

Ar temperature change, °F

v volume, cubic inches

m mass flow rate, gpm

aq heat, Btu

AHg heat of formation, Btu/lb

e density, 1b/in3

xii



BNL PERSPECTIVE

The work reported here concludes the three-phase effort on developing an
improved metal-hydride chemical heat pump. In Phase I, the effort included
development of the conceptual design and transient-heat-transfer models, labora-
tory verification of design and material performances, as well as a study of the
potential applications and market sectors. The key accomplishment was design of
an efficient finned-tube heat exchanger for enhancing heat/mass transfer in a
hydride bed. This work is documented in BNL 51539, February 1982.

Logically, the work done in Phase II (BNL 51727, September 1983) consisted
of experimental verification of the hydride-alloy design data, fabrication of
the heat-exchanger-module components, testing of a single heat exchanger tube,
and preliminary performance testing of the entire module. When testing showed
that the performance was sub-normal, the fault was traced to the cold-side alloy
which did not have the specified composition. This unexpected event led to
extending the work to Phase III.

Because of a redirection of DOE's goal, with the change in federal adminis-
tration policies toward more long-term research, it was anticipated that further
development of the metal-hydride heat pump concept would be left to the private
sector at the end of Phase II. However, it was decided to pursue a Phase III
first so that the inferior alloy could be replaced and the system performance
fairly characterized.

Replacement of the cold-side hydride alloy permitted much improved heat pump
performance. By minimizing thermal losses to vessel components surrounding the
hydride, performance can be further improved. Before such design revisions are
made, however, the modules should be dismantled and inspected for any damage
which could have been caused by hydride expansion, and to determine the extent
of fin area not still immersed in hydride (due to bed settling). These tasks
were not included in the contract work.

In discussing the configuration of a large heat pump, the contractor has
wisely stated that modular construction would be used so that any module which
becomes inoperable could be 1isolated and replaced without shutting down the
entire system. Presumbably, scale-up would consist of increasing the module
length and number of modules.

A complementary effort, and one which led to selection of the present
design, was a qualitative evaluation, and some discussion, of various heat
transfer concepts for seven practical characteristics. This tabulation of
hydride/water/filter geometries and their interpretation of the characteristics
serves as a guide to designers of heat exchangers for metal-hydride service. A
configuration not included is finned-tube assemblies, such as used in automobile
radiators, with the hydride contained in shallow plastic trays. A more detailed
consideration of the various configurations should be made before selecting one
for a particular application.

xididi



The effort expended 1in these three development phases has furthered
hydrogen-hydride technology by providing a method for accurately predicting heat
pump performance and by providing a workable hardware design which can be fur-
ther optimized.

The information and experience derived from the development of a high-flux,
low-mass tube for hydride heat exchangers represent a significant advancement
pertinent to other rapid-cycling applications such as thermally-driven hydrogen
compressors and hydrogen separation/recovery systems. Further pursuits will
rely on private sector evaluation of commercialization prospects in light of
current federal policy and budgetary guidelines which preclude DOE/BNL
involvement.

xiv



EXECUTIVE SUMMARY

A metal hydride heat pump (MHHP) is an innovative chemical heat pump that
utilizes the heat of reaction of hydrogen with selected metal alloys called
hydrides. The alternating absorption and desorption of hydrogen into two
different hydrides can be used to provide refrigeration, heat amplification
or temperature upgrading without consumption of metal or hydrogen gas. This
can occur because metal hydrides have the ability to undergo a reversible
thermal decomposition which is exothermic when the hydride is absorbing
hydrogen and endothermic when desorbing. The MHHP can be tailored to operate
over a wide range of input and ambient temperatures and can thus be used with
a variety of heat sources including waste heat, solar energy or a fossil
fuel.

In 1980, Brookhaven National Laboratory (BNL) requested proposals to advance
the heat transfer technology within the metal hydride heat pump. This was to
be accomplished by the development of a high heat transfer, low thermal mass
hydride containment device. Southern California Gas Company (SoCal) and
Solar Turbines Incorporated (Solar) prepared the winning proposal for this
current effort based on their extensive development experience with metal
hydrides and heat exchanger technology gained in earlier and on-going private
efforts. SoCal has entered into this effort because of its strong interest
in bringing new energy conserving products to the marketplace. Solar can
envision the MHHP as a potential energy recovery device for its line of gas
turbine engines. With this effort, the state-of-the-art of the MHHP is being
further advanced for the benefit of the nation as well.

This current development effort has progressed through three phases. The
work described in this report was accomplished in Phase III. The scope of
Phase I included the development of the conceptual design for the metal
hydride heat pump, a study of the potential applications and market sectors,
laboratory verification of design and material performance and development of
transient heat transfer models. Phase I resulted in the detailed design of
an advanced hydride heat exchanger. Phase II consisted of the experimental
verification of the hydride alloy design data, fabrication of the hydride
heat exchanger module components, heat transfer testing of a single heat
exchanger element and preliminary performance testing of the entire module.
Phase III was devoted to the operation and testing of this device and a
review of other hydride heat exchanger designs.

In the design of the MHHP, heat transfer is considered to be the key technical
study area. The MHHP is a cyclical device, therefore, rapid heat transfer
allows more cycles per hours and a greater productive thermal capacity per
pound of hydride powder. This is a critical parameter as the cost of the
hydride powder is the primary expense in the heat pump. It is imperative to



minimize the quantity of hydride per useful output. High heat transfer leads
to rapid cycling, high capacity and, consequently, low hydride inventory per
useful output and lower system costs.

High heat transfer can be easily accomplished with massive, large surface
area heat exchangers, however, since the heat exchanger must follow the
cyclic temperatures of the MHHP, its mass is parasitic. These self-heating
and cooling thermal losses to the heat exchange structure must be minimized;
therefore, the goal was to provide the high heat transfer with a low mass
unit.

The final hydride heat exchanger design embodies the best features of exten-
sive computer modeling and experimental verifications. SoCal and Solar have
produced a state-of-the-art hydride heat exchanger design which:

. increases heat transfer

. lowers the cycle time

. improves thermal capacity

. reduces sensible heat losses and water inventory

. reduces the amount of hydride powder necessary per useful output
. optimizes particle containment and minimizes the required surface

area of the (expensive) filter material
. minimizes the seal areas
. lowers the total cost per useful output.

The hydride heat exchangers were constructed in Solar's Research Laboratories.
The modules consist of two cylindrical pressure vessels connected as a pair.
One vessel contains hydride LaNig packed around 14 finned copper tubes, while
the second vessel contains hydride MmNi, ¢gFep gs in a similar configuration.
Insulation thermally isolates the tubes and hydride materials from the high
mass pressure vessel. A single metallic filter in each vessel prevents
hydride migration from one vessel to another. The vessels are connected
together with a hydrogen flow path. The heat transfer media, water, flows
through the finned tubes.

Preliminary test results in Phase II indicated that the hydride heat exchang-
ers functioned as predicted fulfilling development goals of increased heat
transfer and lowered cycle time. It was also determined that the heat pump
effectiveness was highly dependent upon the hydride utilization factors of
the selected hydride alloys - LaNig and MmNi, .gFej gge Based on previous
development work with hydride alloys, the assumed hydride utilization factor
was 75 percent. This means that 25 percent of each metal hydride remains
inactive (not absorbing hydrogen) due to contamination or incomplete activa-
tion. As a result of testing the hydride heat exchangers in the heat pump
mode in Phase II, it was discovered that, although the LaNig utilization



factor was 72 percent, the factor for the MmNi, 4gFeq g5 side was just 19 per-
cent. The outcome of these circumstances was a lower output capacity in
terms of refrigeration.

