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>;or 30% of Carnot (maximum) efficiency, although some were estimated higher.
Output estimates ranged from a few watts to a kw per kilogram of NITINOL alloy,

Engine performance data and new designs up to 25 HP were presented during
the sessions. The thermodynamics of NITINOL Heat Engines was examined from
the viewpoints of both theory and application. Tests on NITINOL wire in
imulations of various Heat Engine cycles are reported on, as well as the
trtning' (bi-stable memory) phenomenon. Progress on preparation of NITINOL

alloys by powder metallurgy techniques is discussed, as well as X-ray
diffraction studies of the shape memory transformation.

Separately, inventors displayed 8 different working engines. Engine output
of these models was estimated to be under 10 watts for each.
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The potential of shape memorv effect (SME) alloys as the workiny element of useful
energy converter.s has excited a great many researchers. NITINOLA has been the alloy
used in most demonstration Heat Engines built to date. It was fitting, therefore, that the
U.S. Naval Surface Weapons Center (NSWC), at which NITINOL was invented, hosted the
first conference 3n this subject. A second conference will be held in Leuven, Belgium in
August 1982, at Katholieke Universiteit.

The U.S. Department of Energy (DOE) provided funds, and NSWC provided technical
assistance, to support development of Heat Engines. Mr. Marvin E. Gunn, Jr. of the
Division of Power 3ystems wa: Program Manager for DOE under Interagency Agreement
DOE ET-7R-I-05-5919, subsequen-ly updated by DOE DE-AI05-78OR05919. Mr. David M.iGoldstein was Program Manager for NSWC.

The purpose of the Conference was threefold:

* to review the state of the art,

!,~~~ reerh nto indicate the direrction of curre.nt and proposed

research, and

* to provide a forum for the exchaynge of information.

The Conference opened with introductory remarks followed by an Overview of Low
Grade Energy Utilization, Congressional, DOE, and Navy viewpoints on this subject were
given by the respective representatives: for Congress, Dr. John Andelin of the House
Committee on Science and Technology, and Dr. David Claridge of the Office of
Technology Assessment; for DOE, Mt. Marvin Gunn, Jr4 and for Navy, B. Sobers of the
Navy Energy and Natural Resources R&D Office. These presentations are not included in
these Proceedings, which are limited to NITINOL-related technicai material.

INITINOL alloys are based on the compound TiNi. They exhibit a shape memory
phenomenon due to an austenite * "martensite phase transformation. Specifically, if
deformed in the martensite phase, they will recover their prior shape upon reheating into
the austenite temperature range. The increased modulus of the austenite enables useful
work to be done by the warmed alloy, above that used to deform the cold metal. This
shape memory capability is exploited in the NITINOL Heat Engine.

i
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Fourteen technical papers were presented. One by Mr. J.T. Gibbs, on StirlinR Cvcle

NITINOL Engine, was scheduled but not presented. Neither Dr. H. Mohamed's (now known

as Dr. H. Mohamed Tawancy) paper on Recovery Stresaes, which Mr. R. Banks delivered,

nor the paper Mr. C. Raymond gave, which contained numerous innovative designs, is

included in the Proceedings.

The Conference was organized in much less than the normal workiig time allowance

for a conference at this Center. Due to this short time, the authors were given the option

of using their recorded presentations to prepare the papers for publication in these

Proceedings. Although the papers were reviewed for clarity, there has been no peer

review for technical accuracy. The data and viewpoints are the authors' own, and are

offered to the community as their best input and not necessarily their oral delivery at the

Conference.

Eight different prototype engines, all working, were displayed by 7 inventors.

Several of these prototypes were subsequently shown on television in the U.S. and Britain.

During the intervening evening of the two-day Conference, a social buffet allowed

Conference participants to interchange information to mutual advantage.

The success of this Conference was in great measure due to the dedicated effort of

several people: Mrs. Joy White foremost and Mrs. Deanna Zook, Messrs. George Schmitz,
Scott Hoover, and Ernie Inman. Our appreciation extends to other NSWC staffers who

participated in the Conference, Engine Demonstrations, and Reception.

Finally, it is appropriate to recognize the efforts of Mr. David Goldstein in
organizing this Conference.

JACK DIXON
By direction
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PREPACE

Over 2/3 of the thermal energy available in the U.S. is rejected as waste heat.
Creating economically viable Heat Engines--using this low grade (less than 1000 C)
heat energy--would clearly serve the national interest. In recogenition of this, the U.S.
Department of Energy supported research in engine design, construction, and efficiency
determination. D)OE's agreement with the Navy provided for a coordination center,

information interchange, and an enhanced supply of NITINOL alloy for workers in the
Heat Engine field.

The Navy has its own potentially valuable uses for NITINOL engines, for exampl:.
helping to reduce petroleum energy dependence, and providing power sources for remote
locations as well as for emergency use at sea.

Aside from helping to conserve power, any significant increase in NITINOL use will
also benefit the Navy in another way. A larger market for NITINOL will lower its cost
and remove some of the restrictions on its supply. This would enhance its use in ship
construction, where it is now being introduced in tube and pipe couplings. These
couplings--now being evaluated in new Navy destroyers--provide for weld-free,
high-pressure connections, using the same shape memory phenomenon as for Heat
Engines. A joint market in both Heat Engines and couplings is of interest to the Navy,
since it can utilize both devices in large quantities.

In sum, NITINOL's total return on investment to the Navy is potentially very
attractive.

The va,iety of model NITINOL engines constructed in the U.S. and abroad has long
since dissipated the question of whether these engines would work. Their designs
generally suggest that they can be scaled in size to provide greater than I kilowatt of
power. The remaining question is economic: comparing NITINOL engines with other low
temperature regi,'.e energy converters.

We can assume that the energy cost (of waste heat or solar energy) is negligible for
organic Rankine engines, photovoltaics, and NITINOL Heat Engines. A comparison of
their installed costs per kw is

ii
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Energy Converter Type C-ost fkw

Rankine $400-$6001

Photovoltaic $10,002

NITINOL $600

For comparison, nuclear power is $1000/kw.

If NITINOL engines can use the low grade heat now being wasted, they will be a
boon to the nation. As shown above, these engines have potential and should be further
investigated. The authors of the following paoers are pioneers in this effort.

lAssumes annual production of 10,000 to 20,000 units. If production is just a few
engines, cost would be about $2000-$4000 per kw. Costs are projected from 1973 data,
allowing 100% for inflation. U.3. Office of Technologzy Assrssment, Application of Solar

Techno~ly to Today's Energy Needs, V. 1, June 1978, pp. 346, 354.

2 Assumes optimal conditions of "noon on a sunny day." AV. Mossbere, "Many ExDerts
Say Solar Electric Cells Too Costly Now, l-ave a Rright Future," Wall Street Journal, 19
Dec 1979.

3 The $600 per kw assumes a power output of 1/2 kw per kilogram (250 watts/lb) oi
NITINOL. The output of NITINOL Heat Engines has been estimated at up to I kw per
kg. Measured values of up to 0.3 kw per kR (10wper Ib) are reported in these
Proceedings. A kg of NITINOL wire of 1/2 mm (0.020 inch) diameter costs about $1200 to
produce in laboratory size lots. In commercial production lots of 10,000 kg per year, $200
per kg is reasonable to expect. NITINOL costs are assumed to be 2/3 of total engine cost.

iv
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THE BANKS ENGINE: PAST, PRESENT, AND FUTURE

Ridgway Banks
Lawrence Berkeley Laboratory

University of California

It is certainly a pleasure to be at this conference which is, among other things, the first
official convocation of NITINOL, engine inventors and developers in history. We are an odd lot,
I suppose, but with certain strong points in common: we're generally stubborn as hell, and tend
to have very patient women, and water-stains on every pair of shoes we own. We a1so share, I
Lhink, a strong belief in the potential contributions these machines may make to the
development of untapped energy resources, worldwide. I think you will find that, in many
cases, the work on display here today is the product Of individuals working very much on their

own...solving our common problems, and willing to share their solutions in using this amazing
material.

Now, in my case, when I was given my first piece of NITINOL in 1973, I had already been

lobbying for development of a solid-state heat engine for some time, but not one based on
NITINOL, which I had never heard of. I planned to use bimetallic working elements. I knew
the bimetallics would be extremely inefficient. But--when I analyzed the cost of using high-
temperature (above the boiling point) thermal energy, which requires concentrating collectors,
and the cost of convc-sion at temperatures you can get pretty cheaply with flat-plate
collectors--I was convinced that the low-temperature regime was the way to go, because I am
just naive enough to believe that getting something is better than getting nothing. What I had
in mind was a little heat engine which could provide a few watts of auxiliary power to pump
water or charge ,atteries for a blackout. i wasn't trying to compete with Con Edison with
these things at all. I knew they would be. small and re.atively inefficient. But at that time
soiar energy was just getting off the ground, in the public sense, and, at the time I became
aware of it, solar energy's main practical impact was confined to oxidizing the finish on
people's cars as they sat out in the parking lot. I felt we could do something more interesting
than that.

When I got my first piece of NITINOL, it came with a printed sheet of instructions from
the Zdmund Scientific Company. It was a littie experimenters' kit. I looked at the wire. I
read the instructions, and I didn't believe them. I just had no place in my thinking for a
material that had these characteristics. I wasn't in a position to go through the annealing
procedures, either, so it was a matter of days before I did the obvious, classical experiment: I
cooled the wire, bent it, and stuck it in the company coffee pot. Now this little experiment
has been repeated on the av2rage a dozen times a day for over five and a half years, and I stil
get excited when it works. Luckily, it always works.

I have a movie which goes back to withir. i, couple hours of the first running of the first
engine, so I think I'll show that now, and just talk as it procedes.
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(Film begins)...This is the first Edmund wire, on my first experimental apparatus: a
wooden stick. This shot shows the :rankshaft of the first engine; it is a simple coaxial
eccentric system. In the early days of running this machine, we were aware of only the Shape
Memory response that took place on heating NITINOL wires. So this film doesn't allude to the
fact that we f,,i , after several thousand cycles, that they begin to change shape
automatically .jo cooling as well. Only recently I measured the amount of work the wires in
the original eng, e can do on cooling, and it turns out to be perhaps an additional 20%
compared to the work done on heating.. .This was taken the first day the engine ran. There are
,.wenty loops of NITINOL wire (we doubled the number the following November because--just
at the time of the first press conference--the temperature of the hot-water heaters at LBL
was lowered to conserve energy). (See Fig. 1.)

Query from the audience: Is this the first time it ran in front of a camera, or the first
time it ran?

RB: This is within two hours oi the first time it ran. Professor McMillan* (who is
incidentally responsible for the name originally given to this machine) came to see it just after
it first ran, and he s'uggested we call the photographers.

This shot shows the engine driving a small generator to light a tiny light bulb.. .Now we
are on the laboratory roof running the engine with a solar collector. It is going to do the same
trick with the light bulb. (Fig. 2.) This took place on an overcast day in November--the sun
didn't come out until about 11:30 a.m .... By 2:00 p.m. the water in this primitive collector
(which is just a black vinyl sheet draped in a styrofoam-lined box, with empty fluorescent light
tubes floating on the surface) got hot enough to run the engine an( light the bulb.

This is engine no. 2, an attempt to boost the power output of NITINOL wires in the
flexural mode sufficiently to impress the funding agencies in Washington. This machine
develops considerable torque (you can't stop it at the hub with your bare hands) but there are
tremendous friction losses, and so on, and a great problem in timing. You see, those are four
synchronized wheels, each of which has to be hung independently from shafts which can't pass
through the journals that support the wheels beneath it. And if it's not properly timed, you
lose all the mechanical advantage on opening and closing. It ran, and it was helpful; it
certainly showed me the limitations of the wheel approach. This is Dave Johnson's first
engine...and this is Dave Johnson. I had the privilege of bringing this machine, and the next
one you'll see, on a coast-to-coast tour which climaxed with some of the top management of
the Foxboro Company watching these things in fascination as the room they were standing in
filled up with water. Executives were literally ankle-deep and didn't complain at all.

This is Dave's Opus 5, otherwise known as the Flintstone Car engine. A differential
pulley mechanism isn't used on this one. Instead, the ratio is supplied by gears, so that the
wheel on one end turns faster than the one on the other end, as you will see...(Film ends.)

Query from the audience: This is not the kind of thing for which you ask for the Carnot
efficiency, is it?

*Edwin M. McMillan, Nobel Laureate, and former Director of Lawrence Berkeley Laboratory
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RB: We w(,uld love to say you don't have to, but that is not true. Certainly, the role of
these low-grade heat engines is recovering energy now wasted, but, in any practical
installation, you have to look at the cost ot pumping water, or the cost of solar collectors. So
Carnot efficiencie ; a:e a real issue, to be addressed with respect to competing technologies.
It has taken a long time to develop the experimental approaches that give valid efficiency
figures. You cannot isolate certain aspects of the material and treat others as passive. You
have to calculate the latent heat of transformation (anomalously high in this material) plus
specific heat across th. cycle with respect to stress levels and displacement for a given cycle.
And you never see the optimal work output in a wire that hasn't been in an engine and acquired
pretty complete "training," as we call it. Of course, to get the money to build the engines, you
have to talk about Cat not and the efficiency of the NITINOL conversion, so there is a loop
here.

