Presented at the 3rd Annual Solar Heating LBL-8348
and Cooling R&ED Comntractors’ Meeting, | C-
Washington, D.C., September 24-27, 1978.

N N e

TWO-WEEK LOAN COpy |

This is a Library C irculating Copy

which may be borrowed for two weeks. /

For a personal retention copy, call /
_Tech. Info. Division, Ext. 6782 )

Nitinol Engine Development

N '@ Michael Wablig, Ridgway Banks,
Richard Kopa and Hani Mohamed

September 1978

C . . . .
©Berkeley Laboratory University of California/Berkeley
Prepared for the U.S. Department of Energy under Contract No. W-7405-ENG-48

8Y¢8-14d1



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the Depart-
ment of Energy, nor any of their employees, nor any of their con-
tractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, compieteness or usefulness of any information, appa-
ratus, product or process disclosed, or represents that its use wouid
not infringe privateiy owned rights.




". NITINOL ENGINE DEVELOPMENT*

- LAWRENCE BERKELEY LABORATCRY

Contract. Number
W-7405~ENG-48

Michael Wahlig, Ridgway Banks, Richard Kopa, Hani Mohamed

OCTOBER 1977 - SEPTEMBER 1978

OBJECTIVE

The objective of this project is to determine
the feasibility of applying the shape-memory effect
in certain interTetallic compounds (particularly
"55-Nitinol") (l to the conversion of low tempera-
ture.heat energy to mechanical work by means of solid
state heat engines. A primary milestone is the de-
velopment of a prototype Nitinol engine on a scale
suitable for powering a moderate-sized residential
alr conditioner with solar-heated hot water,

CONCEPT

It was readily established at the outset of this
project that Nitinol wire could be used as the working
element in a thermodynamic stress-strain cycle opera-
ting between hot and cold temperature baths to gener-
ate net work output. The essence of this project is
to determine whether this phenomenon is merely a lab-
oratory curiosity or whether it can be used in fact
as the basis for production of practical working en-
gines.

The basis for using Nitinol as a working medium
of a heat engine originates in a "martensitic" phase
transformation that gives rise to a mechanical shape
memory effect. In order to use Nitinol to its best
advantage, it 1s important to have a basic understand-
-—ing of its properties and the mechanisms involved rel-
ative to the following performance criteria:

(1) Thermodynamic conversion efficiency;
(2) Work output per unit mass;
(3) Fatigue life.

Accordingly, the main thrust of the LBL effort
has been directed toward determining, through theoreti-
cal and experimental investigations, whether Nitinol
heat engines have the potential for achieving a cost
of power production that is competitive with existing
technologies that utilize small temperature differeuces
{suck as tkine cycle turbines) at relatively low

temperatures

SUMMARY

Qperational test}ng of the original LBL prototype
Nitinol heat engine(2 established that Nitinol work-
ing elements can withstand, at relatively low levels of
stress and strain, continuous cycling on the order of
tens of millions of cycles without observable deterior-
ation in the shape-memory effect. Subsequent tests
using more efficient engine designs indicated that the
cost of the Nitinol elements would not be the dominant
factor limiting development of practical heat engines,
and revealed some of the sensitive parameters of an
engine cycle using a polycrystalline solid as the work-
ing medium.

and experimental quantitative determinations of thermo-
dynamic conversion efficiency, within the constraints
of practical values of work output per cycle and fati-
gue lifetime. A key piece of experimental apparatus-—-
an electronically controlled cycle simulator -- has
been developed to carry out systematic measurements of
work output and conversion efficilency.

TECHNICAL, ACCOMPLISHMENTS

Recent work has concentrated on theoretical

‘e An electronically controlled cycle simulator has
been designed and constructed to facilitate the
testing of Nitinol wire elements subjected to spe-
cific stress—strain-temperature cycles. This cycle
simulator, which is shown in Fig. 1, can be prepro-
grammed to execute several types of thermodynamic
cycles, such as isothermal, "stress limited", etc.
Test parameters, which can be varied singly or in
combination, include stress levels, stress rates,
percent of elongation of the wire, temperature lev-
els, heating and cooling rates, cycling speeds, etc.
Efficiency values and work output as a function of
these parameters will serve for the identification
of the most useful thermodynamic cycle.