In Phase III, a new batch of MmNi, 4g5Feq gg hydride was loaded into the cold
side hydride heat exchanger vessel and testing was continued. The resulting
hydride utilization factors were 76.4% for the LaNig side and 63.7% for the
MmNi, qgFeq gge This development allowed for improved refrigeration perfor-

mance and overall Coefficient of Performance (COP).

3/¢/



2

INTRODUCTION

2.1 PROGRAM BACKGROUND

The metal hydride heat pump (MHHP) is a concept that could result in an
energy efficient technology driven by o0il, natural gas, waste heat or solar
energy. The MHHP could be part of a cogeneration system. 1In such a systenm,
it would recover and utilize low grade waste heat. Some of the competitive
advantages of the metal hydride heat pump include:

. operation on low grade heat

. gas or liquid heat exchange

. use of multiple energy sources in one unit

. environmentally acceptable

. compact

. variable shape and size according to application

. quiet operation

. simplicity - no moving parts

. potential for long life operation

. ability to tailor operation to available temperature source.

In the early 1970's Solar Turbines Incorporated (Solar) performed internal
research to investigate potential heat utilization technologies. Metal
hydrides were identified as a potential foundation for a thermally driven
heat pump. The concept 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 National
Laboratory (BNL) requested proposals for the development of a technology
applicable to the MHHP for the benefit of the nation. This technology encom-
passes the design and development of a high heat transfer, low thermal mass
hydride containment device. SoCal, with Solar as a subcontractor, submitted
the winning proposal and embarked on this current effort. Figure 1 illus-
trates the project organization.
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Figure 1. Project Organization

SoCal and Solar are cooperating in the development and demonstration of the
MHHP. The MHHP is considered to have great potential as an energy conserving
technology. Basically, the MHHP is a chemical heat pump containing two
different metal hydrides. The concept utilizes the ability of selected
metals to absorb and desorb hydrogen without the consumption of metal or
hydrogen. The MHHP can be tailored to provide heating and/or cooling, or
temperature upgrading over a wide range of temperatures and, thus, can be used
with a variety of heat sources.

2.2 PROGRAM GOAL

The goal of this effort is the research, development and testing of a heat
exchanger device for a metal hydride assembly. (The project scope did not
include the optimization of the insulation, the pressure vessel body and the
flange head.) The specific technical issues where development was required
and emphasized to provide a technically sound design are outlined below:

Heat Transfer

The primary cost item in the heat pump is the metal hydride powder. ABg hy-
dride alloys (LaNig is a good example of an ABg alloy), the materials selected,
cost $25/1b (1984$). 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 cycle time is controlled by the heat transfer characteristics of
the hydride heat exchanger. Since particle-to-particle heat transfer within
the powdered metal hydride is extremely slow, it is necessary to enhance the
transfer with a low mass, extended surface, heat transfer device imbedded in
the powder. It is also important to minimize the mass of the structure to
reduce the parasitic self-heating and cooling losses. Therefore, the goal
was to provide high heat transfer with a low thermal mass heat exchanger.



. 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
required to heat and cool the heat exchanger structure, the more net useful
output energy.

Similarly, the capacity of an MHHP is expressed in terms of the rate at which
useful output energy is exchanged. It is calculated by dividing the energy

output by the cycle time. Thus, cycle time is inversely proportional to
capacity. A reduction in cycle time increases the capacity.

. Particle Containment

A filter is used to contain the metal hydride within each module and a large
hydrogen pressure drop could occur unless the filter is properly designed and
installed. A high pressure drop would slow the flow of hydrogen and increase
the cycle time, thus increasing the amount of hydride material needed per
useful output.

. Particle Expansion

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

These issues were addressed via a three-phase approach (Fig. 2):
Phase I - Concept Definition
Phase II - Proof of Concept
Phase III - Heat Transfer Optimization

Phase I of this project was initiated in February 1981 and was completed in
January 1982. The tasks of Phase I included the development of the conceptual
design for the metal hydride heat pump, an assessment of the potential appli-
cations and market sectors, a decision on the appropriate hydride alloys, a
filter design study, development of transient heat transfer models and compar-
isons with experiments, and the design of an advanced hydride heat exchanger.

Phase II consisted of the experimental verification of the hydride alloy
design data, fabrication of the hydride heat exchanger module components,
heat transfer testing of a single heat exchanger element and preliminary
performance testing of the entire module. This phase began in March 1982
and ended in December 1982. ©Phase III was devoted to the operation and
testing of the hydride modules and a review of other hydride heat exchanger
designs. Phase III began in November 1983 and was completed in July 1984.
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Figure 2. Project Schedule

FINAL. REPORT ORGANIZATION

final report is organized in the following manner:

. The Performance Testing section outlines the performance predic-
tions and calculations, the test facility, the test objectives and
testing results.

. The Design Review chapter focuses on the evaluation of the advanced
hydride heat exchanger design and compares actual test data to the
performance predictions.

. The section on Heat Transfer Concept Comparisons identifies and re-
views other heat exchange concepts that improve heat transfer with-
in hydride alloys.

. The final chapter, Conclusions and Recommendations, summarizes the
Phase III results and outlines areas were further development work
is warranted.




3

PERFORMANCE TESTING

3.1 PERFORMANCE ESTIMATES

Predictions on performance based upon the actual heat exchanger module and
hydride alloy characteristics and dimensions were calculated. Estimates on
packing factor, hydride utilization factor, sensible heat, thermal mass
ratio, cycle time, capacity and Coefficient of Performance (COP) are included.

The relevant properties of the selected hydride alloys, LaNig and MmNi4.15-
Feg,g5, used in the calculations are listed in Table 1 and Table 2 tabulates
the characteristics of the finned copper tube heat exchanger.

3.1.1 Packing Factor

The process of hydrogen absorption and desorption causes the metal crystal
lattice to expand and contract leading to the comminution of the original
hydride alloy particles. After many such cycles, the process of comminution
produces a progressively greater proportion of fine particles. In order
to prevent rupture of the hydride containment vessel, 100 percent filling
of all the void space with hydride powder does not occur. Instead a
packing factor is utilized which allows room for expansion of the hydride
particles. The optimum packing factor for this design is 50 percent.

The available volume per heat exchanger vessel for the hydride powder is
calculated based on the available space between fins on the copper tube.

Available = (ﬁ) (Fin2 - Tube2> ( Fin ) (Fins) ( Tube )
Volume per 4 oD oD Spacing Inch Length/ (# Tubes)
Vessel for

Hydride
= T [(.75 in.)2 - (.25 in.)21(.125 in.)( 7 )(12 in.) (14 tubes)
4 in.
= 57.73 in3
Maximum
Weight of = Available Vol.
Hydride per Vessel (Hydride)
per Vessel For Hydride Density



Table 1

Hydride Alloy Properties

Hydride

Alloy LaNi5 MﬂlNi4.15F60.85

Data o Ref. 1) (Ref. 2)
Mass Per Vessel - lbs 9.95 8.30
Density - lb/in3 0.3 0.3
Specific Heat - Btu/lb°F 0.107 0.107
Thermal Conductivity - 0.43 0.43
Btu/hr ft°F
Heat of Formation - 92.2 68.3
Btu/1b

Table 2

Characteristics of the Finned Copper Tube Heat Exchanger

Copper Specific Heat 0.092 Btu/1lb°F
Copper Density 0.323 1b/in3
Copper Thermal Conductivity 200 Btu/hr ft°F
No. of Tubes Per Vessel 14

Tube Length 12 inches
Tube OD 0.25 inch
Tube ID 0.18 inch
Fin Thickness 0.0216 inch
Fin Height 0.25 inch
Fin Spacing 0.125 inch
Fins Per Inch 7

10




Table 7

Heat Pump Test Data Summary

Half-Cycle Heat Net Half-Cycle Ma ximum
Time Input Refrigeration Capacity CcoP Refrigeration

(Minutes) | (Btu) (Btu) (Btu/Min) AT (°F)

2 570 49 20 0.09 3.6

3 735 70 34 0.13 4.0

4 440 97 36 0.15 4.0

5 843 124 23 0.15 12.1

8 1306 231 28 0.18 5.6




Il

(57.73 in3) <0.3 1b )
in

17.32 1bs.