Now, with my s.:cond engine, I became pretty convinced that the mechanical
configuxation of the wheel, and maybe also the use of NITINOL wires in the mode of flexure,
was impractical, and I bc.gan looking at wires in tension. The reasoning here is that, if you
have a member in tensicn, the whole cross section is working for you; while if you have a

member in flexure (theor.n'ically, at least), only the outside and the inside of the bend are
putting out maximum wor'<. While this isn't necessarily the case in NITINOL, I accept it on
principle, because thinner wires in tension have produced the highest work output, per unit
mass of NITINOL, so far recorded. And so I proceeded to think about this. I was convinced(and it has been pretty conclusively shown elsewhere) that the mechanical cycle for wires in

tension had to be something 4i lit :le special. If I simply used a crankshaft as in my first wheel-
type engine, with wires in tensi ,n radially disposed from the crank to the outer rim of the
wheel, I was sure they would b eak. The reason is that the kinematics of the crank cycle
makes a lousy match to the way, heat enters and transforms a NITINOL wire. The leverage on
a typical crank (a bicycle pec",i, for instance) increases sinusoidally from zero at top dead
center, to a maximum at 90 de, 7ees. However, when heat enters a NITINOL wire, you have an
exponentially diminishing vo, 'me of material transformed, per unit time, with the greatest
proportion transformed right 'he beginning of the cycle. In fact, in a 20 mil NITINOL wire
in tension, you get an absolutely azing jolt of force. The instantaneous recovery stresses
are sufficient to permanently deforn, the wire--to introduce irreversible shape change--if the
wires are not free to act on the mechanical system. This problem is compounded by the
effects of shock-loading. To avoid these stress concentrations in the wire, what I needed to do
was somehow find a cycle which somewhat mimicked the behavior of NITINOL wires during
transformation. I essentially needed to let the NITINOL design its own engine cycle (Fig. 3).

This machine is called the "Cam-Track" NITINOL engine. The tracks in question are
these kidney-shaped features that go around the ends of the tank in this cutaway view. The
NITINOL wires are longitudinal, in tension, and they ride between trolleys which, in turn, ride
along the tracks. The "cam" aspect of the tracks means they mostly do not run parallel to
each other. They are supported by standoffs from the ends of the tanks. Varying the lengths
of the standoffs makes it possible to vary the slope of the tracks with respect to the ends of
the tank, and to each other. As the NITINOL wires dip into the semi-cylindrical hot water
tank, the trolleys are at a point whe:e the tracks are just beginning to converge. The pull
exerted by the NITINOL wires as they contract drives the trolleys down along the slope, which
is the power stroke of the engine. Mechanical force is transmitted through a linkage to
advance the next set of NITINOL wires into the hot tank. The "compression" stroke (actually
elongation, in our case) takes place in the cold bath around the outside of the hot tank. There,
force is applied (throvgh the power takeoff linkage) to drive the trolleys forward alonh, the
tracks as they diverge, with a secondary, or resultant, force acting on the NITINOL wires to
deform them axially. The tracks are made of brass, sc that altecing the lengths of the
supporting standoffs made it possible to actually tune them somewhat--to change the slope at
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various points in the cycle. By fiddling around with the curve of the tracks, I was able to find
a reproducib'e mechanical cycle--in which the wires could be repeatedly stretched and recover
withoit permanent damage. Lo and behold, it turned out to be a pretty close approximation of
an exponential decay curve. This engine ran, but never up to expectation--I was hoping to see
half a horsepower, and we certainly never got that. It was never fully debugged, either, but it
did give me confidence that wire breakage problems--encountered in other machines using
NITINOL wires in tension-could be overcome. We did, in fact, have some breakage, but only
at the ends of wires, at the holders, where the wires passed around a somewhat tight radius
which probably introduced a complex strain field at that point. But we did not encounter
breakage along the working length of the wi-re elements.

By the time I had figured out what the problem with this machine probably is, and how to
improve its performance, I had already moved ahead in terms of design criteria for a practical
engine. While the Cam Track made me optimistic about being able to use NITINOL wires
efficiently, it still has the basic drawbacks of the original engine prototype in regard to
parasitic losses. Too many moving parts. Too much energy lost in hydrodynamic drag--you are
always moving those wires through water. Incidentally, I believe in using a liquid heat transfer
medium for thermal uniformity, because if a part of a NITINOL wire is in the process of
transforming-or, say, is still cold--it will naturally take up locally the complete load of the
other parts of the wire that hve been transformed. So it is important, in my view, to
maintain thermal uniformity throughout the length of a working element. But I wanted to see
if I could use wires in tension in a simple device--mechanically very simple-and also cut down
on the hydraulic losses. And this is where I went (Slide.)

This is my latest machine, which I call the "Model M." It is simply a reworkir.g of the old
Newcomen "Walking Beam" steam engine. You have the wire elements at the front, with hot
and cold water tanks below. The beams oscillate the wires between hot and cold baths, but
while they are heated and cooled, the wires do not move. Work developed at the wire is also
taken off through the beams. This thing really works. It has probably ten times the power of
the original wheel prototype, with slightly less NITINOL wire in there. Less volume of
NITINOL.

Query from the audience: What is the power of this gadget?

RB: Don't know. Haven't measured it. If you want a "fingertip-dynamometer"
measurement, I would say around 20 watts. Bu. the point is that now, for the first time, I can
see kilowatts. I can see scaling up without more moving parts. This machine, in its rather
quaint embodiment, represents all the moving parts you would need for a very powerful
installation. You just ptug in more wires; make it longer. Size is no problem: in solar, for
example, you have already committed a long low area for your collectors. You could make a
long low machine and stick it behini the collectors. There are 88 wires, 15 inches long, in
tension. Displacement at the wires is very small, but amplified through the lever system.
Between wire and power takeoff motion is very slight--just a slight oscillation. Lots of force,
but not much displacement.

Query from the audience: At what strain levels does that machine run?

RB: This is running at about 3.5 percent strain, which I feel is safe. But recently I am
beginning to feel that maybe 6.5 percent is safe--if you ask nicely.

1-4
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Th.s thing has just been through preliminary tests, to find out if it works, and I havt seen
it run at about 80 cycles pet minute. The present setup is limited by the fact that heating and
cooling equipment consists of a $19 coffee urn and a 27-year olct refrigerator. So the machine
operates well at the begin.Aing of a run, then the hot and ccld water supplies collapse 3nd
generalized entropy sets in. As I say, what tickles me about this machine is that I think it has
the hydraulic and mechanical losses reduced to a minimum, and allows me to think of an
installation which would work on a practical scale. I also think realistic efficiency
measurements can be made on it.

Let me say that I hope we will, in the course of these meetings, really confront the issue
of efficiency. I hope anyone who has made measurements will talk about them, even if there
isn't general agreement. You are aware that a big part of the problem we face in this
approach to low-temperature energy conversion is that we are trying to promote a relatively
unresearched 6-year old technology. That's in direct competition with Rankine-cycle turbines
which have been arour.d for decaees--and the competition is way up on the learning curve.
Turbine designs are now relatively sophisticated, while we are still at the level of the devi:es
displayed this noon. Which is absolutely where we shovld be. I have a strong prejudice in
dealing with an unresearched entity--be it an engine or a carrot growing in your garden. You
don't pull a carrot up by the roots every week to find out how it is doing. It has got to have a
little time to develop before it's mature. Same with an engine. I hope we will be se .ing it
mature somewhat before long, but for the time being we are where we ought to be, although
we must confront the efficiency question.

Question: Any idea what Carnot efficiency we should aiir, for? In other words, how far
above and below the transformation temperature should the water baths be?

RB: Okay, that is quite a complex question. Let me treat it superficially first. We
decided, in our program, to simply assign ourselves a goal of minimum coriverrion efficiency.
We picked the number three--whicn we have already exceede6--be ause, in certain low-
temp .rature applications, 3% conversion efficiency is competitive with existing technologies,
particularly in Ocean Thermal Energy Conversion. OTEC plants are being designed with 'arget
efficiencies of 2-3% in mind. OTEC researchers can stijl foresee an economical operation
because there are spinoff., in food production and other bypioducts, in addition to basic energy
conversion. The ocean represents vast solar collector, heat storage, and heat sink systems. So
the n-rmal rather 'ii,t.icost compoiients of the typical solar aray are already present. In
principle all you have to pay for i the pumps. The major probem one has with conversion of
ocean thermal eiiergy is not the efficiency of the process, but the cost and maintenance
requirements of the h.!at exchangers needed in the conven'onal turbine approaches. Vast
areas o' heat c2"changers are not only in contact ,with the sea water but also subject to
corrosion and biotoulir.g on the ocean side and t attack by the working fluid (particularly if it
is ammonia) should it come into contact with water, on the other siJ'e. And heat exchanger
w.,ils have to be kept easunaily tnin, or thermal impedances become so great that systematic
conversion efficiencies are further reduced below an acceptable limit. Now, NITINOL is
noncorrosive, can directly cO,,tact an aggressive env.ronment, and is dynamic. It changes
shape with ever' cycle, so it should be a rotten environment for marine growth. I wouldn't
want to live thet --...cycling up and down 200 C, sixty times a minute, on a moving substrate.
This may eliminate the scaling problem as well.

The more compiicated side of your questiun is this: we don't really know--I certainly
don't know--what NITINOL is yet. I know where it starts, how much force it takes to deform
it, how much energy it puts out, and so on. But I don't know what a fully stabilized piece of
optimized alloy wil'. do, and for how long. In other words, I see a "double" memory developing
in the wires ii the originai engine, and I am able to measure a potential energy output that
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might be realized from those wire. on cooling...but where is that going to stop? It doesn't
exist at all in a naive wire; there is no double memory. Then, what happens to the
transformation temperatutvs as a result of cycling...to the thermal hysteresis? Will it get
bigger or smaller? What happens to the wire on the crystalline level? Certain favorably-

oriented domans obviously become dominant as you break the wires in. Are they doing all the
work? With the generation of defects there is work hardening, but where are the defects
localized? My unsophisticated observatior is that not oniy do wires not degrade with repeated
cycling in engine! (at least or. the order of twenty-five million cycle3-they in fact improve. I
have seen speed of operation increase about 50% in the original engine at the same tempera-
tures, which does not take into account hydrodynamic losses. So probably the energy output,
per cycle, of the NITINOL has more than doubled in five years of intermittent operation.
Apparently ergines do a certain amount of cold working on these wires that seems to optimize
them. What if you strapped a metallurgist to the engine and let him work on the problem too?
The wire: are extremely history-dependent. Every aspect of their performance changes with
cycling. I don't know.

Question: Where do you get the wire?

RB: The actual physical wire used in my machines was commercially produced by the
Titanium Metals Corpocation of America, also known as TIMET or TMCA\, which no longer
p.-oduces it. As far as I know, NITINOL wire is not yet quite available, commercially. Well,
maybe some people would disagree.

Question: That means this is the end of this work?

RB: No, it is the beginning of a new way.

Question: Is it available or not, commercially?

David Goldstein: Wire drawn to a specific transition temperature is not commercially

available. The Naval Surface Weapons Center, which is not a commercial producer, is
producing the alloy in 10 pound melts. NSWC draws wire and provides it to a specific
transition temperature.

Currently one major commercial firm, TMCA, is accepting orders for the alloy to a
specified composition. TMCA will break ingots down to two inches or some other size, but
does not guarantee transition temperatures. Another firm, Reactive Metals, Inc., can also
produce the alloy.

NSWC has placed orders with both firms for ingots. These materials will be final
processed at NSWC to ensure material uniformity. They will then be supplied as wire or strip
to various people approved by the Department of Energy. In this way the engine builders will
have uniform NITINOLs to work with.

Question We at MIT would like to experiment. How would we get the wire--from DOE,

you, or TMCA? How do the three fit together?

DG: You should write directly to NSWC--to me or our NITINOL Technology Center.

Question: Where is TMCA?

DG: Henderson, Nevada. Please call me for the names of the people to contact there.

1-6
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SL'-stion: If we ask you for some wire or sheets, we don't really have to go to TMCA?

DG: No. I might add: The last talks tomorrow afte, noon will refer to a somewhat new
and possibly successful process of producing NITINOL.

Question: I am still confused about whether the conversion efficiency of these engines is
limited by the transition temper3ture range.

RB: Yes. That is the Second Law nature of the beast.* You have to have
a AT, a specified AT, in order to make them run. The original wheel engine runs on a
temperature difference of 90 C between the baths. To have a high Carnot efficiency, you
would like that way up around incandescence, but, in fact, the heat available for these
purposes is around ambient.

Question: In the applications we're talking about, isn't horsepower more important than
fraction of Carnot efficiency?

RB: Yes, except that the efficiencies will determine how many solar collectors you
need, or how many pumping horsepower you lose in your ocean or geothermal installation. A
really tiny conversion efficiency here couldn't compete with that of organic fluid Rankine-
cycle turbines. That's the real competition. We really have to beat those costs, and I believe a
reasonable installation's costs can be very competitive. One further point: In solar thermal
electric conversion, the push now is almost entirely to the central-receiver "power tower"
concept. There, focussing mirrors--heliostats--drive the temperatures up, focus them on a
central boiler, and get high efficiencies with a steam turbine. The concept looks good on
paper, but has one serious limitation nobody seems to talk about. When the sun goes down, the
conventional or nuclear plant turns on, because you can't store steam. There is nothing easier
to store than hot water. !t beats batteries. and everything else. A good low-temperature
energy conversion approach--and I don't even care whether it's NITINOL--could be the basis of
solar electricity generating plants that will work 24 hours a day. We suddenly get into base
load territory, whereas before the most optimistic place for solar energy conversion was during
the peak load sunny hours of the day. Very, very serious consideration, I think. Thank you.

II

*Editorial note: From the vantage of six months' tine elapsed sinice the NITINOL Heat Engine

Conference and present struggles with this transcript, I would strongly disqualify my answer
to this question. (RMB)
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ONE HORSEPOWER THERMOTURBINE NITINOL ENGINE

W. S. Ginell, 3. L. McNichols
McDonnell Douglas Astronautics Company

Huntington Beach, CA

3. S. Cory
Cory Laboratories~Escondido, CA

The earliest patent on the concept of thermal-to-mechanical energy conversion using
NITINOL was issued to Buehler and Goldstein in 1968 (Reference 1). During the ten years
since the patent was issued, a variety of small model engines of different designs has been
built and operated--engines that demonstrated conclusively the technical feasibility of cyclic
thermal energy conversion using NITINOL. Some engines were built as curiosities--devices
That rotated or oscillated and attracted attention--but little else. Many of these were
designed empirically, and they operated only because a large enough quantity of NITINOL wes
used to overcome design defects that were unsuspected at that time. Other investigators
designed and built operable engines on the basis of the then-known physical properties of
NITINOL. These were capable of producing small amounts of power--fractions to tens of
watts. To our knowledge, operating engines of larger power output have not been
demonstrated at this time.* Such demonstrations are vitally important in furthering the
development of NITINOL heat engine technology to the commercial level.