o The isothermal engine cycle, the one most commonly
used in various Nitinol heat engines, has been
studied in some detail on theé cycle simulator. Re-
peatable performance-data-have-been-obtained-over—
the range of test parameters investigated., Effi-
ciency data were obtained for two ways of heating
the Nitinol wire: a) by submerging the wire into
hot liquid, and b) by passing a pulse of electric
current through the wire., Analysis of these data
is proceeding.

e A "stress limited" cycle is also being {nvesti-

gated. The advantage of this type of cvcla is that
the wire element can be subjected to lower neak
stresces and highar elongations than ip the igo-
thermal cycle, and theyefore a longer life »~f the

wire may result,

o Mechanical properties of the material, particularly
recovery stresses developed on heating, yield
strengths, and their dependence on effects of cy-
cling and previous heat-treatment, have been meas-
ured.

8 A relationship has been developed which allows pre-
diction of the recovery stresses as a function of
temperature and strain given a certain set of ex-
perimentally measurable properties, A comparison
between predicted and measured properties has been
initiated. ’
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e The thermal conversion efficiency has been studied
with reference to an i1deal cycle and a relationghip
has been developed that glves the efficlency as
a function of a certain set of experimentally
measurable materials properties,

e Transformation temperatures and their functional
dependence on external strees, cycling, and pre-
vious heat-treatment have been measured.

o A determination of the effect of strain-temper-
ature cycling on the microstructural features, on
the fine scale of transmission electron micro-
scopy, has been initiated.

6 A method has been devised to determine the equil-
ibrium transitlon temperature from the experi-
mentally measured effective transformation temp-
eratures.

i® The latent heat of the transformation, which con—~
stitutes part of the heat input, has been deter-—
mined from the observed rate of change of the
transformation temperatures, using a modified
Clausius-Clapeyron equation.

FUTURE ACTIVITIES

- Contract Activities. The current contract has
essentially ended at this time. The analysis of
the efficiency and work output measurements taken
to date with the cycle simulator will be completed
and an attempt will be made to reconcile any dis-
crepancies between the experimentally measured and
theoretically predicted cycle performance.

Post-Contract Activities, Assuming continued sup-
port by other DOE Divisions, the experimental and
theoretical program will proceed to determine prac-
tical limits of work output, conversion efficiency
and wire lifetime using diverse types of thermody-
namic cyeles. 1In addition, experimental measure-~
ments will be made using new samples of Nitinol
wires being fabricated under controlled conditions
by the Naval Surface Weapons Center, A set of
realistically achievable performance goals will be
established using the results of these cycle meas—
urements and our Independently determined basic
Nitinol materials properties. This will allow a
realistic determination of the commercial potential
for Nitinol engines, and those applications that
are most appropriate for this technology.
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Fig. 1 Cycle simulator experimental system.

A test sample of Nitdnol wire N is stretched hetween
arm A]’ axially sliding on a rotating shaft, and arm
Ag» solidiy attached (o the same shaft,  Straln gage

8§ measuyres the fovee oxerted by the Nitibel wirve 8
The axial motion of arm Ay dis effected by a lead screw
L which is driven by servomotor Ml The positisn of

thc arm A] in respect to arm AJ is transmitted by means
of a potentiometer readout R to the oscilloscope 0§ as
a horizontal deflection of the electron beam. The ver-
tical deflection of the beam is effected by an ampli-
fied signal from the strain gage S. The stress-strain
diagram displayed on the cscilloscope screen is re-—
corded by means of a video camera and stored on a videco

tape.

The transfer of the Nitinol wire N back and forth from
the hot reservoir H and cold reservoir C is effected

by a 300° rotation of the shaft which is driven by the
servomotor Mp. The clockwise and counterclockwise ro-
tation of the shaft as well as of the lead screw L are
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electronically controlled by two linear servoampli-

fiers in the electronic control system EC. The sequence
of events, of positions, and of the speed of motion

is programmable to permit simulation of a desired
thermodynamic cycle.

*This work has been supported partially by the Solar
Heating and Cooling Research and Development Branch,
Office of Conservation and Solar Applications, U.S.
Department of Fnergy, and partially by the Division
of Power Systems, Office of Energy Technology, U.S.
‘Department of Energy."
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