Actual weight and packing factor of hydride per vessel:

WSV = 8.3 lbs. (actual) _» 48% Packing Factor
17.32 lbs. (maximum)

csv = 9.95 1lbs. (actual) _____ = 57% Packing Factor
17.32 1bs. (maximum)

3.1.2 Hydride Utilization Factor

The input and output capacity of the hydride heat exchangers are a function
of the heat of formation of the hydride alloys and the sensible heat of the
components. The heat of formation is determined from the hydriding reaction
across the flat plateau region of the characteristic isotherm for each alloy.
The published values for the heat of formation for a given alloy assumes that
the full plateau width is traversed. 1In actual operation, a small amount of
the hydride will remain inactive (not absorbing hydrogen) and the full plateau
width will not be utilized. Therefore, in computing the actual heat of
formation of a hydride alloy, the theoretical value will be multiplied by a
utilization factor derived from empirical results to adjust the heat of
formation to a more realistic value. Based on previous development work with
hydride alloys, the assumed hydride utilization factor is 75 percent (i.e.
25% of each hydride is assumed to be inactive).

3.1.3 Sensible Heat

Sensible heat refers to the burden for heating and cooling the heat exchanger
components, containment structure and hydride powder. It is important to
minimize this quantity because, when testing the heat exchangers in the heat
pump mode, operation is as a cyclical device and the parasitic sensible heat
losses reduce the net useful output energy. It is also important to correctly
predict the sensible heat losses as capacity and COP predictions are based on
this evaluation.

In the hydride heat exchanger design the component sensible heat values that
can be calculated are for the hydride powder, the finned copper tubing, the
copper u-tubes, the aft plate and the insulation surface contacting the
hydride tube bundle.

In general:

Sensible Heat = (Component mass) (Specific Heat)

11



Table 3 lists the calculable sensible heat values. The sensible heat total
for the WSV is 1.63 Btu/°F and 1.81 Btu/°F for the CSV. This estimate is
considered to be low due to the indeterminate sensible heat losses to the
filter, flange head, pressure vessel body and remaining insulation mass.
These losses could only be determined through experimental testing.

3.1.4 Thermal Mass Ratio

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
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.

The estimated thermal mass ratios for the hydride heat exchangers are:

WSV Thermal = SH1,aNi = 0.89 Btu/°F = 0.55
Mass Ratio 5
Total SH 1.63 Btu/°F
CSV Thermal = SHMmN1 Fe = 1.07 Btu/°F = 0.59
Mass Ratio 4.15 0.85
Total SH 1.81 Btu/°F

3.1.5 Cycle Time

In order to minimize the gquantity of metal hydride powder necessary per
useful output, a reduction in cycle time and a minimizing of the parasitic
thermal losses to the structure must be accomplished. However, a reduction
in cycle time is most critical since the capacity of the hydride heat exchang-
ers in the heat pump test mode is calculated by dividing the net energy
output by the total cycle time, i.e. a reduction in cycle time increases the
Capacity.

The finned copper tube heat exchanger was designed for minimal cycle time.
The computer modeling in Phase I (Ref. 4) indicated that the lowest cycle
time that could be achieved with this design was 1.13 minutes. However, this
estimate was based on a temperature change in the heat exchange structure due
to constant heat generation and on an uncorrected value for the hydride heat
of formation. Discrepancies exist between the computer model and actual
circumstances, because, in reality, the heat is not uniformly generated.
That is, as the hydrogen is absorbed or desorbed into the hydride, it gener-
ates or absorbs heat that raises or lowers the temperature of the surrounding
material if it is not removed. This rise in temperature locally affects the
ability of the surrounding hydride to absorb or desorb the hydrogen and to
produce or absorb heat.

12
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Table 3

Component Sensible Heat Values

Mass Specific Heat Sensible Heat
Component (1lbs) (Btu/1lb°F) (Btu/°F)
Hydride Powder: WSV Ccsv
LaNig 8.3 0.107 0.89 -—
MmnNi, 15Feq gs 9.95 0.107 - 1.07
Finned Copper Tubing 3.93 0.092 0.36 0.36
Copper U-tubes 0.29 0.092 0.03 0.03
SS Aft Plate* 2.00 0.120 0.24 0.24
SS Insulation Surface* 0.91 0.120 0.11 0.1
TOTAIL SENSIBLE HEAT 1.63 1.81

*SS = Stainless Steel




Although the modeling took into account the sensible heat of the finned
tubing and the hydride powder, it does not reflect sensible heat losses to
the containment structure. Therefore, actual cycle times must include time
to overcome these losses also. A total cycle time goal of four minutes was
established for this design (corresponding to a two minute half-cycle time).

3.1.6 Capacity

The net useful output capacity of the heat exchanger modules in the heat pump
test mode is in termg of refrigeration. It is a function of the cold side
hydride heat of formation, the cold side hydride utilization factor, the
sensible heat load and the half-cycle time.

Net Output = /Cold side /’Cold side Cold side
Capacity hydride heat utilization < Mass ) sensible
formation \ factor of hydride/ = heat (AT)

(Half-Cycle Time)

Table 4, column A outlines the potential refrigeration capacity in terms of
half-cycle times.

3.1.7 cCoefficient of Performance

The hydride heat exchangers were tested in the heat pump test mode. The
method of evaluating the efficiency of a heat pump is to calculate the
Coefficient of Performance (COP). The COP for the refrigeration heat pump
operation is defined as:

COP = VNet Refrigeration
Net Heat Input

The ideal maximum COP is a ratio of the two hydride heats of formation. This
value is 0.74. However, this is unrealistic because the COP is also dependent
upon hydride utilization factors and sensible heat losses. The COP estimate
with the assumed value of 75% hydride utilization factor for both hydrides
and the estimated values of sensible heat as shown in Table 3 is:

cold side hydride cold side 1
heat of utilizatior> - sensible (AT) mass of

Cop = formation factor ‘heat cold side hydride
warm side hydride warm side 1
heat of utilization) + |( sensible (AT) mass of
formation factor heat warm side hydride

14



Table 4

Potential Refrigeration Capacity in Terms of
Half-Cycle Times

A B C
Capacity with 75% Capacity with 75% Capacity with Actual
Utilization Factors and Utilization Factors and Utilization Factors and
Half Time Estimated Sensible Heat Actual Sensible Heat Actual Sensible Heat
Time
(Minutes) Btu/Min Tons Btu/Min Tons Btu/Min Tons
1 356 1.78 258 1.29 181 0.91
2 178 0.89 129 0.65 91 0.45
3 119 0.59 86 0.43 60 0.30
4 89 0.44 65 0.32 45 0.23
5 71 0.36 52 0.26 36 0.18
6 59 0.30 43 0.22 30 0.15
7 51 0.25 37 0.18 26 0.13

8 45 0.22 32 0.16 23 0. 11



COP £68.3 Btu (.75) + 1.81 Btu (125-40°F) 1
1b °P) 9.95 l1bs,

92.2 Btu 1.63 Btum (200-80°F) 1
1b °F 8.3 1Ibs/
COP 0.39 (Estimate)

3.2 TEST FACILITY

3.2.1 General Description of the Hydride Heat Exchangers

The hydride heat exchanger module (Fig. 3) was designed for maximum heat
transfer with a minimized thermal mass. The design consists of 14 finned
copper tubes in a staggered tube bundle arrangement. The hydride powder is
stored in the annular spacing between the fins. The heat transfer media,

water, flows through the finned tubes.