The NITINOL Heat Engine program at McDonnell Douglas Astronautics Company is
directed toward this goal. The program is sponsored by the Department of Energy with Marvin
Gunn of the Fossil Fuel Utilization Division as the technical program manager. Work on this
effort was initiated officially on September 28, 1978 and therefore we have little in the way of J
results that can be presented.

The objectives of the program are: first, to design, construct, and operate a reliable
NITINOL heat engine that will deliver practical amounts of power, about one horsepower; and
second, to demonstrate that engine performance parameters can be predicted. I will describe

Buehler, W. 3. and Goldstein, D. M., "Conversion of Heat to Mechanical Energy," U. S.
Patent 3,403,238, Sept. 1968.

* We recognize, however, that the details of such efforts could be considered proprietary
because of the tremendous commercial potential of NITINOL engines. Design i.nd performance
information exchange under these circumstances understandably would be restricted. We hope
that one result of this conference would be enhanced communication among active workers in
the field, primarily in the area of fundamental information, so that progress in our
understanding of the behavior of NITINOL can be accelerated.
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first the engine type that we have selected and its advantages. This will be followed by a
qualitative description of the engine configuration and the procedure to be used for engine
design.

One class of sma!l model engines that was built and tested extensively is known as the

thermoturbine. Essentially, it is a variation of the well-known differential pulley mechanical
design. The general turbine configuration which uses the thermal expansion and contraction of
an endless, normal-metal belt was patented by Lee in 1967 (Reference 2). A similar engine
design using NITINOL was patented by A. D. 3ohnson in 1977 and is shown schematically in
Figure I (Reference 3).

A continuous loop of NITINOL wire or a NITINOL helix is guided by idlers through cold
and hot water baths and over the differential pulleys which are of different diameters. One
pulley serves as an expander (or turbine) and extracts power from the rotating loop because
tension in the loop on the hot side is greater than tension on the cold side. The expander pulley
is connected mechanically to a compressor (or pump) pulley that does work on the loop.
Because the work performed by the loop on the expander exceeds the work performed by the
compressor on the loop, a net work output results.

Operating NITINOL turbines have also been built by Raymond and by Cory (Reference 4).
A number of engine variations was devised and constructed using NITINOL helixes or wire,
different methods of coupling the expander and compressor pulleys, and variations in heat
source-sink configurations. One engine built by Cory (Figure 2) used a close-wound helix (3mm
OD) , and the expander-compressor pulleys were of the same diameter but were geared to run
at different speeds. The engine, when operated between 343K (70G) and 278K (50C), attained
a speed of 2500 rpm and produced about 0.5 W of power.

The thermoturbine engine configuration using NITINOL in the form of an endless helix
has a number of major advantages: bearing loads are all radial and therefore well-developed,
inexpensive bearings can be used; heat capacity losses (Cp AT) are small because only the
relatively small NITINOL working material mass need be thermally cycled rather than a large
support structure; heating and cooling of the NITINOL helix are uniform and reproducible
because the helix enters and leaves the water reservoirs axially; extremely accurate machining
of the mechanical structure is not required because of the greater compliance of a helix in
torsion relative to that of a wire in tension (limitation of maximum material strain required);
high power densities and high cycle rates possible; and the NITINOL elements cycle
continuously rather than intermittently (as in an oscillating engine).

The thermoturbine engine that will be built in the McDonnell Douglas program will be a
scaled-up version of the small, dual-diameter pulley design. Scale-up to a one horsepower size
will be accomplished through a series-parallel mechanical arrangement of the simple design.
The large and small diameter pulleys will be replaced by large anid small diameter rollers which
will carry 104 helixes in parallel. Each closed helix will cycle through twelve alternate hot and

2 Lee, L., "Motor," U. S. Patent 3,303,642, Feb. 1967.

3 Johnson, A. D., "Memory Alloy Heat Engine and Method of Operation "U. S. Patent
4,055,955, Nov. 1977.

4 Cory, 3. S., "Thermomechanical Behavior of NITINOL," This Conference, Paper
pp. 7-1 through 7-17.
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cold water reservoirs in series before returning to the starting point. Figure 3 shows an end
view of an engine module which consists of two unit cells in series. A unit cell contains one
large and one small diameter roler and one hot and one cold water reservoir. Unit cell rnllers
are coupled to each other mechanically and the total output power appears at a single shaft.
Figure 4 illustrates the parallel arrangement of elements on the rollers. Notice that each
roller has both a large and small diameter end. This corresponds to a direct, mechanical
coupling between the driver (turbine) and driven (pump) roller and results in a zero power
transmission loss. The rollers will have a webbed structure to minimize helix slippage. Water
flow through the troughs will be countercurrent so that the AT over which each parallel helix
operates will be the same.

Initially, an engine module will be built and instrumented to measure cold and hot force.,
hot and cold reservoir temperatures, helix cycle speed, module output speed and torque as
f, ,nctions of tem'.erature, AT, module speed and number of cycles. The module will be
equipped with only ten helixes, and module performance will be compared with predictions to
establish the existence of synergistic effects. Because helix pro Derties and therefore engine
operating parameters will change with number of operational cycles, helixes will be removed
from the module periodically and their properties measured. This will facilitate correlations
between element property and engine performance.

The full size engine will consist of twelve unit cells in series and 104 NITINOL helixes in
parallel. Present calculations based on NITINOL wire properties (0.020 inches diameter)
indicate that a mass of 1.3 kilograms will be required and the engine speed will be about 480
rpm for a A I' = 60 0 C. NITINOL wire for this program will be supplied by Mr. Goldstein of
NSWC.

Although small NITINOL heat engines have been built and have operated, their
efficiencies, specific power, and total power have been lo',, and attempts to produce engine-s
of practical size have not been succes zul, as yet. Invention of practical machines that use
NITINOL efficiently for thermal to mechanical energy conversion requires first a detailed
knowledge of the engineering thermodynamics of the alloy, ard detailed engine design
equations. Needed are: (1) reliable equation of state data in terms of the variables force,
length, and temperature to identify and provide a quantitative description of possible
thermodynamic paths; and (2) information on heat flow and energy dissipatioa associated with
these paths.

Recently, extensive measurements of the force-length-temperature (FLT) behavior of
NITINOL helixes have been reported (References 4,5,6) from vhich the form of the equation of
state has been deduced. Because of the thermodynamically irreversible nature of the Joule
effect in NITINOL (internal entropy generation), the equation of statc exhibits hysteresis. This
results in a state equation that describes a bounded volume in FLT state space, and all possible

5Cory, J. S., "NiTINOL Thermodynamic State Surfaces," Journal of rEnerg Vol. 2,
No. 5, 1978, pp 257,258.

6 McNichols, 3. L., Jr., and Cory, 3. S., "NITINOL Heat Engines for Economical Conversioi
of Low Graae Thermal Energy," Proc. 13th Lterdisp. Energy Conversion Eng, Conf.,
Aug. 1978, pp 1998-2004.
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thermodynamic paths lie on uniquely defined surfaces within that volume (Reference 5).
Figure 5 illustrates schematically one pair of surfaces and a hypothetical thermoturbine
thermodynamic cycle. Details of NITINOL state surfaces, their properties, and uses will be
found in Reference 4.

To determine the heat flow associated with a given path or cycle, the irr, e. .: ,
thermodynamics for NITINOL pi-,:esses has been formulated and has been used to estimat.
speci..c work and thermodynamic efficiencies for the thermoturbine cycle (Reference 6).

The empirical state equation determination procedure used previously will be used as the
design tool for the one-horsepower thermoturbine engine. State surfaces for the specific
NITINOL alloy to be used will be determined experimentally. A thermodynamic cycle
optimized for power will be derived on the basis of heat source and sink temperatures, desired
output power and speed and limitations inherent in the specific NITINOL alloy be used.
These will depend on alloy composition and processing and cycling history. This ,' Urmation
will define the mechanical dimensions of the engine module. Predictions of module
performance will be made as functions of oa.arating parameters. Iterations on the engine
design will be performed following comparison between engine module performance data and
predictions. The close agreement between the actual small thermoturbine engine performance
and the performance predicted on the basis of experimentally measured state surface data has
given us confidence in this empirical engineering data approach to NITINOL heat engine
design.

In summary, we have undertaken the design, construction, and testing of a one-horsepower
NITINOL engine. The mechanical configuration will be a thermoturbine design with a series-
parallel arrangement of NITIN')L helixes that are cycled through hot and cold water
reservoirs. The engine wili be designed on the basis of an experimentally measured equation of
sta t e for the specific NITINOL alloy supplied by the NSWC NITINOL Technology Center.
Successful completion of the engine tests will provide conclusive evidence of the viability of
the empiric.l engineering data approach to engine design and the technical feasibility of low
temperature energy conversion using practical-sized NITINOL heat engines.

'See footnote 5 on page 2-3.

4 1.e footnote 4 on page 2-2.

6,..ee footnote 6 on page 2-3.

2-4

I -i



NSWC MP 79-441

DUAL DIAMETERPULE
j OUTPUT SHAFT

CONTINUOUS

PULLEY IN COLD
RESERVOIR

PULLEY IN HOT
RESERVOIR
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NITINOL BELT ENGINE

Dante 3. Sandoval

he 55 NITINOL alloy is the active element employed in this engine to convert heat
directly and instantaneously into mechanical energy. This engine of simple construction isbasically comprised of two pulleys of dissimilar diameter and a belt of NITINOL alloy that fits
around such pulleys. Means for heati.ng and cooling the NITINOL belt and for power
transmission are also provided.

Fig. I illustrates the basic NITINOL belt engine. Pulley 14, or "strain wheel," is a free
wheel with a radius that gives the NITINOL belt the selected strain curvature. Pulley 16, or
"power wheel," serves both as heat sink or cooling wheel, and as power transmission wheel by
means of its shaft (17). The power wheel is substantially larger than the strain wheel to
present a large area for heat dissipation, good traction, and small losses from bending the
NITINOL belt around it.

The principle of operation of this engine consists of the work produced by a portion of
the NITINOL belt while trying to recover its original shape when stimulated by heat at the
strain wheel. To produce any work, the NITINOL belt should have a preset shape that is
straight, convex, or with a curvature radius substantially greater than the radius of the strain
wheel.

In operation, the NITINOL belt is pliantly strained around the strain wheel. A heat
source (18)--such as a flame, steam, a hot water jet, or concentrated sun rays--is applied upon
the belt between Points 20 and A. The stimulated portion of the belt between these points will
try to recover its original shape. In doing so, that portion generates a moment of force F
about a fulcrum located at Point 20, which is the last point of contact between the strain
wheel and the belt (Fig. 2).

Such a moment of force has a lever arm with a length equivalent to the straight line (M)
from Point 20 to the last heated point between Points 20 and A, and generates another moment
of force Fr about the center of the strain wheel that is transmitted as a torque to the power
wheel by the belt. This torque sets into motion the NITINOL belt and both the strain and
power wheels, when the heat soojrce is applied. When in motion, any portion of the belt
entering Point A is stimulated by the heat source, becoming itself a part of the lever arm (M).
Any advancement of the belt into Point A withdraws the same amount of belt from Point 20
towards a cooling region at the wheel (16).

A cooling fluid (22), such as water, is placed in a container (24) for faster cooling of the
belt, making it possible to increase the rate of heat application, thus increasing the power
output of the engine. Spokes or gears (26) can be used on the power wheel for transmission of
power.

3-1
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The present engine has a gear at the power wheel connected to a fly wheel mechanism to
smooth out the jerking due to hot spots or irregularities in the NITINOL belt and variations in
the heat source. Other physical parameters of this engine are the following:

Nylon Strain Wheel Radius 1.175",
Nylon Strain Wheel Width 0.875"1
Aluminum Power Wheel Radius 2.656"1
Aluminum Power Wheel Width 0.875"1
NITINOL Belt Perimeter 22.000",
NITINOL Belt Width .5001,
NITINOL Belt Thickness 0.050",
NITINOL Belt Radius 3.5001,
NITINOL Belt TTR 110-140OF

BELT CONSTRUCTION

The belt for this engine was made from a strip of 55-NITINOL alloy, 22"1 long, 0.5" wide,
0.050"1 thick, and TTR I 10-l140 0F. Both ends were squared, f ine ground, and placed in the jaws
of a 3/4"1 band saw welder with a setting for "medium" current.

The welding was done in a regular air atmosphere; the burrs were ground off, and the
weld was annealed in the same machine, as is done with regular band saws after welding. The
belt was then placed for 15 minutes in a kitchen oven heated at 5500F, where it adopted a
circular shape, and was then taken out to cool in the air. 1

When cool, the belt was placed in water at 320F and turned inside out to become a belt
with a convex shape. Then it was installed slightly loose around the strain and power wheels

The strain given to the NITINOL belt is expressed as:

S + +b2Sb 2 +V 2rb+

where: v = belt thickness
r= radius of strain wheel

rb = radius of belt shape curvature

Sp strain of belt from a straight line to the strain wheel curvature

Sb= strain of belt from its shape curvature to a straight line

Sb= Zero for a belt with a straight shape
Sb= Negative for a belt with a concave shape

Sb= Positive for a belt with a convex shape

3-2
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BELT PROBLEMS

The NITINOL belt has a tendency to adopt an outward-channeled shape when subjected to
excessive heat or stress at the strain wheel. This channeling effect causes the edges of the
belt to crack in many places, thus breaking at any point in a very short time.