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 outlet tube for a total of seven connections. At the other
end, two manifold configurations connect each set of seven tubes to the
appropriate flow path. The manifold and flange configuration is machined to
form the head assembly. This makes the flanged head and the tube bundle

WATER OUT
[ HYDROGEN L” 4

HELICAL FIN TUBING
WITH HYDRIDE ;7

WATER IN

Figure 3. Hydride Heat Exchanger Schematic
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arrangement integral components. This entire configuration 1is then loaded
into a cylindrical pressure vessel.

The stainless steel vessel 1is a nominal 6.0 inch diameter pipe with a 0.25
inch wall thickness. It is designed with a hemispherical cap welded on at
one end and with the flanged head assembly connected by eight bolts at the
other. 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
0.5 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 heat exchanger
module was designed with approximately 30 square inches of filter area which
is sufficient to allow the hydrogen gas to rapidly escape with a low pressure
drop. The filter is 10 inches long, 3 inches wide and 0.035 inch thick. It
runs parallel to the tube bundle and is held in place by a stainless steel
frame which is welded to the pressure vessel wall.

Insulation thermally isolates the finned tubes and the hydride particles from
the high mass pressure vessel. The insulation units consist of a stainless
steel outer skin with fiber insulation packed inside. There are two halves

to each insulation unit to allow a close fit around the finned tube heat
exchanger.

After the pressure vessel 1is fabricated and pressure checked, the hydride
powder is loaded into the wvessel through fill ports located on each side of

the vessel. The ports are staggered along the vessel wall, three on one side
and two on the other. This allows for equal and uniform filling of the
hydride powder into the voids between the fins. There are also hydride fill

ports in each half of the insulation units which match the corresponding
fill ports in the pressure vessel wall.

The hydrogen flow path is located at the top of the horizontal vessel. The
0.75 inch OD hydrogen path 1is short and allows rapid hydrogen flow. For
safety reasons, a relief wvalve, set to crack at 450 psig, is located in this
line.

Figures 4 and 5 illustrate the mounted hydride heat exchanger modules and the
refrigeration heat pump test facility.

3.2.2 Heat Pump Test Facility

The refrigeration heat pump test facility 1is located 1in Solar's Research
Laboratories in San Diego, California. The test facility, as shown in the

17



Figure 4. Hydride Heat Exchanger Vessel Mounted on Heat
Pump Test Facility

Figure 5. Refrigeration Heat Pump Test Facility
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Figure 6 schematic, 1is controlled by a series of valving operations and three
water flow paths — cold, medium and hot water temperature loops.

The refrigeration system operates in the following manner. (CSA in Figure 6
refers to MmNi~-"Feo.gS and WSA refers to LaN".) Hot water at TH is circu-
lated through the WSA which allows the WSA to desorb hydrogen while absorbing
heat from the water. The hydrogen-depleted CSA 1is exposed to the medium
temperature (TM) water loop which allows it to absorb the hydrogen (pressure
of WSA > pressure of CSA). This is the charge half of the cycle.

In the refrigeration half of the cycle, the WSA is exposed to TM which lowers
the hydrogen pressure. Since the CSA is now at a higher pressure, the hydro-
gen flows from the CSA to the vessel containing the WSA. Desorption is an
endothermic reaction causing the water flowing through the CSA vessel to

decrease in temperature. This is the refrigeration effect.

The actual test facility contains, in the high temperature loop, an 8 kW water
circulation heater and a hot water storage tank. The medium temperature loop
utilizes a water recirculator (chiller) that provides a constant supply of
cooling water at a desired temperature (range = 40 to 120°F). This loop
also contains a water storage tank. The cold temperature loop consists of a
cold air heat exchanger (fan) which is used to reject the refrigeration
effect and a cold water storage tank. Each loop contains a water filter that
prevents solid particles from fouling the turbine flow meters.

3.2.3 Data Acgquisition System

To accurately record and edit the performance test data of the hydride heat
exchangers, a Monitor Laboratories 9300 data logger coupled with a Kennedy
9800 digital magnetic tape transport was utilized (Fig. 7). This enabled all
thermocouple readouts of the system to be recorded on magnetic tape every
five seconds. The data was then input into an IBM 360/370 computer where
checking occurred for any recording errors that might have materialized during
data acquisition. The computer program then converted the recorded time of
day to an elapsed time and arranged the thermocouple data into an array.
Additional programs edited the data array, calculated inlet/exit water temper-
ature differences and plotted the data.

3.3 HYDRIDE MATERIAL TESTING

3.3.1 Test Objective

In Phase II (Ref. 5), it was determined that the hydride alloy loaded into
the cold side heat exchanger vessel did not possess the distinctions and
characteristics attributed to it in published hydride 1literature. This 1is
very important, because 1in a heat pump test mode, it 1s necessary for two
hydrides to work in tandem and if one hydride malfunctions, the system will

19



FM = FLOWMETER RV = RELIEF VALVE
P = PRESSURE GAGE MV = METERING VALVE
CSA = COLD SIDE ALLOY WSA= WARM SIDE ALLOY

Figure 6 Schematic of Plumbing Operations of Test Facility



Figure 7.

Data Acquisition Systems

not operate. Therefore, 1in Phase III, the malfunctioning hydride alloy was
replaced with a new batch of hydride.

Before loading of the new batch of MmNia.-[sFeg.ss into the CSV, the alloy was
sent out to a local chemical analysis laboratory for metallographic examina-

tion. The results are shown in Table 5 and are compared to the alloy speci-
fications as reported in the literature and to the previously - used batch of
hydride alloy that was removed from the vessel. The new batch is slightly

out-of-range compared to the specifications, however, this batch of alloy is
part of a supply that has been used previously in a hydride heat pump mode at
Solar and is known to operate correctly, so the decision was made to use this
hydride alloy.

In addition, the new batch of hydride alloy was characterized by executing a

desorption pressure composition isotherm at 45°F for further assurance of
correct operation in a heat pump test mode.
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Table 5

Chem Lab Analysis of MmNia.isFeQ.gs

Lab Analysis

Alloy Specifications Lab Analysis of of Previously
(Refs. 6 and 7) New Batch Used Batch

Ni 55. 7 50.4 55.9

Fe 12,0 11.6 10.8

La 10.08 - 10.71 8.63 7.58

Ce 15.12 - 15.75 19.5 18.4

Nd 4.10 - 4.41 6-2 0.62

Pr 1.25 - 1.58 1.78 1-88
Other Rare Earths 0.32 - 0.63

3.3.2 Test Results

The test apparatus used to generate the desorption pressure-composition
isotherm is called the Hydride Characterization Test Rig and was described in
Reference 5. The pressure - composition curve for MmNia. "Fso.3s at 45°F is
shown in Figure s. The mid-plateau pressure of approximately 5.7 atmospheres
agrees with published hydride literature as well as matching the requirements
as outlined in Reference 5. This data confirms that this batch of MmNia.is"
Fe0.85 hydride alloy will operate successfully in the intended heat pump test
mode.

3.4 SENSIBLE HEAT TESTING

3.4.1 Test Objective

Sensible heat testing of the hydride heat exchanger modules was important in
order to determine the heat loss to all the components. The heat exchangers
are to be characterized in the c¢yclical heat pump test mode and parasitic
heating and cooling effects would tend to reduce the capacity and COP. There-
fore, a goal of the design study was to minimize the sensible heat losses.