On the occasions when the belt broke, the original convex shape given to it was
completely lost by adopting a concave shape, sometimes with a curvaturc radius smaller than
its periphery curvature radius. The welded ends of the belt hold very well and break only when
a defective weld is made; otherwise the belt may break at other points.

The most favorable conditions for belt endurance are the use of low temperature steam
and a strain of 2 to 2.5%. The present engine belt has a cumulative time of about 6 hours
without breaking.

ENGINE PERFORMANCE

The engine was tested with two strain wheels of different diameter, keeping all other
parameters constant (Fig. 3).

CONSTANT PARAMETERS

Power Wheel 5.312" diam.
NITINOL Belt 22" x 0.5" x 0.050"

Water 32°FCooling Wtr3O

Heat Source 200°F Steam Jet 0.125' from Belt
Steam Rate 7 Grams per Minute
Fly Wheel Mechanism Cnnected
Point of Steam Application 5 Jrom Point A
NITINOL Belt Return Temperature 70 F

VARIABLES

Strain Wheel 2.48" diam.
Strain Wheel 1.5" diam.

Belt Strain for 2.48" diam. Strain Wheel:

Sp = 20.050 = 0.020=2 x 1.24 +0,0

0.050
Sb = 2 x 3.5 + 0.050 = 0.007

S = S p + 5 = 0.020 + 0.007 = 0.027 =2.7%

Belt Strain for 1.5" diam. Strain Wheel:

Sp = 0.032 Sb = 0.007

S= Sp + Sb : 0.032 + 0.007 = 0.039 3.9%

3-3 3
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ENGINE EFFICIENCY

It was difficult to measure with reasonable accuracy the net energy input to the
NITINOL belt during operation. Therefore, only to have a reference point, it was assumed that
the power input was the energy required to raise the temperature of the working NITINOL in
one second from 70OF to its upper TTR of 140 0 F. This assumption introduces the error of
different amounts of heat absorbed by the belt at different speeds. This error was not
accounted for in input calculations.

Specific heat for NITINOL was taken as 0. 111 BTU/Ib/°F., density .234 lb/cu. in. The
power output of this engine was determined from the measured speed-torque developed by the
engine at its power wheel.

i Fig. 4 graphically represents these parameters.

APPLICATIONS FOR THIS ENGINE

The present engine prototype has been built only to demonstrate the feasibility of using
NITINOL as a solid state energy converter. No effort has been made to optimize its
performance or efficiency.

To simplify its construction and assembly, the engine has no bearings in its wheels, and
the wheel shafts are held only by one end, all of which introduces large friction losses into the
system. Thus, it is reasonable to expect a good deal cf improvement in a well-constructed and
engineered engine of this type.

There are many imillediate and practical applications for this engine, such as:

Solar Tracking Systems
Backup Blower for Heating and Cooling
Waste Heat Recuperators
High Torque Actuators
Heat Motors

3-4
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SOME ENGINEERING PARAMETERS FOR A NITINOL ENGINE DESIGN

P. A. Hochstein
Quantex Engineering, Incorporated

Warren, MI

INTRODUCTION

The author has been involved in NITINOL Heat Engine (NHE) design since 1974, when the

first rotary vane, bending mode machine was built and tested at the General Motors Technical
Center.

G.M. showea little interest in further NHE development, and work in this area was
terminated until mid 1975, when Quantex Engineering Inc. was formed. The firm is primarily
involved in developing electronic testing systems for the automotive industry, and NHE
development proceeds as finances and time permit.

Liaison with Pringle and Assoc., a Detroit based engineering design company, has allowed
us to design, build, and test various engine designs, while exploring advanced concepts with
computer modeling of motor dynamics and heat exchange mechanisms.

TEST FACILITY

Our NITINOL engine testing facility is designed to supply measured quantities of hot and
cold water to motors under test, while recording engine performance parameters on an
electronic dynamometer (Fig. i) with variable (resistive) loading.

Engine speed, torque, and power are electronically derived from a 4 pole A.C. brushless
generator which is driven by means of a toothed belt.

The dynamo-neter is presently being modified to allow constant speed or constant torque
operation by means of feedback control.

Two 55 gal. insulated drums supply hot and cold media (normally water). Electric heating
(6 KW) temperature controllers and a stirring system permit operation up to 1950F. 2 H.P.
refrigeration compressor allows us to operate the cold water tank down to approx. 35"F. Con-
tinuous, rapid agitation of the cold water minimizes ice formation on the evaporator coils.

Separate variable delivery pumps dispense water to the engine through flow reters.
Cavitation in the hot water delivery pumps limits the max. operating temperature to 195 F.

No effort has been made to optimize the thermal efficiency cf any of our NHE models,
and no water recirculation is used.

4-1
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ENGINE DESCRIPTIONS

1. BENDING MODE TYPE

Our first NHE models were of a "pancake" design (Fig. 2). These motors typically
contained 150 gms. of NITINOL in the form of vanes, attached to an offset central hub.
Operating in simple cantilever bending mode, these engines typically developed 10 to 20 watts
of "ower at a maximum speed of 70 rpm (36 vanes of .03 x .5 x 4 in. NITINOL). While
impressive from an output power/energy density standpoint, these machines consume a
prodigious amount of water which must be carefully aimed at an angle to the vanes.
Separating hot and cold regions is difficult, and water recovery virtually impossible.

In retrospect, these engines are relatively unsophisticated and inefficient. However,
they develop respectable power, very reliably from an extremely simple design at relatively
low strain levels (< 1.5%).

2. TORSIONAL VANE TYPE

More recently, we have concentrated on torsional vane engines with similar flow-through
"pancake" housings.

For the most successful of these designs (Fig. 3), the actual motor has 24 NITINOL strips
rigidly attached to a central hub. The free end of each strip or vane is held in a movable
clamp which can place each strip in torsion along the major (attachment) axis of the element.
The hub and strips are free to rotate about the center shaft, and in doing so, move through four
quadrants. The quadrants being alternately sprayed with hot and cold heat exchange media
(normally water).

As a NITINOL vane moves through a "cold" quadrant, it is cooled below
its Mf temperature, and is concurrently torsionally strained (wound up) by a circumferential
cam. When the strained element moves into the "hot" quadrant, it is now heated above
its Af temperature and forcibly recovers its unstrained shape. While unstraining, the element
does work on the cam, and is moved along to the next quadrant. Obviously, each NITINOL
element goes through two complete heat exchange cycles per engine revolution.

Fi2. 4 shows the detail of the cam follower mechanism and provisions for lateral motion
of each NITINOL clamp (7) as the element shortens during torsion. Motor housing (5),circumferential ring (10), and the hub are fabricated of Celcon AF (a 25% glass-filled acetal
copolymer), which exhibits low thermal conductivity and excellent mechanical properties in asevere (boiling water) environment.

Fig. 5 diagrams the function of the sinusoidal, circumferential cam and the relationship
of cam amplitude to NITINOL element torsion. Preload and working shear strain for the
elements are naturally a function of cam shape. Cams have been developed for several strain
levels by a numerically controlled milling machine, and are easily changed.

Pertinent engine specifications are outlined in Table 1, along with typical motor
performance values.

These disk shaped motors can obviously be stacked, and the flow-through design
simplifies media separation. Polycarbonate shields separate the quadrants on the test fixture.
Water carry-over between adjacent quadrants at high (>100 rpm) engine speeds precludes
efficient media separation at the output of the motor. An untested design of an air pressure
screen to forcibly shed water from vanes between quadrants may solve this problem.

4-2

0 - -



NSWC MP 79-441

As may be determined from the motor performance figures, internal engine friction is
excessively high with respect to net output power. Very high localized cam follower bearing
loads on the cam surface are partly responsible. One early cam was ruined during extende
operation. The primary cause of high running friction is the "scuffing component" of cam
follower bearing motion on the curved cam surface.

Some relatively important conclusions may be drawn from life test data shown in Fig. 6.
When operated at shear strain levels below 0.7% (26 ksi), no long term degradation of the
torsional elements was apparent. At 1% shear strain, which yielded the performance data in
Table 1, one small (1/16") crack developed at the edge of a NITINOL vane after approx. 10
hours of running time (nom. 105 cycles at an average speed of 100 rpm). The vane edges show
excessive roughness, and were installed "as sheared" after a 5 min., 950OF anneal. Proper edgefinishing should extend the "no failure" strain to over 1%.

Fig. 7 shows measured power and torque output for the torsional vane engine described
above.

STRESS LIMITING

Torsional NHE are high compliance low stress machines, therefore desirable from a
machine design standpoint. However, the intrinsic limitation of half the usable energy density
relative to tensile machines has inevitably pointed most NITINOL engine developers to wires or
bands in tension.

A shortage of useful NITINOL material has hampered our work in this area; however,

some preliminary experimental test results will be discL ised.

Ten samples of .015 in. dia. NITINOL wire (V 4547) TTR 180 0/210°F were tested
conventionally at constant tensile strain. Surprisingly, peak stresses on the order of 75 ksi
were measured at 3.5% strain. Fig. 8 shows a typical work diagram after 15 cycles (adjusting
for strain hysteresis). It seemed impossible to obtain repeatable, consistent results at strain
levels ) 1.5%.

The Lawrence Berkeley Laboratory apparently draws the same conclusions.

Repeated annealing and recycling to "optimal" 4-5% strain levels only caused further
consternation at the excessive creep--- albeit at spectacular recovery stresses. Transient
stresses in excess of 93 ksi were measured when the 10 in. long 0.015 in. dia. wires were
submerged in a 300OF silicone oil bath.

To limit the high peak stresses, we equipped several wires with series helical compression

springs. Obviously, th- - ring allows the NITINOL wire to begin shape recovery at relatively
low stresc *..a sp. s compressed the stress level may be controlled by the spring rate
(F=KL). Wot,, is the ..ore stored in the spring.

While only preliminary experiments have been conducted, it seems that NITINOL exhibits
a "safe operating area" wherein the material may be repeatably cycled to given strain and
stress limits without deg, -,-ion (or property change).

IBanks, R., Hernandez, P., and Nergren, D., "NITINOL Engine Project Test Bed," NSF/
RANN/SE/AG-550/FR-75/2 (1975)
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A publication by 3. S. Cory2 sheds light on this subject, and does much to clarify the
mass of seemingly unrelated NITINOL property data.

The Cory Force Length Temperature (FLT) state surfaces which bound equilibrium FLT
space probably exclude the shaded area shown in Fig. 8. Only at relatively low stresses (on the
MA surface) can the NITINOL exist in equilibrium at relatively high strains. The limiting
stress is the yield stress of about 70 ksi at 1% strain.

ENGINE DESIGN WITH STRESS LIMITING

We have done some preliminary design calculations on a multi-h.p. NITINOL heat engine
using stress-limited wires in tension.

Stress limiting with helical springs offers several advantages:

1. Equalizes (compensates) for slight variations in element length in a multiwire
engine.

2. Permits the engine to be stalled --- without overstressing elements.

3. Allows groups of elements to be used in tandem while sharing loads.

4. Allows for time delay in reaching transition temperatures in groups of elements.

A schematic design for an engine capable of an estimated 25 h.p. when fully loaded
(104 NITINOL wires 12 in. M"ng x .02 dia.) is shown in Figs. 9a-9i.

Fig. 9i shows the basic NITINOL element/spring stress limiting mechanism. Work is now
under way to effectively cold head the attachment ends (Item 1) onto NIT:NOL wire of 0.015-
0.030 in. dia. Cold working the complete wire element and annealing "in situ" may offer some
advantage, as early samples show weakness at the flared ends.

The use of master - slave hydraulics (Fig 9d, item I ana rig. 9g, item 1) to translate the
axial motion of the NITINOL wire "packets" into radial motion offers the added advantage of
reduced cam follower loads (Fig. 9g, item 2).

A 5:1 area ratio on the cylinders increases cam displacement proportionately.

Alternate wire carriers (Fig. 9i) communicate with cam follower pistons on either the
upper (3) or lower (4) cam in Fig. 9c. Each wire "packet" (Fig. 9e, item 5) rotates
circumferentially in its own water tight compartment which commutates through alternate hot
and cold quadrants.

The overall size of a 25 h.p. engine (Figs. 9a, 9b) is expected to be approx. 30 in. in dia.
by 36 in. high.

2 Cory, J. S., "Engineering Design Data and Correlations for NITINOL Devices" D.O.E. EC-77-
X-01-411 1.
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FIGURE 1 ELECTRONIC DYNAMOMETER AND LOAD BANK FOR

NITINOL MOTOR TEST FACILITY
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FIGURE 3 PLAN VIEW OF ROTARY THERMAL ENERGY CONVERTER
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FIGURE 9d ROTARY THERMAL ENERGY CONVERTER
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FIGURE 9. ROTARY THERMAL- ENERGY CONVERTER
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FIGURE Of ROTARY THERMAL ENERGY CONVERTER
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FIGURE 9g ROTARY THERMAL ENERGY CONVERTER
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TABLE I TORSIONAL VANE NITINOL HEAT ENGINE MK I

SPECIFICATIONS

Size: 9.2Y' Dia. x 1.7Y' High

Construction: Glass Filled Acetal Copolymer

Number of Thermal Cycles: 2 Per Revolution
(2 Cycle Sinusoidal Cam)

Active Elements: 24 NITINOL Vanes
V 4072 TTR 60 0 /80 0 F (15o/27oc)

2.00" .x x 0,01211

Total NITINOL Mass: 23 GMS. (0.8 oz)

PERFORMANCE

Cold Water Inlet Temp.: 36°F (20 C) Nom. I G PM

Hot Water Inlet Temp.: 195°F (880 C) Nom. 2.2 GPM

Maximum N.L. Engine Speed: 240 RPM

Frictional Power Loss: Nom., 12 Watts (at 240 RPM)

Maximum Engine Output: 7.6 Watts (at 198 RPM)

Nom. Power Density: 300 Watts/Kg

4-22
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AN ANALYSIS OF FACTORS AFFECTING THE

EFFICIENCY OF THE SOLID-STATE ENGINE*t

Dr. A. A. Golestaneh

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

ABSTRACT

We discuss the main factors that affect the energy output which accompanies the shape
recovery associated with the martensitic transformation in shape-memory alloys. We describe
an experimental solid-state (SS) engine made with the Ni-Ti (NITINOL) shape-memory alloy,
and discuss the efficiency of such an engine. We also derive and discuss some physical insights
obtained from the thermodynamic treatment of the martensitic transformation, and some
limitations on the efficiency of the SS engine.

*Work supported by the U.S. Department of Energy. The submitted manuscript has been

authored by a contractor of the U.S. Government under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a nonexclusive, royalty-free license to publish
or reproduce the published form of this contribution, or allow others to do so, for U.S.
Government purposes.

tEditor's Note: There may be some differences of opinion about certain points in this article.
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I. INTRODUCTION

The shape-recovery phenomenon (SRP), which occurs as a result of certain martensitic
":ansformations in the shape-memory (SM) alloys, has received serious attention from
industry.1 The main applications of the SRP are in control devices, medical instruments, and
the production of mechanical work from low thermal energy sources (such as industrial waste
heat). The solid-state (S3) engine is a heat-mechanical energy converter based on the SRP, in
which SM elements are subjected to a "cooUng and deforming-heating" cycle. Several
prol type SS engi.,es with various kinematical arrangements have already been reported in the
literture.2  However, these engines are in an early demonstrative stage and are far from
acceptable for industrial or domestic purposes in terms of reproducible performance,
endurance, and efficiency, all of which are related to the mechanism of the martensitic phase
change in SM alloys. Clearly, materials parameters (composition, impurities, grain size and
orientation, etc.) as well as external parameters (such as temperature, applied stress, mode of
material deformation, and cooling and heating rates) play important roles in such a device.
The Carnot efficiency of this engine achieves a maximum of 20% if the temperatures of the
cold reservoir (CR) and hot reservoir (HR) are TL P 20.-24 0C and TH < I00° , respectively.

The efficiency q, of the shape-recovery (SR) cycle was first estimated by Ahler , who used a
phenomenological approach to deduce a value of r5%. Later, estimates of 10-16% were
reported by several authors4 - 6. However, recent experimental and theoretical studies have
shown that the earlier estimate of 5% is, in fact, correct.7 ,8 Despite this numerical disagree-
ment, the work of these authors shows that n is proportional to the latent heat A H of the

Many authors have studied various aspects of the shape-memory alloys. See, for instance,
Shape Memory Effects in Alloys, edited by 3. Perkins (Plenum Press, New York, 1975),
and New Aspects of Martensitic Transformation, edited by Kobe, supplement to Trans.
Jpn. Inst. Met., Vol. 17 (1976).

2 See, for instaiice, R. Banks and M. Wahlig, Technical Report LBL-5293, Lawrence

Berkeley Laboratory (1976); and A. D. Johnson, IECEC 75 Record No. 759082, p. 530 (1974).
3 M. Ahler, Scripta Met. 9, 71 (1975).

4H. C. Tong and C. M. Wayman, Met. Trans. 6A, 29 (1975). See also C. M. Wayman and
H. C. Tong, Scripta Met. 9, 737 (1975) and 10, 1129 (1976).
5 B. Cunningham and K. H. B. Ashbee, Acta Met. 25, 1315 (1977).
6A. A. Golestaneh, 3. Appl. Phys. 49 ()), 1241 (1978). A somewhat different treatment
was used in this paper, as we will explain in more detail in the present paper.

7P. Wollants, M. DeBonte, L. Delaey, and 3. R. Roos, Z. Metalikde, Part I, p. 147,
Bd 70 (1979) H.3 and Part II, p. 298, Bd 70 (1979) H.5.

8 A. A. Golestaneh, "Martensitic Phase Transformation in Shape Memory Alloys," Proceedings

of International Conference on Martensitic Transformation (ICOMAT - 79) at Massachusetts
Institute of Technology, Boston, MA, 3une 24, 1979, pp. 679-692.

See also Golestaneh, "Energetic Shape Recovery Associated with Martensitic
Transforration in Shape Memory Alloy," Acta Metallurgica, in press.
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martensitic reactions in SM alloys. Mohamed, 9  howeve,-, states that the value
of r increases as AH decreases. This is incorrect, as will be shown subsequently. In fact,
the purpose of the present article is to analyze the essential factors which contribute to, as
well as limit, the energetic SRP and the value of Ti. We also derive some physical insights from
the thermodynamic formalism applied to these martensitic reactions.

II. BACKGROUND

A. DESCRIPTION OF THE SR CYCLE

We wil first describe the operation of a very small engine we constructed for
laboratory tests. 1 The engine (Figure Ia), has two units fixed side by side on the shaft (a
larger number of units may also be used). Each unit (Figure lb) contains four l-mm-dia wire I
elements made of a NITINOL alloy; this number can also be increased. Each element is

"trained" to have a curved shapel I and is fixed by one end to a floating ring (FR), while the
other end is connected to a spoke (or ring) fixed on the engine shaft. The shaft is positioned
horizontally so that about half the elements are in the HR (a water bath wi.h TH =
45-990C) at any given time, while the other elements are in the CR (the air in this case, with
TL S 24 0 C). The NITINOL elements used here have the SR critical temperature Tc  =
33 + 70 C; their structure at T < TC is mainly V" martensite, which is a mixture of stress-
induced martensite (SIM or 81) and quench-induced martensite (QIM or y'). In the martensite
phase, the wires are soft and thus can be easily deformed. As soon as the elements are heated
in the HR, they undergo SR and push the FR upward and off center; the weight of the FR
deforms the elements which are in the CR. The gravity torque created by the off-center FR
then pushes the shape-recovered elements out of the HR and replaces them by the newly A

deformed elements. The rotary unotion continues as long as the HR has TH > TC and the CR
has TL < TC.

Effectively, the SR cycle in any SS engine consists of two stages: In Stage I, the
SM element is deformed to a suitable degree (by tension, compressic=, bending, or torsion),
typically with 2-3% strain, in the CR with temperature TL < TC. Because of the strain energy
input Wi combined with the quenching process, the parent phase-martensite (P- M) -eaction
occurs; the parent phase, or 0, transforms partly to 0' with the release of the latent
heat AHO' and partly to y' with the released AHy'8, or simply AH (Refererce 12). In
Stage 11, the deformed element is rapidly heated to TH> TC in the HR; hence the
M+P transformation takes place and the element recovers its original shape by
absorbing A H and A H$'B from the HR. The SR can be complete or partial, depending
on TH , the resistance stress or and the uniformity of the material structure (which affects
the spread ATc) (Reference 13). !n an SS engine, of course, it is necessary to have a complete
("closed") SR cycle.
9 H. A. Mohamed, J. Mater. Sci. 14, 1339 (1979).

The engine described here operates at r40 r/min and generates 5 mW of power.
Engines with different geometries have also been constructed; for instance, see
Reference 5, and the article by R. Banks in Shape Memory Effects in Alloys (Reference 1).

The process of "training" the SM element into a given slape essentially consists of annealing
the element (kept constrained in the desired shape) at a temperature T for a time t. Both
T and t depend on the SM alloy composition and geometry.

A detailed description of the !atent heat A H I and A HB, is in Re ference 8.
131n the present work we exclude the effects of element geometi y and other material

parameters which affect the heat exchange rate and kinetics of the SRP.

5-3
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Experiments show that the most effective SR force is obtained when the SM
elements are subjected to very rapid cooling and heating. Also, even though the martensitic
reaction is massive, under an applied load the reaction period tr is finite and depends on the
engine load and the values of TH- TC and TC- TL (partly because of the heat exchange rates
and partly because of the A TC range'l4 seen in Figure 2).

B. EFFICIENCY OF THE CLOSED SR CYCLE

As stated earlier, the efficiency rl of the SR cycle has been evaluated by several
authors3 -7, 9 , but these evaluations have certain shortcomings which are discussed in
Reference 8. We will therefore consider the recent evaluation in Reference 8, -the result of
which is

n =Xah X+(I+ a)h -1, (la)

-where a is the fraction of the SIM which, in transforming to the P phase,
causes the SRP;

X = TH - T;
=H TL;I

the characteristic temperature h is defined as

h - c"1 A H (lb)

where c is the average specific heat of the M and P phares, and
H is the latent heat of the stress-Induced M+P transformation;

and

X /, I -oi/o, (Ic)

with a' defined by the expression

wi = ,pAH, (ld)

where p is the mass per unit volume of the material and Wi
is the strain energy input required to deform the SM element
in the CR.

In what follows we will analyze the factors that affect the energy output of the SRP and the
efficiency n given by Equation (la). From this analysis we derive .oine physical insights
associated with the martensitic reactions in the SM alloys.

1 4 The kinematics of the SRP will be presented in a separate article.

3 See footnote 3 on page 5-2.
4 See footnote 4 on page 5-2.

See footnote 5 on page 5-2.

5 See footnote 6 on page 5-2.

7 See footnote 7 on page 5-2.

9 See footnote 9 on page 5-2.
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III. FACTORS THAT AFFECT THE SRP

A. FEATURES OF THE ENERGETIC SRP

An impottant question is how the SRP in an SM element can produce
mechanical energy. In answering this question, briefly recall several points known
from the previous work:15

1. The SRP is associated solely with the SIM or B. However, recent work

showsl 3,8 that the QIM or y' plays an important role in producing the SR energy output. We
will discuss this point in more detail below. I

2. The riartensite phase in the SM alloy is essentially an admixture of
y' and 5', denoted by B" and defined as

i3"(A,B) = Ay' + B8', (2)

where the fractional parameters A and B (with A + B = 1) depend on temperature T
and stress a. Thus, the martensitic transformation takes place as sche, -Itically shown I
by the lines TLCD and TLTHD in Figure 3, i.e., via the following channelst

138' * B3 (3a)

A' (3b)*Ay
(A - A'%8- (A - A'), (3c)

where (A - A') represents the fraction of the y martensite that, under constant strain and the
combined influence of T and a, is transformed first to 0' and then to 0 as shown schematically
in Figure 4. This fraction (A - A') of y' which transforms via channel (3c) depends not only on T
and a, but also on the geometry of the deformed specimen.

3. The M-*P transformation in SM alloys is an admixture of first- and second-
order transformations and is accompanied by a small fractional volume change, about 0.1%.
This fraction, associated with the y' martensite, is equivalent to a strain C = 0.1% in a uniaxial
specimen.

SA. A. Golestaneh, The Shape-recovery Phenomenon in Shape-memory Alloys, with Particular

Reference to the NITINOL System--Review and Recommendations, Argonne National
Laboratory Special Report (August 1978).

13
See footnote 13 on page 5-3.

See footnote 8 on page 5-2.
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4. In an isothermal reaction, there is a temperature TC below which no SR
can occur, and in practice TC is not necessarily equal to the martensitlc transition
temperature TO, since TC increases with the app ied stress. However, for prcaent purposes we
may consider TC t To, and TO may be exp.essed - as

T v (MS + Mf + As + Af). (4)

In practice (Figure 2)) both To and T have spreads (± A To and ± A TC , respect.vely).
Because of the spread ATo, hiternaliriction, and motion of defects, the martensitic reaction
depends not only on T, a, and c, but also on time1 4 .

5. The latent heat of the 8' * 8 transformation, A Hola, is large,- than that of
I the Y' I transformation, A Hyl, . In fact, it is found 13 ,7 ,8 that the difference,

6(AH) = AHa'$ - AHy' , (5)

is responsible for the mechanical energy output of the SRP. From the evaluation of
the free energy for a closed SR cycle, in accordance with reacL'ions (3a) to (3c), the
factor a in the efficiency formula (1a) has been derived8 as

6 (AH)L= (A- A') A (6)

6. Finally, an important feature of the SM materials (partictila NITINOL
alloys) is that in the absence of residual strain and stress in these alloys, the M structure is
soft and pliable, whereas the P phase exhibits much greater elasticity and strength. 16 In
a uniaxial specimen, the SR strength is defined as&

(TH, TL, A ) =Or(Ta, r) -ao TL, a (T (7)

ISee footnote "13on page 5-3.
14

See footnote l4on page 5-4.

7See footnote 7 on page 5-2.

8 See footnote 8 on page 5-2.

16 The transient stress data are obtained as follows: (a) Strain the specimen, surrounded
by a water bath at temperature TL, to a fixed value; (b) change the water temperature
rapidly from TL to Tlwhiie keeping the specimen constrained under constant strain;
and (c) measure the stress change due to the change TH - TL.

-7 -
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Here ai is the stress required to proluce a strain ci in a long and thin specimen at temperature
Ta < TC, and ar is the stress that the specimen can support while recovering the strain er, at
temperature Ta> TC and A C = Cr - c. For a closed SR, Cr = = . From a series of

isothermal tensile tests such as those in Figure 5, we have deduced the E values shown in
Figure 6. We find that the Z data obtained in this way agree well with those obtained by the
so-called transient stress test shown in Figure 7 .(Reference 16).

B. SR FORCE AND EQUATION OF STATE

Many authors have used an equation of the Clausius-Clapeyron (CC) type to
express the SR strength in terms of the parameters T, a, and c . This is possible, but
only within certain temperature and strain ranges.17 This matter has been studied in detail

elsewhere; 8 the essential points are described briefly here. We first note that the energy
output of the SR in an element (or in an SS engine), denoted by W, is given as18

W(T, a-r AH + W (TL, C). (8)

Here apA H is given by Equation (Id). Figure 6 shows that for a closed SR
(i.e., = we can write

W$ (9)

W. =a.E (10)

(where we have neglected the small elastic strain energy terms). In this case the energy-
balance equation (9) gives

=)& H (TH , TC) fcr A < TH < Af. (la)

HI

if we assume or = 0 (zero SR), then Eq. (1 la) will have the form

.= 2A&H-a(TL, T ) for Mf < T M. ( lb)
01 C L C f- S -f

i

Both Eqs. (1 la) and (1 lb) are identical in form with the CC equations. At a given e, we find

that E z nd oi vary logarithmically or nearly linearly with respect to T, as shown, for instance,

16See footnote 16 on page 5-6.