The sensible heat was estimated, as reported in Reference 5, based on the
known mass of the system components and the specific heat (Cp) of those
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materials. The preliminary estimate was based only on the mass of the hydride
powder and the copper finned tubes. This estimate was revised in Phase III
to include the insulation surface contacting the hydride tube bundle and the
aft plate. There are still sensible heat losses to the filter, flange head,

pressure vessel body and remaining insulation mass that cannot be calculated.
These losses could only be evaluated through experimental testing.

3.4.2 Test Results

In actual heat pump testing, each hydride heat exchanger will experience
different temperature regimes. The CSV will range from 40°F to 125°F and the
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wsv ranges from 80°F to 200°F. Therefore, sensible heat testing occurred at
those ranges for each respective side.

Figures 9 and 10 are plots of the inlet and outlet water temperatures versus
time for the warm and cold side, respectively. On each figure, the area
between the two curves represents the total heat loss to the hydride heat
exchanger components. These sensible heat quantities were calculated to be
2.367 Btu/°F for the WSV and 2.960 Btu/°F for the CSV.

The capacity and COP predictions are very dependent upon the sensible heat
calculations. Therefore, since the actual sensible heat wvalues are greater
than the predictions (due to the incalcuable losses to the insulation, filter,
flange head and pressure vessel body as outlined in Section 3.1.3), the

capacity and COP were re-calculated for more accuracy in the predictions. At
this point, the hydride utilization factors for both sides are still assumed
to be 75%. Table 4, column B shows the re-calculated capacity; COP is shown
below.
cop = /68.3 Btu\ (.75) - /2.960 Btu\ (125-40°F) / 1 \

\ 1b /. T B \9.95 1lbs/

/92.2 Btu\ (.75) + /2.367 Btu\ (200 - 8o0°F) / 1 \

\ 1b / \ °F \e.3 lbs/

Water Flow Rate = 2.5 GPM

0.00 10.
TIME (SECONDS) O= water in
A= water out
Figure 9. Sensible Heat Test - Warm Side Vessel
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TEMPERATURE (DEG B

Water Flow Rate = 2.7 GPM

o.00 10.

water in
water out

TIME (SECONDS) o
A

Figure 10. Sensible Heat Test - Cold Side Vessel
cop = 0.25
3.5 ISOLATION TESTING

3.5.1 Test Objective

Before actual <cyclic heat pump testing occurred, each hydride module was

isolated by a wvalve in the hydrogen flow path and individually pressurized

with hydrogen or evacuated. From this test, the amount of active hydride in
each vessel could Dbe calculated resulting in an evaluation of the actual

hydride utilization factor.
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3.5.2 Test Results

Water at room temperature and 0.5 gpm flowed through each vessel during
testing. The water temperature at the inlet and outlet to the heat exchangers
was recorded. Hydrogen absorption produced an exothermic reaction; evacuation
was endothermic. Figures 11 through 14 are plots of temperature vs. time for
the warm side and the cold side vessels under hydrogen evacuation and pressur-
ization. In each test, time was unrestricted; the inlet and outlet tempera-
tures were allowed to come to equilibrium before the test was concluded.

The warm side vessel, containing LaNig, achieved a maximum water AT of -9°F
(Fig. 11) during evacuation and a maximum of +30°F (Fig. 12) during hydrogen

pressurization

A similar test was conducted on the cold side vessel which contains the new

batch of MmNis -|sFeo>ss. After evacuation, the subsequent decrease in water
temperature reached a maximum of -11°F (Fig. 13) and hydrogen pressurization
resulted in a AT of +s°F (Fig. 14). When compared to the isolation tests of

the original batch of hydride alloy (Ref. 5) where pressurization resulted in
only +2°F and evacuation in only -3°F, indications are that this new batch of
MmNia>isFeQ>gs 1is operating as expected.

These test results can also be used to calculate the actual hydride utiliza-

tion factors. Figure 12 illustrates the heat output of the WSA upon hydrogen
absorption. The area between the two curves represents the actual heat output
and converts to 530.2 Btu. The estimated heat output is a function of the

warm side heat of formation and the actual warm side sensible heat (which was
evaluated in Section 3.4.2).

WSV Warm Side WSV ActualX (AT 1
Estimated Heat of Sensible 1 Mass of /Mass of\
Heat Formation Heat / Hydride \Hydride/
_est 92.2 Btu\- /2.367 %tu\ (30°F) 1 (8.3 1bs)

b B 8.3 1bs
~est 694.25 Btu
WSV
Hydride Q Actual 530.2 Btu 76.4%
Utilization Q Estimated 694.25 Btu
Factor

Similarily, Figure 13 illustrates the heat absorbed by the CSA upon hydrogen
desorption. This calculates to 453.7 Btu. The estimated heat input is
calculated by:

Ccsv Cold Side CSV ActualX (AT
Estimated Heat of Sensible I Mass of Mass of
Heat Formation Heat / Hydride Hydride
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Figure 14.
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Cold Side Vessel Isolation Testing -
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.3 Btu\ + /2.96 Btu\ (11 °F) (9.95 1bs)

est
,9.95 1bs,
Qest = 712.15 Btu
Csv
Hydride Q Actual 453.7 Btu »63.7%
Utilization © Estimated 712.15 Btu
Factor

Recalculation of the capacity and COP wvalues are again required based on the
actual values of the hydride utilization factors. Capacity is shown in Table
4, Column C; COP is shown below.

cop = 0.17

3.6 HEAT PUMP MODE TESTING

3.6.1 Test objective

The project goal 1is the design, development and demonstration of a metal
hydride heat exchanger/containment device. Testing this design in the refrig-
eration heat pump mode produced data on cycle time, capacity and Coefficient
of Performance.

3.6.2 Test Results

The operational c¢ycle of a hydride heat pump involves a charge phase and a
refrigeration phase (Fig. 15). The charge phase encompasses the time period
when the warm side alloy (LaN”) 1is heated from the intermediate temperature
(Tm) to the firing temperature (TH] and discharges hydrogen. The heat input
during this phase consists of the heat required to fire the heat pump and is
represented by the area between the warm side inlet and the warm side outlet
curves. The refrigeration phase of the c¢ycle encompasses the time period
when the warm side alloy is cooled from the firing temperature (TH) to the
intermediate temperature (™) and the cold side alloy (MInN;*-4.15Feo.85"
discharges hydrogen. During the refrigeration phase, the cold side alloy is
cooled from the intermediate temperature (TM) to the low temperature (TL] by
the incoming water. The refrigeration produced is represented by the area
between the cold side inlet and the cold side outlet curves.
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The recorded test data consisted of the warm side inlet and outlet water
temperatures (°F), the cold side inlet and outlet water temperatures (oF),
the warm and cold side water flow rates (gallons per minute) and the elapsed
time.

In analyzing the accumulated data, the inlet and outlet water temperatures
for the warm and cold sides were converted to total heat (Btu) absorbed or
desorbed during the charge or refrigeration phase of the cycle. This total
heat is determined by:

Q =m cp AT

where
Q = total heat, Btu
m = water flow rate, gpm
C = specific heat, Btu/lb°F
AT = (outlet temperature - inlet temperature), °F

The capacity of the heat pump test mode is determined by dividing the net
refrigeration produced by the total cycle time. The half cycle capacity is
determined by dividing the net refrigeration produced by the elapsed time
over which refrigeration was produced.

Capacity = Net Refrigeration (Btu)
Total Cycle Time (Min)
Half Cycle = Net Refrigeration (Btu)
Capacity Refrigeration Time (Min)
The Coefficient of Performance (COP) is defined as the refrigeration

divided by the heat input required to fire the heat pump.