17A more detailed comment on the work of Reference 9 is given by A. A. Golestaneh,
"Comments on the Thermal Efficiency of an Ideal Shape-Recovery Cycle," Scripta Met., V.: 14,
August, 1980, pp. 845-848.

See ootnote S on page 5-2.
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in Figure 8 where the zero point of the stress is taken to be Q(T TC) • Thus, it can be shown

experimentally that within a certain c and T range the CC equation is applicable; from

Equations (11) and (1c), we have

TH XH

FTL IXL I(2b
Tc

and

I x L I(120)

where XH = TH - T and XL = TL - TC. We note that the c and T ranges within

which Equations (1 to (12c) are valid depend on the nature of the SM alloy and

structural conditions, particularly the internal stresses. For instance, for annealed

binary alloys with TC between 30 and 500C, the above ranges are re 'P 0.015 to 0.035,

XH J 0 to 70, and XL r 0 to -l50C, as seen, for example, in Figure 8. Note that

the magnitudes of Z anJ oi also depend on the material structural condition, and may

change with, say, annealing of the specimen.

A few points about Equationb (11): First, significantly, if the material had a sharp

TC value, then Equation (I Ib) would have been acontinuation of Equation (11 a), as seen in

Figure 8. However, in practice there is a discontinuity between these equations in the range

2 A Tc. Second, Or appears rapidly (Figures 7 and 9) as the temperature of the specimen is

shifted from TL to TH, and Equation (I la) gives the peak value of Or - oi. The time required

to attain the peak value depends on the material composition, impurity content, and structural

condition. 14 The magnitude of E remains constant as long as TH is constant (Figure 9). E is

kept constant, the element absorbs A Hal$ from the HR. The difference between A Ha' and

AH, i.e., 6(A H), depends on or. Making use of Equations (8) to (12a), we find that

£ (A A') 6(AH) (13)

To obtain a correct result from Equation (13) for c = 0, we must take into account the elastic

strain energy terms that were neglected in Equations (9) and (10). This leads to

AE 2(A-A')6(AH)=- e e(Ce) + £O(£ ee) (14)

See footnote 4 on page 5-4.

5-8
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where A E is the change in the Young's modulus of the specimen during the
MP reaction, ce is the elastic strain energy, and

I for c < cee(ce - = 0 for c > C
ee

Another byproduct of our formalism is that by combining Equations (12a) and (1 la),
we obtain a quantity Z defined as

=aH c (I5a)TC -pXH

But according to Figure 8, Z is a linear function of XH; that is, we can write Z kXH in which
k is the slope of the line (EH, T) in Figure 8. Substituting this E expression into Equation (15a)
gives

AH ke

S =  - (15b)

which is valid only within the c range in which the CC equation is acceptable. In Reference 7,
the authors stated that Z is a constant. However, as we see from Equation (I 5b), Z is not a
constant, but depends on e.

C. FACTORS AFFECTING THE SR EFFICIENCY r!

The efficiency n depends on four factors: X = TH - TL, h, a, and X. In
an economical 5 engine, TH equals TCor and TL equals TC of. On the ott.er hand, the
maximum efficiency, rm, is found to be7

Xh (16)rmf T' TC + h

This expression indicates that in the temperature range of interest (XH 75 and

XL e - 15oC for our NITINOL alloy), nm is nearly independent of X TH - TL. Equation (16)
also shows, the explicit effect of TC on nm. Note that for X = 1, rIm is the Carnot
efficiency of an engine which works between twotemperaturesTC + h and TC. The influences
of the above parameters are discussed in more detail below.

7 See footnote 7 on page 5-2.
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1. The critical temperature TC: First we recall that the maximum
SR strength E corresponds to a case in which TH > TC and TL < TC, as can be

deduced from Figure 9. One can also conclude from Figure 9 that a cycihc SR
with TL > TC cannot have any energy output, particularly if TC has large
spread + ATC. These considerations and Equation ( la) indicate that for an effective use of
the SR strength, we must be able to prepare an SM material with a TC which has the smallest
possible spread, defined as 2 A TC = TC +- TC where the upper and lower limits are close to
the As and Af temperatures, respectively. It is known that TC and A TC depend on
the material composition, impurities, crystal defects, etc. In the case of binary NITINOL
alloys, TC is very sensitive to the alloy composition. Better control of TC can apparently be
obtained by introducing a small amount of a third element (Zr, Al, Cu, Fe, etc.) into the
NITINOL alloy. However, at the present time, little quantitative informatio,, exi ts on the
variation of TC with material composition and impurity content. As iar as the material
structure is concerned, we know that, for instance, in a thin wire specimen with a &iven grain
density, TC varies inversely with the wire diameter d (Figure 2). Figure 2 also shows that the
spread of TC increases with the wire diameter. This may be expected, since tihe degree of
structural uniformity is expected to increase as d is decreased. Another factor that
affects TC is residual stress: In practice, T increases with residual stresses which ran be
produced during the heat treatment or as actesult of incomplete martensitic t:ansformation.
This can be explained from the relationship

T TC ( + - ), (17)

which is obtained by combining Equations (10) and ( 1), and assuming Wi to be the energy
stored in the specimen as a result of internal stresses. Indeed, we have noticed that the TC of
the SM elements in the SS engine increases by a few degrees after a few thousand SR cyclic
operations. To remedy this, these elements must be anneaied occasionally in order to recover
their initial TC.

2. The characteristic temperature h: According to definition (lb), h
is the ratio of AH over c. Since c varies little, h and, in turn. Tim [Equation (15f
depend on A H. For the NITINOL alloy mentioned above, h ZF 200 C or A H 9 2 cal/g. Hence to
increase Ti9 it is desirable to find an SM alloy that has a larger h or A H value than the
currently available alloys. This conclusion agrees with the results of all previous studies
except Mohamed. 9 He has stated that the efficiency i increases if AH decreases. This
is in error because, if it were true, then AH = 0 should lead to maximum efficiency; this is
meaningless, however, since no transformation can occur if A H = 0. The reason for Motamed's
conclusion is that he overlooked the fact that the energy released by the SP is proportional
to A H, as shown at length in Reference 17.

3. The parameter X: As noted in Section III. B, expressions (10) to (12c) are
derived from the e and T ranges in which the CC equation is valid. For our NITINOL specimen,
in the temperature range XL = -l°5C to XH = 700C, Equation (12c) gives ) = 0.84. It is also
possible to evaluate X in terms of the SR strength: To do this, we use Equations (7) to (12c),
and write

Y- I
See footnote 9 on page -2.

1 7See footnote 17 on page 5-7.
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where y : orla. We now see that X depends to some degree on the mode of material
deformation,, For instance, according to Figure Ys tensile test data, In the tempe'ature range
of interest and c t 2 to 3%, we find y T 3.5; thus Equation (19) gives X = 0.6. On the other
'hr nd, for the same specimen in the bending mode (Figure 9) under the same e and T, we find y ,P
7, for which Equation (18) gives 'k $ 0.83 the same value obtained from Equation (12c). It is
difficult at this time to explain why y Is smaller for the SR in the tension mode than for that in
the bending mode. We are now in the process of verifying the.e results by refining the
experimental technique by which the stress and strain values are determined for the uniaxial
wire specirens. In any case, our Investigation indicates that in the above c and T
ranges, X cannot exceed 0.85. We note that in the previous work referred to, with the
exception of References 7 and 8, the authors have neglected the deformationi nergy WI,
Equation (Id), and therefore ) does not appear in their efficiency formulas.

IV. MAXIMUM EFFICIENCY OF THE SS ENGINE

For most practical purposes, the SS engine must work between an HR with temperature
TH '$ 50-00oC and a CR with TL f 20-24oC. Within this temperature range, the NITIN(.L
SM alloy should have a critical temperature

TC = (TL TH)1/2  (19)

as given in Reference 6, or TC = 1/2(TL + TH). If we assume the latter choice, the maximum
efficiency rrr, of the engine, according to Equation (16), depends on h, )', and TC. For
our NITINOL alloy, TC = 306 + 7 K and h - 20-24; using these data and the maximum ), value of
0.895 given above, Equation 316) gives rim = 5-7%. This is, however, an ideal value. For
TL % 297 K and TH= 360 K and our NITINOL alloy, Equations (1a) and (12) yield i t 4%. We
conclude that to increase flm, we would need a ternary NITINOL Cr other SM alloy
with h > 20-24oC. Of course, if such an alloy is found, its usefulness will depend on suchfactors as preparation cost, fatigue endurance, and corrosion resistance in hot water.

I

See footnote 7 on page 5-2.

8See footnote 8 on page 5-2.

6See footnote 6 on page 5-2.
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1001

5-

NITINOL WIRE
SAMPLES X 38001
I. 21 mil dia
2. 42 mil dio
3. 62 mil dio
4.83 mil die

1520 25 30 35 40
TEMPERATURE IN C

FIGURE 2 FRACTIONAL SHAPE-RECOVERY OBTAINED ISOTHERMALLY AT DIFFERENT
TEMPERATURES. THE X-INTERCEPTS OF THE CURVES INDICATE C AND TE.
THE UPPER AND LOWER LIMITS OF THE SR CRITICAL TEMPERATURE TCo
FOR WIRE SPECIMENS WITH DIFFERENT DIAMETERS.
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FIGURE 3 THE SCHEMATIC STRESSTEMPERATURE PHASE DIAGRAM FOR A BINARY
NITINOL SW ALLOY. THE DASHED CURVE DEFINES THE LIMIT BEYOND
WHICH THE SRP MAY NOT OCCUR.
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j ELEMENT E ENTERS THE HR.

COLD RESERVOIR,TL _ HOT RESERVOIR,TH
- - I -_'. .,- - -

] J I ___- -_

l (} L (2) (3) (4) 'i

ELEMENT E WITH THE STRUCTURE ENTERS THE CR.

FIGURE 4 SCHEMATIC REPRESENTATION OF THE M-O TRANSFORMATION UNDER AN APPLIED
STRESS, ACCORDING TO REACTIONS (3a) TO (3) OF THE TEXT. (1) ELEMENT IS
COMPRESSED BY A STRE$S o i AT TL; (2) AND 13), REACTION (3c) OCCURS AT TH ,
PRIOR TO THE SR; (4) THE TRANSFORMATION AND SR UNDER A RESISTANCE
STRESS or HAVE BEEN (OMPLETED.
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5, T 360 K

f=7%

4TH:363 K
E5.5%

0

-TH:365 K
f=:2%/

"2 W361K

I0o / TL:294 K

00 1 2 3 4 5 6 7 8 9

TIME, t (min)

FIGURE 7 TRANSIENT STRESS RESPONSE OF A STRAIGHT NITINOL WIRE SPECIMEN
(1 mm dix 56 mm) UNDER A CONSTANT STRAIN, SUBJECTED TO A
SUDDEN INCREASE IN TEMPERATURE.
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FIGURE 8 VARIATION OF L, EQ. (10), WITH ISOTHERMAL TEST TEMPERATURE FOR
FIXED Ci 2,5%. XL TL - TC AND XH TH - TC.
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FIGURE 9 TRANSIENT STRESS RESPONSES OF NITINOL WIRE SPECIMEN (1 mm dia x 56 mm)
TRAINED IN CURVED SHAPE WITH SPAN 66 mm AND HEIGHT 13 mm. FIGURES
ON EACH CURVE ARE TEMPERATURES TH AND TL AT WHICH THE SR STRESS WAS
MEASURED.
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THERMODYNAMICS OF SME-ENGINES

P. Wollants, M. De Bontet L.. Delaey and 3. R. Roos
(Depar.ment Metaalkunde, Katholieke Universiteit Leuven, Belgium)

ABSTRACT

Recently a number of papers discussed the possibility of using the shape memory effect
and two-way shape memory effect for direct conversion of heat into mechanical energy
through a work performing transformation cycle.I, 2 ,3 , 4,5, 6 v7 Some authors tried to
calculate the efficiency of this work performing cycle. However, the results published
were very divergent and even contradictory and consequently caused some serious
misunderstandings. The literature highly overestimated many efficiency values due to the
selection of wrong thermodynamic data and to the violation of some basic

thermodynamic principles. A rigourous thermodynamical treatment of the stress-
induced martenkitic transformation in a single crystal has been published by P.
Wollants, et al., The results of this analysis are extremely important for any calculation
concerning efficiency or power capacity of a solid state engine. Therefore, this paper
summarizes the most important conclusions of this analysis. Next a work performing cycle of

a CuZnAI single crystal is described, and finally efficiency values reported in the literature
are discussed and corrected.
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1. A THERMOIDYANIC ANALYSIS OF THE STRgSS-INDUCED MARTENSITIC
TRANSFORMATION IN A SINGLE CRYSTALG

For describing the thermodynamic behavior of the stress-free crystal and the crystal
under stress, the fo!lowing important thermodynamic state functions are defined:

Stress .free crystal Crystal under stress

H=U+PV (1) H*=U +PV -FL (1)

G=H-TS (2) G*zH--TS (2)'

From thermodynamic standpoint both the stress-free and the stressed crystal may be
considered at closed systems, for which the fundamental equations are expressed as the total
derivatives of their independent thermodynamic variables P and T, and P, F, and T,
respectively.

dG = VdP - SdT (3) I dG* = VdP - LdF - SdT (3)

It follows that the important partial derivatives of the characteristic functions G and G*
with respect to their independent variables are:

- S (4) ( 4) (4)'
a T'p = a T 4 @Gz. P,F

(5) = V (-L (5)('T G  =V() F"p,T

Fig. I represents these ielations.

From the fundamental equations (3) and (3) ' we obtain immediately the conditions for
thermodynamic equilibrium:

dGT,P = 0 (6) I dG,PF 0 (6)

For an isobaric change of state of the stress-free crystal, the heat exchange AQ (o)
equals the enthalpy change A H; and in the same way for an isoforce-isobaric change of state
of the crystal under stress the heat exchange A Q (F) equals A H*, the change of the sta'e
function H*

AH = AQ (o) (7) I AH* z AQ (F) (7)

B etween A H and A H* there exists thus the important relation

AH* = AH- F AL (8)

8See footnote 8 on page 6-1.
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which explains the work performing capacity associated with the martensitic transformation in
a crystal under stressed conditions. The variation of A H* with thermodynamic equilibrium
(this means changing F and T to maintain thermodynamic equilibrium, P being kept constant) is
given by the equation:

d (AH*) A H*
--- A- : CF +  (9)

dT F

If the value of -- is much larger than the value of AC F t follows from equation (9) that

&H*
To (F constant (10)

From the equilibrium criteria (6) and (6)' the most important Clausius-Clapeyron and
Clausius-Clapeyron-like relations are deduced:

dP AH dF AlIH*~To(o)AV (II) I ?!" ('l) '

or 1A- F .!1L
(1)T (F).AL

which relate the values of P and T and F and T at thermodynamic equilibrium.

If (10) remains valid over a wider range of temperatures and forces, integration (if
equation ( 1)' becomes very simple:

F = const. AT (k 2)

It must be emphasized that in equation (II)' "F is written instead of "P" and
"A " instead of "A V", and that the minus sign appears. The reason is that the partial

derivative of the characteristic function "G" of the unstretched crystal . G V, has the

opposite sign of the analogous derivative of the characteristic function "G*" of the stretched

crystal: a T - L. Also, "AV" for thermo-elastic martensites is much smaller than theaP T
transforma aon elongation "AL" due to the formation of stress-induced thermo-elastic
martensite. Therefore the influence of hydrostatic pressure on the shift in equilibrium
temperature will be much smaller than the influence of an uniaxially applied force.

Fig. 2 illustrates schematically, the Clapeyron-like relation, approaching the G* - T
curves by straight lines. This implies that the transformation entropy remains constant in
the interval of temperature under consideration. Further, if equation (10) is correct, it
follows that G* - T and the G - T lines are parallel to each other. Equation (11) '
suggests A H* P+M can be calculated if the F-T relationship and, the transformation
elongation AL are known (e.g. from tensile experiments). It also follows that a linear F-T
relation--which is usually reported--implies a linear a H* - To (F) relation, since A L is con-
stant at first approximation. But since in that case A H*/To (F) is constant, A S also must be
constant.
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2. A THERMODYNAMIC ANALYSIS OF A WORK PERFORMING CYCLE ASSOCIATED
WITH THE MARTENSITIC TRANSFORMATION

Based on the results of the thermodynamic analysis of the stress-induced martensitic
transformation in a single crystal8 , a work performing cycle of this single crystal has been
analysed thermodynamically. 9 A correct formula for the theoretical attainable efficiency
"r" of this energy conversion system is deduced. The cycle is represented in a TS-diagram.
Assuming some justified approximations, both the efficiency formula and the TS-diagram are
converted into a convenient form.

Let us assume we have at our disposal a rod shaped single crystal showing the shape
memory effects, and trained under compression and tension, such that the shorter shape can be
associated with the martensitic phase and the longer one with the parent phase. We will
describe now the work performing cycle of this crystal between the lower transformation
temperatures Mf(o) and Ms(o) and the transformation temperatures at high stress level
As (a) and Af (a).

In "state " the crystal is stress-free at a temperature Mf (o), which is the temperature
at which the P+M transformation of the unstressed crystal is completed. At this temperature
the crystal is reversibly stressed until a compressive stress level a is reached. This is "state 2"
of the crystal. From the temperature Mf (o) the crystal is now reversibly heated at constant
external stress until at the temperature As (a) "state 3" is reached.

As (a) is the temperature at which the M+P transformation starts when the crystal is
under stress a. The transformation is completed at Af (a), reaching "state 4." Next the crystal
is reversibly unloaded at constant temperature, so "state 5" is realised. The stress-free
crystal is then cooled reversibly from Af (a) to Ms (o) ("state 6"), and finally at the tempera-
ture Ms (o) the stress-free P.M transformation starts, and is completed at Mf (o). The crystal
is now back in its initial "state 1 ." The cycle is closed and may be rmpeated.

The results of a rigourous thermodynamic analysis of this work-performing cyclic
process are presented in Table 1, where, for the successive changes of state of the
crystal (1-2; 2+3; 3+4; 4+5; 6+l), the respective changes in T, a, and L of the crystal are given,
as well as the work exchanges, heat exchanges, and changes in entropy involved.

By means of the information in Table 1, various diagrams such as a a-T diagram,
a o-L diagram, a L-T diagram, a a-T-L diagram and a T-S diagram are easily constructed. As
an example, in Fig. 3 a T-S diagram is drawn in a qualitative way.

Concerning Table I the work performing cycle can be simplified substantially by
introducing some justified approximations.
(1) First of all, the elastic deformation work during isothermal loading is approximately

identical to the wok performed during reversible isothermal unloading:

8 See footriote 8 on page 6-1.

9Wollants, P.; De Bonte, M.; Delaey, L.; and Roos, J. R., accepted for publication in Zeitschr.
Metallkde.
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Therefore, concerning the closed cycle, there is no net to work
performance due to the elastic loading and unloading of the crystal. Even
when ceM 4 Ce a then still ce M -c 0 is much smaller than Etr so that no significant

error is introduced by neglecting these work terms.

(2) It can be shown that the entropy effects due to isothermal elastic loading and unloading
of the crystal are negligibly small. 9

(3) For a single crystaI in which one martensitic varient is stress-induced, Mf (o) and
Ms (o) are nearly identical. The same holds for As (o) and Af (o). This is confirmed by
experiments of Salzbrenner and Cohen 10 on a CuAINi single crystal and by tensile tests
of Van Humbeeck 1 I on a Cu-25,33 at % Zn - 9,11 at % Al single crystal (Fig. 4).

Especially in the last case, the hysteresis between Ms (a) and Mf (a) was remarkably
small. If, however, no hysteresis effects are considered, then Mf (o), Ms (o), As (o) should
coincide. In this case the martensitic transformation is completely described by the
chemical equilibrium temperatures To (o) and To (a).

(4) Concerning the heat capacity C0 (or CF) it can be shown that it is almost identical
to C (heat capacity of constant pressure) and that its value is extremely insensitive to
evqg large variations in F. 9 So we can replace "C0" by "Cp". Further we suppose
Co IVto le nearly identical to C P, which is--in view of the usually reported
linear a-T relationship-a good approximation.1

As a good approximation, Cp can be regarded to be independent of temperature in the T-
interval under consideration, if To (o) is >> T-Debye. If this is not so, Cp can be replaced
by Cp, the mean specific heat for the T-interval.

Taking into account all these approximations, the thermodynamic analysis of the cyclic
process leads to much simpler results (Table 2).

Defining the efficiency of this cyclic process as the ratio of work output to heat added
from the hot reservoir, Table 2 immediately leads us to the following expressions:

W -FAL
S= . x 100% )

Cp .ATo = AHTop To (a)

9 See footnote 9 on page 6-4.

10Salzbrenner, R. 3., and Cohen, M. submitted to Acta Met.

"Van Humbeeck, 3.; Delaey, L.; and Deruyttere, A., Z. Metallkde 69 (1978) 575.

ISee footnote I on page 6 -1.

6-5

:1 .. -i

! . . . . , ....



t

NSWC MP 79-441
which is identical to:

AHTo(o) x A Ton - . x 100% (14)
To(o)[ . ATo + AHTo,) I

since

AH =AH-FAL(seeEq. 8)

and

TH A H (see Eq. 10).

3. THE WORK PERFORMING CYCLE OF A CuZnAl SINGLE CRYSTAL' 2

We calculate a work performing cycle for a single crystal of a Cu-25, 33 Zn - 9,11 AI (at
%) alloy. The necessary data are in Table 3 and Fig. 7.

For To (o) = 206 K, work, power, and efficiency have been calculated. Fig. 6 and 7 show

the results as a function of A To. Efficiencies are also calculated (Fig. 7) for To (o) values of
100 K, 300 K, and 400 K (for the lower temperatures, corrections for Cp have been made).

p1

From Fig. 5 it follows that only for a cold reservoir at about 100°K efficiencies of 10 to
11% may be realised. For To (o) temperatures in the vicinity of room temperature, maximum
efficiencies of 3 to 4% are to be expected.

The TS-diagram is constructqd, u ng the A S-expressioos in Table 2. To (o) is 206 K and
the C value used is 5.7 cal. mole-' K'"123.85 J. mole-I K-1. Fig. 8 represents the result.

p
4. DISCUSSION

From the foregoing calculations it is obvious that the theoretical maxmum efficiency of

this work-performing cycle of this CuZnAl-single crystal with the low emperature reservoir
at about room temperature is 3 to 4%. Other authors, however, have reported efficiency
values up to 20% (and even higher). A thorough investigation of their published results
revealed:

-- that A Q(o) has always been used instead of A Q(u)

that many times wrong thermodynamic data have been selected

and that some basic thermodynamic principles have been violated.

12 Wollants, P.; De Bonte, M. Delaey, L.; and Roos, 3. R., accepted for publication in Zeitschr.
Metallkde.
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Let us first consider the formula arrived at by Tong and Wayman 1
.

ATo in(I+e)
,V (ApToC (15)

The same AQ has been used both in the numerator and the denominator. In a reply to the
remark of Delaey and Delepeleire 4 that 4Q (o) and AQ (a) should be different in order to

obtain any work at all, Tong and Wayman' nevertheless affirmed that A Q (o) and A Q (o) should
be equal, except for a correction factor which could be neglected. The statement, however, is
based on a wrong interpre'tation of Kirchoff's equation:

AQ )= AQ (o) +ITO (o) ACp. dT (16)
To (o)

This equation should be used only for constant pressure processes in the

absence of any external load. If AC is much smaller than A H* th t

To) isarelation AQ (a) AQ (o)%o- i valid. Since AQ (a) -4Q (o) = -F. AL it is evident that there
would be no work performance at all it AQ (o) and &Q (a) were equal.

Por a AgCd alloy Tong and Waymani further estimate Cp to bI 4 cal mole- 1 K- 1. This
value is far too low. A reasonable value for C can be obtained from the Neumann-Kopp rule
which states that Cp (allov'-iENiC i. Using this rule we calculated for Ct (alloy) in the T-
interval 1100 K - A!V0"K value ofabout 5.46 cal. mole-' K- 1, selecting p - values for Ag
and Cd from HWtgren. I

If Tong and Wayman had used Cp = 5.46 cal. mole - I K- and AQ (A) = AQ (o)To (a) = 200

cal. mole-I instead of AQ (o) = 100 cal. mole - 1, they would have found an efficiency value of
about 12.8%. This value is still high, but the reason herefore is their extremely low
To (o) value. One can see from Fig. 7 that for To (o) = 100 K we found approximately the same
efficiency value.

See footnote I on page 6- 1.

4 See footnote 4 on page 6-1.

See footnote 5 on page 6-1.

13Hultgren, R.; Desai, P. D.; Hawkins, D. T.; Gleiser, M.; Kelley, K. K.; and Wacman, P. D.,
Selected Values of the Thermodynamic Properties of the Elements, American Society for
Metals (1973).
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Ahlers2 calculated the efficiency of a work delivering cycle performed by a Cu-36 at %
Zn - 1.75 at % A l single crystal using the equation:

YM (A(T 2 - T1 )- &t)rl= C(T - T + H x 100 (17)

and found a value of 4.1% with Y&I = 0.17; dT/dT 0.096 kg mm " 2 K-1, A= 0.5 kg mm - 2 , C = 6
cal mole- ! K-'; AH = 4.45 kg mm 2 Ms (o) = 273 K and ATo = 100 K. Taking into account the
F-T dependence of A H, Ahlers would have arrived at 3.9 5%. Ahlers' result agrees well with
our calculations. Wayman and Tong 3 how'!ver claim that this low value is only due to the use
of unfavourable thermodynamic data. Cootsequently they recalculated nl with another set of--
according to them--more accurate values. First of all they "select" for Ms (o) 193 K and put

4 cal mole-I K-1, arguing as follows: ... Since the Ms temperature is probably 100 K below
the Debyettemperature for the CuZnA'' alloy it is reasonable to take: C = Cp = 2/3 x 6 cal
tinale-L K-' ... ." We prefer to estimate Cn with the Neumann-Kopp rule mentioned above.
Taking CP values for Cu, Zn, and A1 from ifultgren 13, we arrive at a (p value for TI 193 K
293K K I of 5.72 cal mole-' K- 1 .

Furthermore, Ahlers uses the product of sheAr stress and shear strain to calculate the
work performed durint the transformation. As a matter of fact the contribution 9f the normal
to the habit plane is much less and can generally be neglected. Wayman and Tong claim that
the value of dr/dT used by Ahlers is far too small. They derive a value for dr/dT from a figure
published by Pops and Ridley. " 4

This figure, however, shows a a-T relationship and not a T-T relationship. In so doing,
Wayman and Tong combine a shear strain with a uniaxial tensile stress, which is, of course,
much higher than the resolved shear stress in the habit plane. Therefore, the efficiency value
as calculated by Wayman and Tong (21.3%) is wrong, a better estimate being the one by Ahlers.
The same remarks apply to their calculations made for a CuAINi alloy.3

The "Carnot Efficiency of the Marmem Engine" as introduced by Cunningham and
Ashbee: 7

Mf(0*o) di (8
in = I - d f(18)t

Af(G=o) + max--

Sefootnote 2 on page 6-1.