COP Net Refrigeration (Btu)
Heat Input at TH (Btu)

In an actual heat pump where the application is air conditioning/refrigera-
tion, the inlet return water to the refrigeration side of the heat pump would
be at a temperature of approximately 55°F and the required outlet temperature
would be 45"F resulting in a cooling AT of 10°F. This temperature differen-
tial of 10°F is what the test rig should simulate. Since it is not possible
to prechill the water in the cold loop, the inlet to the cold side was always
approximately 75°F with the desired output at 65°F.

The first round of heat pump testing was with a five minute half-cycle time,
constant warm side water flow rates during both charge and refrigeration
phases, constant cold side water flow rate during the charge phase and a

variable cold side water flow rate during the refrigeration phase. The
refrigeration phase cold side water flow rate was varied from 0.25 to 1.25
gpm. Graphical results are presented in Figure 16 with tabular results in
Table .
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(DEG B

TEMPERATURE

Charge: warm side flow rate 0 GPM

cold side flow rate = 1 0 GPM
Refrigeration:
warm side flow rate 0 GPM

cold side flow rate

Cycle 1 = 0.5 GPM
Cycle 2 = 0.25 GPM
Cycle 3 = 0.75 GPM
Cycle 4 = 1.0 GPM
Cycle 5 = 1.25 GPM
0.00 250. 1000. 1250. 1500. 1750. 2000. 2250. 2500. 2750. 3000. 3250. 3500.
x = warm side inlet water temperature
+ = warm side outlet water temperature
TIME (SECONDS) A = cold side inlet water temperature
O = cold side outlet water temperature
Figure 16. Heat Pump Test Mode, Half-Cycle Time = 5 Minutes, Cold Side Water Flow Rate

Variations During Refrigeration



Cycle
Number

Results

Refrigeration Phase
Cold Side Water
Flow Rate
(G.P.M.

of Cold Side Water Flow Rate Variations at

Table =«

a Five Minute Half-Cycle Time

Heat Input
(Btu)

1630

1121

1133

1048

1073

Net
Refrigeration
(Btul

96
82
110

137

155

Half-Cycle
Capacity
(Btu/Min)
19.

12.

23.

24.

2

Maximum
CcoP Refrigeration

AT (°F)
0.06 5.7
0.07 8.9
0.10 5'2
0.13 4.9



From this data, it is evident that capacity and COP increase with increasing
maximum refrigeration AT decreases.

cold side water flow rate, but the

The remaining series of tests were run at various half-cycle times, i.e. 2,

3, 4, 5 and s minutes and are presented in Figures 17 through 21.

Various

combinations of water flow rates were used, but this is only of concern when
evaluating maximum refrigeration AT as was evident from Table .

The test data from this series of tests

discussed in the next section.

210, A[—

(DEG F)

TEMPERATURE

0.00 100.

TIME (SECONDS)

Figure 17 Heat Pump Test Mode,
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is presented in Table

Charge: warm side flow rate
cold side flow rate
Refrigeration:
warm side flow rate
cold side flow rate
900. 1000. 1100. 1200. 1300.

X
+
A

7 and is

1.75 GPM
1.75 GPM

1.5 GPM
1.5 GPM

1500.

warm side inlet water temperature
warm side outlet water temperature
cold side inlet water temperature

O = Cold side outlet water temperature

Half-Cycle Time ©~ 2 Minutes

1600.



Charge: warm side flow rate 3.0 GPM
cold side flow rate 3.0 GPM
Refrigeration:
warm side flow rate 3.0 GPM
cold side flow rate 2.0 GPM

TEMPERATURE (DEG ET

0.00 100 200. 300. 400 500. 600. 700 800. 900. 1000. 1100. 1200. 1300. 1400. 1500. 1600. 1700. 1800. 1900

= warm side inlet water temperature
= warm side outlet water temperature
= cold side inlet water temperature
O-= cold side outlet water temperature

TIME (SECONDS)

Figure 18. Heat Pump Test Mode, Half-Cycle Time = 3 Minutes
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0.00 100.

Charge: warm
cold

Refrigeration:

warm
cold

side
side

side
side

700

TIME (SECONDS)
flow rate =3.0 GPM
flow rate = 3.0 GPM
flow rate = 3.0 GPM
flow rate = 2.0 GPM

Figure 19.

900

1000.

1100.

Heat Pump Test Mode,

1200. 1300. 1100 1500. 1600. 1700. 1800.

X = warm side
+ = warm side
cold side
0= cold side

>
[

Half-Cycle Time = 4 Minutes

1900. 2000. 2100. 2200. 2300. 2900

inlet water temperature
outlet water temperature
inlet water temperature
outlet water temperature



(DEG B

TEMPERATURE

Charge: warm side flow rate =3.0
cold side flow rate = 3.0
Refrigeration:
warm side flow rate = 3.0 GPM
cold side flow rate

1
e
N
]
®
)
=

0.00 100. 600. 1000. 100. 1200. 1300. 1400. 1500. 1600. 1700. 1800. 1900. 2000. 2100. 2200. 2300. 2400. 2500

x  warm side inlet water temperature
t  warm side outlet water temperature
A cold side inlet water temperature
O cold side outlet water temperature

TIME (SECONDS)

Figure 20. Heat Pump Test Mode, Half-Cycle Time = 5 Minutes
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Figure 21. Heat Pump Test Mode,
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4

DESIGN REVIEW

In reviewing the design of the hydride heat exchanger/containment device
performance predictions and actual data were compared.

4.1 PACKING FACTOR

A packing factor of 50% was the design choice for both hydride heat exchanger

vessels. This is necessary to allow the hydride powder room to expand and to
prevent rupture due to large internal pressure. The actual packing factors
were 48% for the WSV and 57% for the C3V. The explanation for the range

between the two vessels 1is that the amount of each alloy must be matched so
that the working amount of hydrogen to be exchanged was identical for both
sides. This results in different amounts of each alloy, since each alloy
absorbs/desorbs a different amount of hydrogen gas. The actual packing
factors are close enough to the 50% estimate, however, to forestall any
concern of rupture.

4.2 HYDRIDE UTILIZATION FACTOR

For initial calculation purposes, the assumed hydride utilization factors for
both hydride alloys was 75%. In Phase 1II, with the original batch of each
hydride, the utilization factors were experimentally measured and resulted
in a value of 72% for LaNis and only 19% for MmNia.isFeQ.gs. In that Phase,
the malfunction of the cold side alloy prevented the achievement of the design
refrigeration capacity and cooling temperature.

In Phase III, a new batch of the cold side alloy, MmNia.:isFeg.zs, was loaded
into the heat exchanger/containment vessel. Test results in this Phase showed
that the actual hydride utilization factor for the warm side alloy, LaN”, is
76.4% and for the cold side alloy, MmNia.:isFeQ.gs, the factor is 63.7 percent
(Table s).

The warm side alloy, LaNis, is still the original batch; this alloy functioned
as expected and there was no need to replace it. The improvement of 76.4%
over the 72% previously reported factor for the LaNis can be attributed to a
small percentage of continued hydride activation over time.

The cold side alloy, MmNia.”"FSoQ.3s, while still below the estimate, showed

a major improvement from 19% to 63.7%. This is a direct result of utilizing
a new batch of this hydride in the heat exchanger vessel. It is difficult to
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Table s

Hydride Utilization Factors

Previously
Hydride Reported Factor Actual
Alloy Factor (Ref. 5) Factor
LaNi 76.4%
MmNi4.15 0.85 63.7%

assess, however, the reason why the cold side alloy does not become more

active than 63.7%. This may be the maximum to expect from the alloy or it
could mean that, although utmost care was taken, contamination occurred at
some point in the loading procedure. Nevertheless, testing continued and

capacity and COP calculations were adjusted to reflect the actual hydride
utilization factors.