3See footnote 3 on page 6-1.

13 See footnote 13 on page 6-7.

14 Pops, H., and Ridley, M., Met. Trans. 1 (1970) 2653.

7 See footnote 7 on page 6-1.
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is not a good indication for the true maximum attainable efficiency of the Marmem
Engine, since it does not take into account the heat capacity of the system. The high

dAf
"max -- - values of B-brass and NiTi alloys may indicate the fact that the work.output will

be large. Anyhow, the conclusion of the authors that efficiencies higher than 10t (i.e. at least
half of the Carnot efficiency is realised as useful work) are obtained is not justified by their
arguments.

The work performing cycle as proposed by 3ohnson is shown in a a-c diagram (Fig. 9a) and
in a T-S diagram (Fig. 9b). From state A to state B, the material undergoes a sudden adiabatic
contraction followed by an approach to thermal equilibrium at temperature TH. According I
to Johnson6 the entropy effect involved is positive and larger than the entropy effect due to
cooling and transformation. We showed that the entropy change due to isobaric isothermal
stretching of the wire is given by

QL F2

AS = LoF + 2E A (19)

So, if the wire snaps back isothermally, the entropy change is the negative of this value.
Therefore point B on Fig. 9b should be on the left side of point A. The absolute value of the
entropy chanfe involved, according to formula (19) is of the order of magnitude of 0.1
3. mole-1 . K- . From B to C the wire cools down and simultaneously transforms to the
martensitic phase. Both the entropy elfects involved--first a decrease in entropy due to the
isostress cooling of the wire, and second a decrease in entropy due to the parent to
martensite transformation--are a few orders of magnitude larger than the entropy change
involved in step A.B. 9 Steps C.D, and D...A must be treated in an analogous way as steps
MAB and C-D, respectively. It is now evident that the T-S diagram proposed by 3ohnson is not
correct. Fig. 9c presents a correct T-S diagram. Points A and B are very c!ose to one another.
At B the wire starts cooling and at B1 the parent to martensite transformation is initiated. At
C thT transformation stops and from C to D the material is loaded again isothermally. From D
to D' the wire is heated. At D the martensite to parent transformatlon starts and is
completed at A. Johnson's 6 efficiency formula

(AQAB" AQBB, - AQCD - AQDD )  
(20 I

- AB - AOBB,

apart from being based on a faulty T-S diagram is also wrong. The heat effects AQAB'.... are
associated with the adiabatic (un)loading of the wire. So thjs formula does not take into
account the latent heat of transformation. It has been showng 99 that precisely the
difference between the latent heat of the stress-free transformation and the latent heat of the

S See footnote 6 on page 6-1.

See footnote 9 on page 6-4.

8 See footnote 8 on page6-1.
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transformation under stressed conditions is mainly responsible for the work performance.
Further the heat capacity of the system is also neglected.

Cory and Mc Nichols'1 claim that the efficiency of heat engines for low-grade thermal
energy conversion is critically dependent on thermodynamic cycle selection. They select
three cycles for discussion: a "TA-cycle," consisting of two isotherms and two
adiabatsia "T -cycle," consistin _ of two iso herms and two paths of constant length
diand a " 'F-cycle," consisting of two paths of constant force and two paths of constant length.

For each of these cycles, the efficiency is calculated for various temperature differences,
and compared to the Carnot efficiercy. For the TA-cycle they calculate a l/rIc value of
80%. However, since AT in this case is limited to 25 K (with the lower temperature

at P 300 K), true efficiency is restricted to 32j 2 -00 x 80't b.2 %. For the "TI-cycle" and the

"Fl-cycle," lower rl/nc ratios are found, but since in these cases AT can be made larger, true
efficiencies still range from 5..to..3%. The authors' remark that "... With a 150 degree
temperature difference between the heat source and sink, and an engine efficiency of 80
percent of Carnot, the net efficiency of 25 percent is comparable .... " is in straight
contradiction to their own calculations, since 80 percent of Carnot is only realised for
the "TA-cycle," and for this cycle AT is restricted to about 25 K (if such a cycle can be
reafised at all, considering the two adiabats involved).

Golestaneh 1 6 discusses the efficiency of a solid state engine made from NITINOL
memory material. He defines the thermal energy per cycle which can be converted to
mechanical energy as

W = aMAH -WD (21)

where W D is the energy required for producing m mass of the martensitic structure by a
deformation process at To; a is the fraction M.P transformation; and A H is the latent heat of
transformation. This expression assumes the latent heat of transformation may be
entirely converted to mechanical energy if a = I (M-P transformation complete) and
Wp 0 0 (low stress-level at zero stress). We have shown this is not true at
al[. Golestaneh further defines WD = OL' O m A H and (l-a') = 0. It follows that

W = a B m A H. This expression is substituted in r=, where Qa =m CMdT +z m A H + HaTo

T (dT. Taking Cp = CM = C; h = C-I AH and x = Ta - To Golestaneh arrives

at

at= 3ah 1x+-h 1 _ (22)

15 Cory, 3. S., and Mc Nichols, 3. L., IECEC '78 Record.

16Golestaneh, A.A., 3. Appl. Phys. 49 (3), 1978.

8 See footnote 8 on page 6-1.
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for the efficiency of the solid state engine. However, since the definition of W is wrong, this
formula cannot be correct, and all further arguing of Golestaneh about relations and
restrictions between the parameters o, 0. X...is rather irrelevant. Due to the use of an
incorrect formula for in, the estimated efficiencies of 12 to 20% are again largely exaggerated.

Based on measurements on a Ni 55 Ti 45 wire, Baumgartl 7 has calculated a maximum
efficiercy of about 1.5% if only the latent heat of transformation is added. This value seems
very low, but the author says it only roughly estimates a realistic order of magnitude.

From the foregoing discussion it appears that very high efficiencies (.r 20%) for the work
delivering cycle of an SME-engine are to be excluded. Maximum energy conversion
efficiencies for completely transforming single crystals, with the low temperature reservoir at
about room temperature, of 4 to 5% are to be expected.

If a heat source is available at a very low cost, this low efficiency may not be
objectionable if the generated power per unit mass of working substance is high enough. Table
4 collects both calculated and experimentally determined power-v-lues. Experimentally
determined values are at least an order of magnitude lower than the theoretically calculated
vaiues.

CONCLUSIONS

1. Based on a rigourous thermodynamical treatment of the stress-induced martensitic
transformation in a single crystal, it has been shown that

- the condition for thermodynamic equilibrium at constant T, P, and F of the stretched
crystal is the minimization of the characteristic function G*= U + PV - FL - TS;

- the Clausius-Clapeyron-like equation which describes the influence of F (or a) and T on
the transition temperature To (F) is:

dF - AH
STo(F). AL

-- and the difference between A H* (a) (- A Q(o)) and .AT i(o) (E AQ(o)) equals the work
performance during the reverse transformation.

2. A work performing cycle for a CuZnAI single crystal has been analysed
thermodynamically. A correct efficiency formula has been derived and a convenient TS-
diagram constructed.

3. With the temperature of the cold reservoir at about 300 K, maximum theoretical
efficiencies (i) of 3 to 4% are to be expected. Increasing A To above 30 or 400 K does not
influence n markedly, but the power generated increases almost linearly as a function of T.

4. The available literature concerning TS-diagrams, n and power of the solid state engine is
very confusing, contradictory, and often erroneous. The construction of faulty TS-diagrams
and the selection of incorrect the'modynamic data have been responsible for the appearance in
the literature of too many highly overestimated efficiency values.

17 Baumgart, F., Jorde, 3; and Reiss, H. G., Tuchn. Mitt. Krupp 34 (1976) 1.
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5. Concerning powe onrtion of the solid state engine, theoretical maximumn values of
the order of magnitude o 1.3 att kg-1 are found. Reported values of true existing machines

aemuch lower: 130 Watt kg- , 9 Watt kg , 2.85 Watt kg1 and 0.5 Watt kg- . If one wants
to use the solid state engine for conversion olwgrade thermal energy to mehaIa energy,
values of at least 10' Watt k4 should be realised.

6. Direct applications can rather be found where power generation is not the principal aim.
One might think of special devices such as regulation systems, tube fittings ... where a small
but controllable work output is needed or generation of T-controlled stresses is required.
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FIGURE 1 SCHEMATIC REPRESENTATION OF THE PARTIAL DERIVATIVES OF THEF CHARACTERISTIC FUNCTIONS 0 AND G*.

IIla

FIGURE 2 THREE.OIMENSlONAL SCHEMATIC REPRESENTATION OF ThE CLAPEYROtd-

LIKE RELATION: dFidT - (ASIAL)P*M.
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FIGURE 3 SCHEMATIC REPRESENTATION IN A TS-DIAGRAM OF THE WORK PERFORMING

CYCLE OF A SINGLE CRYSTALI
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FIGURE 4 TYPICAL TENNILE CURVE FOR A Cu - 2533AT %Zn- 9. 11AT Al 51f3l.E
CRYSTAL AS DETERMINED BY VAN HUMSEECK"s.
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FIGURE 5 SCHEMATIC REPRESENTATION OF THE a-T RELATIONSHIPS AS DERIVED

FROM A NUMBER OF TENSLE TVESTS AT DIFFERENT TEST TEMPERATURES&F
AT THE ZERO STRESS AXIS,* THE EXTRAPOLATED Mf~o). K3(c4. Allo) AND
Aq~o) VALUES ARE FOUND.
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FIGURE 6 WORK PER CYCLE AND POWER (FOR VARIOUS CYCLE SPEEDS) OF THE
CuZnAI SINGLE CRYSTAL AS A PUNCT"W OF Alo fTnol - 206 K).
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FIGURE 6 SIMPLIFIED QUANTITATIVE TS.OAGRAM FOR THlE WORK PIERFORMiNG

r CYCLE AS DESCRIBED IN THIS PAPER.
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Table 3: Data for the calculation of the work performing
cycle of a CuZuAl single crystal.

Alloy composition Cu-25,33 Zn - 9,11 Al (at %)

calculated molecular 60,67 mole (1 kg 16,48 mole)weight

calculated density 7,007 kg. dm-3

P4M 7'-M-T relation aPM - 2,5 T - 513 HPa

S (Fig. 4 and 5)

S 2,5 MPa . K

extrapolated stress- Mf (o) -203 K; A (o) = 205,2K 4

free transformation
temperatures (Fig. 5) A (o) = 206,5 K; Af (o) = 210,4 K

If

thermodynamic A (o) + M8 (o)

equilibrium tempera- TO (o) 2 21
ture

transformation e = 0,065 %
elongation Cr

AHT (0) as calculated0 289,83 J. mole -

from Eq. (11)'

ART (6)

work per cycle W = T () AT0

power P - W x n (n cycles . sec

AHr (o) x AT°
effiziency Y 0 x 10,

T (o) AT + W o (a)
0 p 0 (
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Table 4: Measured and estisated values of the power generated
by 8)3 engines.

-1 cycles
se. kgaterial ref.

2,85 0,05 CuZnA1 measured Neys (20)

O0s5 NITINOL measured Cunninghamf (7)

9 1 ... 1j3 NITINOL meaured Banks (19)

130 ?NITIN0L measured Johnson (6)

1000 1NITINOL estimates Johnson (6)

2000 ?NITINOL of the ma- Cory (10)

1000 0,5 CuZnA1 ximal ob- thi s w,, rk

tainabl e

work
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THERMOMECHANICAL BEHAVIOR OF NITINOL

Dr. 3. S. Cory
Cory Laboratories

Escondido, CA
iI

Two hundred fifty years experience with heat engines has taught engineers the
importance of a state equation or state relation for the thermodynamic working material. The
state relation is used in engirse design, for example, to predict the design forces on an
automobile piston and bearings, and the number and size of cylinders required for a given
horsepower. A thermodynamic state re!ation, like PV = nRT, is also used to optimize and
invent new and better heat engines, such as the diesel, the jet engine, and turbines. The entire
engineering history of heat engines has been solidly based on a quantitative understanding of
the relationship between the temperature of the working fluid, and the force and volume of
that fluid.

The importance of a state equation was widely recognized in the 60's by the early
workers in NITINOL. Many measurements were made of stress versus strain as a function of
temperature. State equations were proposed which were analogous to conventional, multiphase
thermodynamic working fluids, such as water. These measurements and equations were vey
useful for initial surveys of the potential of NITINOL Heat Engines (NHEs) but broke Jowr,
completely when applied to operating engines. Also, the experimental results were not
repeatable. At a given temperature and length, for example, at one time a force of one
newton would be measured and then later, with the same wire, a force of ten newtons would be
measured. These measurements and state equations were completely inadequate for engine
design. A wide gap opened between the analytical and hardware engineers.

To close this gap, an exhaustive set of experimental measurements was initiated to find
an empirical state relation between the temperature, length, and force on a NITINOL element.
This empirical state relation was to accurately describe all possible NITINOL behavior,
including stress-strain measurements, engine behavior reported in the literature, and the
results of the ad hoc experiments.

In this experimental program, the first breakthrough occurred when it was realized that

(Fig. 1) all obsecved thermodynamic states and all observed thermodynamic paths occupied a
* bounded volume in state space. This behavior is in sharp contrast with conventional
*thermodynamics, where all possible states occupy a surface, not a volume in Force-Length-

Temperature (FLT) space. This fundamental difference accounts for the confusion and
inaccuracies of the early measurements and state equations: at a single value of temperature
and length, for example, the force on a conventional material would be uniquely determined,
but the force on a NITINOL element could range from 0 to 50 newtons, depending on its
location within the bounded volume.

As usual, the reason for this phenomenon later became obvious: NITINOL is a lossy
material in contrast with even the most complex, multiphase, multicomponent gas or liquid,

here phase and concentration changes are almost exactly reversible. Non-equilibrium

7-1

trn