4.3 SENSIBLE HEAT

The overall goal of the hydride heat exchanger design study is to increase
the heat transfer between the hydride powder and the heat transfer fluid.
With an increase in heat transfer, the cycle time is minimized. This in turn
reduces the amount of hydride material necessary to produce useful output.
High heat transfer can be accomplished with massive large surface area heat
exchangers, but the hydride heat exchangers were tested in a heat pump mode

and this is a cyclical device. There exist in c¢yclical devices parasitic
thermal losses caused by the alternating heating and cooling of the heat
exchanger and containment structure. These are referred to as sensible heat

losses and they must be minimized or a valuable percentage of time and energy
during each cycle will be used to overcome these losses.

The sensible heat losses that can be calculated include the losses to all the
components that come in direct contact with the hydride powder. Referring to
Figure 22, these components include the finned copper tubing, the aft plate
and the insulation surface contacting the hydride. Also included in the
calculation estimate of sensible heat 1is the copper U-tubes and the hydride
powder. Although each heat exchanger vessel 1is identical, they contain
different amounts of powder which results in a different estimate of sensible
heat per vessel. The estimates were 1.63 Btu’F for the WSV and 1.81 Btu/°F
for the CSV.

The finned copper tube heat exchanger was optimized for minimal sensible heat

loss with maximum heat transfer in Phase I of this project. The remainder of
the containment structure was not optimized for minimal sensible heat due to
time and funding constraints. Therefore, the actual sensible heat losses are
much greater than estimated. These losses are to the insulation vessels.
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Figure 22. Hydride Heat Exchanger Device

flange heads and pressure vessel Dbodies. The experimental testing showed
that with reference to the estimated sensible heat the actual sensible heat
loss (Table 9) 1is 45% greater for the WSV and 64% higher for the CSV. These
losses directly effect the capacity and COP and, therefore, are critical to
the overall evaluation of the hydride heat exchangers. It is important to
note that if the entire design had been optimized for sensible heat losses
rather than only the finned copper tube heat exchange device, then the actual
sensible heat losses would be less and the actual performance would have been
much greater. The fact that the remaining sensible heat losses, as shown in
Table 9, are dissimilar for each vessel can be attributed to the effect of
different hydride amounts.

4.4 THERMAL MASS RATIO

The thermal mass ratio is defined as the ratio of the sensible heat loss of
the hydride powder to the sensible heat loss of the entire structure including
the hydride. Since, as previously mentioned, the total sensible heat 1is
actually greater than estimated, then the thermal mass ratio is also effected.
The actual thermal mass ratios (TMR) are:

Actual )
WSV SHLaNil 0.89 Btu/°F 0.38
TMR Total SH 2.367 Btu/°F
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Table 9

Actual Sensible Heat Losses

Warm Side Cold Sside
Vessel Vessel

Total sensible heat,
actual experimental results - 2.367 2.960
Btu/°F
Sensible heat loss to
components in contact with 1.63 1.81
hydride powder (including
hydride powder) - Btu/°F
Remaining sensible heat
loss to insulation vessels, 0.737 1.15
flange heads and pressure
vessel bodies - BTU/°F

Actual

csv = SHMmNi a>1sFeo=ss = 1.07 Btu/°F = 0.36

TMR Total SH 2.96 Btu/°F

These figures, which are less than the estimated wvalues of 0.55 for the WSV
and 0.59 for the CSV, are a direct result of the low total sensible heat
estimate. If the sensible heat losses to the hydride containment structure
had been controlled, the actual thermal mass ratios would have been higher.

4.5 CYCLE TIME, CAPACITY AND COP

The cycle time, refrigeration capacity and COP of the hydride heat exchange
devices are all interconnected heat transfer ©properties. Each 1is very
dependent upon the hydride utilization factors and sensible heat losses as
was described in Sections 3.1.5 through 3.1.7. Tables 6 and 7 described the
characteristics of each test. Table 10 summarizes these results and compares
the actual data to the predicted performance. In addition, Dbecause of the
critical dependence of sensible heat upon the performance outcome, a column
was added to the table to show the percentage of the c¢ycle time used to
overcome the sensible heat losses before energy was even transferred to the
hydride.

As can be seen from the table, the shorter the half-cycle time, the higher

the time percentage to overcome the sensible heat. This 1is critical because
it has a detrimental effect wupon the output capacity and COP. This 1is
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Table 10

Analysis of Test Results

Estimated
Half-Cycle Refrigeration Actual Estimated Actual $ of Cycle-Time
Time Capacity (Btu/Min) Refrigeration CcoP COP Used to Overcome
(Minutes) (from Table 4, Col.C) Capacity (Btu/Min) (from Sec. 3.5.2) Sensible Heat
2 91 20 0.17 0.09 16
3 60 33 0.17 0.13 12
4 45 35 0.17 0.15 6
5 36 25 0.17 0.14 5



especially evident in the two minute half-cycle time regime. The actual
refrigeration capacity is only =22% of the estimated capacity.

The capacity does improve 1in the four and five minute half-cycle time ranges

because the time percentages to overcome the sensible heat are much less. In
these two cases the actual capacity is 78% of the estimated for a four minute
half-cycle and 69% for a five minute half cycle. The actual COP 1is very

close to the estimate.
In the eight minute half-cycle time, the sensible heat loss does not have as

significant an impact. Only 2% of the cycle time was used to overcome the
sensible heat and the capacity and COP values actually exceed the estimates.
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5

HYDRIDE HEAT TRANSFER CONCEPT COMPARISONS

In the design of the hydride heat exchanger, heat transfer between the hydride
particles and the heat transfer fluid is considered to be the key technical
study area. Testing of this project's design was accomplished in a metal
hydride heat pump mode and the heat exchange device was designed with this
testing technique in mind. A hydride heat pump is a cyclical device and the
parasitic sensible heat losses due to heating and cooling reduce the net use-
ful output energy. Therefore, the design of the heat exchange device must
minimize the sensible heat losses. This 1is accomplished by minimizing the
heat exchange structure mass as well as the mass of the surrounding contain-
ment structure

In addition, due to the expense of the hydride alloys, it is also necessary
to reduce the amount of hydride material needed to produce useful output.
This is achieved by minimizing the cycle times which 1is accomplished by
increasing the rate of heat transfer to and from the heat transfer media and
the hydride particles. In summary, the project goal was the design of a heat
exchange device that produced high heat transfer with a low thermal mass.

The device used to fulfill this project's development goal has been thorough-
ly described throughout this report as well as in References 4 and 5. This
section is devoted to an evaluation of other hydride heat transfer concepts
This includes characterizations in terms of potential for heat transfer, ease
of manufacturing, structural integrity, component replacement, hydride con-
tainment, allowance for hydride expansion and hydrogen flow path properties.

The method used to evaluate these hydride heat transfer concepts is qualita-
tive not quantitative. Table 11 is a catalogue of many of the heat transfer
ideas that have been gathered from literature. Each concept has been judged
in each of the seven categories mentioned above by stating whether that
design is at an advantage (A), disadvantage (D) or unknown vantage point (U)
in that category.

The heat transfer potential of each design was evaluated based on a percep-
tion of extended surface heat transfer. Many of these ideas were studied in
Phase I of this project and were compared and rejected based on the superior
possibilities of the finned copper tube heat exchanger.

The ease with which each design could be produced and manufactured is also
an important consideration. Tubular components are the most uncomplicated
to create except when consideration 1is given to inclusion of the filter
component in the design. This is added complexity and requires a lot of
handwork. Compressed or sintered hydride matrices are also difficult designs
to fabricate.
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Table 11
Hydride Heat Transfer Concepts

CHARACTERISTICS (A = advantage, D = disadvantage, U = unknown)

HYDRIDE HEAT Heat Ease of Structural Component Hydride Hydride Hydrogen
EXCHANGE CONCEPT DESCRIPTION Transfer Manufacturing Integrity Replacement Containment Expansion Flow Path

METALLIC TUBE

CONTAINING HYDRIDE D A D A A D D
ALLOY WITH END

FILTERS

METALLIC TUBE

CONTAINING HYDRIDE D
ALLOY AND A METALLIC A D A A A A

FOAM WITH END

FILTERS

METALLIC TUBE CONTAINING

HYDRIDE ALLOY AND A

METALLIC FOAM WITH A D A A U A A
A LONGITUDINAL FLAT

FILTER

METALLIC TUBE CONTAINING
HYDRIDE ALLEY AND A A
METALLIC FOAM WITH

A CENTRAL CYLINDRICAL

FILTER

METALLIC TUBE WITH

A CORRUGATED METALLIC

FOIL FORMING INTERNAL

FINS CONTAINING A D D A A A U
HYDRIDE ALLOY AND

A CENTRAL CYLINDRICAL

FILTER



Table 11 (Continued)

CHARACTERISTICS (A = advantage, D = disadvantage, U = unknown)

HYDRIDE HEAT Heat Ease of Structural Component Hydride Hydride Hydrogen
EXCHANGE CONCEPT DESCRIPTION Transfer Manufacturing Integrity Replacement Containment Expansion Flow Path

METALLIC TUBE WITH

INTEGRAL INTERNAL

FINS, CENTRAL CYLINDRICAL A D A A A D u
FILTER, CONTAINING

HYDRIDE ALLOY

METALLIC TUBE WITH
CENTRAL CYLINDRICAL

FILTER AND A BOTTLE

BRUSH TYPE DEVICE A D A A A A V]
CONTAINING HYDRIDE

ALLOY

METALLIC TUBE WITH

CENTRAL CYLINDRICAL

FILTER AND SPIRAL

WOUND METALLIC D A A A U
WIRE CLOTH CONTAINING

HYDRIDE ALLOY

REACTION ZONE HYDRIDE

(60% HvoRDE) POROUS METALLIC-
MATRIX HYDRIDE
COMPOSITE (DESIGN
IS BASED ON A
(METAL) COMPRESSED MIXTURE U D D D D D u
OF A HIGH THERMAL
CONDUCTIVITY METAL
AND A HYDRIDE
ALLOY) — REF. 8

EXHAUST GASES



HYDRIDE HEAT
EXCHANGE CONCEPT

HYDROGEN
TO HEAT
SOURCE

4-mm-THICK COMPOSITE BED
BARRIER

HYDROGEN
TO HEAT
SOURCE

in HEATED BARRIER

NJ HYDROGEN

FILTER

POWDER

Table 11

DESCRIPTION

SINTERED HYDRIDE
MATRIX (MIXTURE

OF HYDRIDE ALLOY

AND HIGH THERMAL
CONDUCTIVITY METAL) —
REF. 9

SAME AS ABOVE,
EXCEPT IN A TUBULAR
APPLICATION — REF. 9

METALLIC FLUTED TUBE
SECTION CONTAINING
HYDRIDE POWDER
WITH END FILTERS.
REF. 10

Heat
Transfer

(Continued)

CHARACTERISTICS (A

advantage, D = disadvantage, U

Ease of Structural Component Hydride
Manufacturing Integrity Replacement Containment
D D D D
D D A D
D A A A

= unknown)

Hydride Hydrogen
Expansion Flow Path
D U
D U
D D



HYDRIDE HEAT
EXCHANGE CONCEPT

WATER CHANNELS

ALLOY CONTAINMENT AND
H2 FLOW CHANNELS

Table 11 (Continued)

CHARACTERISTICS (A = advantage, D = disadvantage, U = unknown)

Heat Ease of Structural Component Hydride Hydride Hydrogen
DESCRIPTION Transfer Manufacturing Integrity Replacement Containment Expansion Flow Path
A D u D A A A
PLATE AND FIN
HEAT EXCHANGER A D D D A A D
CONTAINING HYDRIDE
ALLOY

FINNED COPPER
TUBE HEAT EXCHANGER

(HYDRIDE STORED IN A A A A A A A
ANNULAR SPACING

BETWEEN FINS)



Structural integrity refers to the ability of the design to withstand the
cyclic effect of hydrogen absorption and desorption, i.e. the cycling between
hydrogen evacuation and pressurization. Some of the internal heat exchange
devices within the tubular component designs may distort or rupture with
continuous cycling. In many of the designs, the orientation of the filter
assembly could also be a source of limited lifetime by becoming clogged or
crushed.

In a heat pump-type device, 1if all the hydride powder becomes contaminated or
inoperable for some reason, the heat pump would fail. Therefore, the hydride
is divided up into many different heat exchange/containment structures. In
this way, 1f the hydride in one structure fails, the entire heat pump opera-
tion does not fail but can continue to operate at a reduced rate. Tubular
components allow for easy component replacement, whereas a large single heat
exchange component does not.

Containment of the hydride within the heat exchanger is a direct effect of
the filter design. It is important that the hydride particles do not travel
along with the hydrogen gas as the gas is cycled between alloys. Therefore,
the designs were evaluated based on the inclusion of a filter in the design.

The process of hydrogen absorption and desorption causes the metal hydride
crystal lattice to expand and contract leading to the comminution of the
original hydride alloy particles. After many such cycles, th” process of
comminution produces a progressively greater proportion of fine particles.
This also can create an internal pressure especially if wvoid space is not
allocated to accept the expanding particles. The heat transfer designs were
evaluated based on the ability to adjust to this hydride expansion.

The path the hydrogen gas must follow between hydride vessels must be as short
as possible and free of any potential gas flow restrictions. This allows the
hydrogen to transfer between vessels as quickly as possible. The hydrogen
flow path potential was also evaluated for each heat transfer design.
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6

CONCLUSIONS AND RECOMMENDATIONS

Phase III of a three phase development project to design, fabricate and
evaluate a heat/mass flow enhancement device for a metal hydride assembly has
been completed. The device used to accomplish the goal of increased heat
transfer with low thermal mass 1is a finned copper tube heat exchanger. In
this Phase III effort, the hydride heat exchangers were tested in the heat
pump test mode and evaluated for performance. In addition, other hydride
heat transfer techniques were tabulated and reviewed.

The primary Phase III results are:

Metal hydride heat transfer technology has been greatly advanced
with the development of the novel heat exchanger design.

Hydride alloys, as-received from vendors, can substantially vary
from batch to batch in the chemical composition of the alloy. This
is critical to the operation of the hydride heat exchangers in the
heat pump test mode as any variation in the alloy constituency can
effect performance.

Replacement of the original batch of MInN;'-4, i5Feo0 .85 IIn c®1
side vessel allowed for much improved heat pump operation in terms
of capacity and COP.

The actual hydride utilization factors were 76.4% for the warm side
alloy, LaNis, and 63.7% for the MmNi"j #/5Feg .85' the cold side alloy.
The predicted value was 75% for both sides.

The sensible heat losses were much greater than anticipated due to
the unoptimized design of the insulation, the pressure vessel body
and the flange head. (The project scope did not include optimiza-
tion of these items.)

Once actual sensible heat losses and hydride utilization factors
were established, the method of predicting performance was accurate
and reliable.

All reporting requirements have been met.

The program was completed within the original budget.
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Based on these results and the experimental test data, the primary recommen-

dation for this program is:

In order to achieve optimum refrigeration capacity and COP when
testing the hydride heat exchangers in the heat pump test mode, the
sensible heat of the containment structure must also be minimized
and optimized rather than Jjust the finned copper tube heat exchange

device.
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