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ABSTRACT
This work discusses the numerical analysis, thégdesnd experimental test of the fuel-powered carhiEMA

actuator along with its capabilities and limitaoilConvection heating and cooling using water dettree SMA element
of the actuator. The energy of fuels, having a f@ghrgy density, is used as the energy sourcdnédoSMA actuator in
order to increase power and energy density of yiséem, and thus in order to obviate the need fectatal power
supplies such as batteries. The system is composguimp, valves, bellows, heater (burner), contmit and a
displacement amplification device. The experimeteat of the first designed SMA actuator systeraltssn 150 M Pa
stress (force: 1560N) with 3 % strain and 0.5 Hation frequency. The actuation frequency is camgbavith the
prediction obtained from numerical analysis. Far fiist designed fuel-powered SMA actuator systthm, results of
numerical analysis were utilized in determiningigegparameters and operating conditions.

Keywords: Shape Memory Alloys (SMA), actuator, convection thigansfer, efficiency, fuel, power density, energy
density.

1. INTRODUCTION

The main objective of this research is to desigiri€ate and test a highly compact shape memooy alased
actuator that utilizes the high energy densityugfi$, such as propane. The fact that the main eleafiehe actuator, the
SMA is a heat engine [1][2][3], is used to convbe thermal energy of a fuel (propane) to mecheicargy. The high
energy density of fuels compared to typical eleafrbatteries, or even fuel cells, allows for timergy source, i.e. the
fuel, to be incorporated inside the actuator sysiEime energy density (J/kg) of these fuels is 10@4$ greater than that
of most advanced batteries. This, along with tle®iiporation of the actuation control hardware apithsre inside the
unit, can result in a highly compact actuator. Thus actuator system can be run wirelessly by lowser, digital,
actuator control signals. The high-energy dengitgh recovery stress and strain of SMA will redalthigh actuator
compactness, force and stroke, respectively.

The phase change in a NiTi SMA is achieved by le@ahange with a heat source and a heat sink. Tthatam
frequency of the SMA actuator is only dependentt@nrate of heat transfer with its surroundingstilidecently, the
heat transfer mechanism for most SMA actuatorshlean based on resistive heating%M) and cooling with forced
convection or natural convection (A). This is a rather inefficient heat exchange naei$m [4] and requires the use
of electrical power and thus heavy, low-enegy-dgn@it least as compared to fuels) power supplielsatteries. The
thermoelectric heat transfer mechanism by utiliZegiiconductors, which employing the Peltier effaes shown high
actuation frequency [5]. But generally this kinddavice has very low efficiency. Thus, we propasedd convection
heating and cooling to actuate the SMA actuatois Tan overcome the low energy density resistivatihg systems
and the low efficiency of the thermoelectric heahsfer mechanism, even though it should neediaddltdevices such
as a pump and valves. Also, the high energy ofiuglansferred easily to the fluid through the bostor and the heat
exchanger. Researchers have worked on developgiy dificiency, compact combustors and heat exchlrangsing
micro technology [6][7]. Convection heating and liag of the SMA, can result in considerable acmmatfrequencies.
In addition, for systems with sufficient parasitieat, the actuator can utilize the parasitic heaitsaenergy source,
resulting in a relatively high-efficiency actuatisgstem. The actuator design merges the advantd@dAs and fuels,
i.e., the high actuation forces, the large powemsdis and the silent actuation characteristicsShfAs and the
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tremendous energy densities of fuels. In this papemwill discuss the design of the SMA actuatorteys recovery
stress and strain and actuation frequency of thé &btuator by utilizing the high thermal energyfoéls. Section 2 of
this paper presents the principle of the fuel-p@tecompact SMA actuator system, comparison witkerodttuator
systems and thermal & Carnot efficiencies of theASélement of the actuator. Section 3 presents thmemical heat
transfer analysis of the SMA actuator. Section fbighe first design of the fuel-powered SMA adtwasystem and its
components. Section 5 presents experimental remottscomparison with numerical results and discufise system’s
capabilities and limitations.

2. DESIGN CONCEPT AND EFFICIENCY OF THE SMA ACTUTATOR SYSTEM
2.1 Energy Density and Power Density

The following data describes the design parameiktise SMA element of actuator systems of figurd lis data
can be modified accordingly to meet different reguients for the actuator. A NiTi SMA strip with ectangular cross
section measuring about 12 mm x 1 mm (12°moross sectional area) was selected as the SMAeeletm increase heat
transfer rate compared to a wire having the samsscsection area. Four such strips can be installedrectangular
channel with 12 mm x 16 mm cross section. Our wfBK9][10], during the last several years has leadorecise
actuation control techniques for NiTi SMAs at stréesvels of 200 M Pa and actuation strains of IB@se numbers are
used here in our design. In order for the SMA sinigoroduce bi-directional loads it will have to pee-stressed. This
could be achieved as easily as via a stress-biagirigg. If, for example, a stress bias level 0d®M0Pa is chosen, the
SMA strip will be able to produce bi-directionattaation loads at the level {100 M pa) x (strip cross sectional area),
or, 1,200 N (or 2,400 N uni-directional). An arrangemeh four such strips in an array will yield a coimdd bi-
directional actuation force @f4,800 N. For a SMA strip length of 254 mm the SMzuation stroke (at 3 % strain) is
7.62 mm (0.76 cm).

The first system in figure 1 referred to as the SE@mbustor system, comprises of two pumps, a cotahube
SMA element, the cooling circuit heat exchanger faredl as energy source. The SMA strips are embeddadhannel.
Heating and cooling fluid medium alternatively cilates through the channel to achieve the M-to-A énto-M
transformations, respectively. The heating medittinylene Glycol or water) is heated through thening of the fuel
in the combustor. The cooling medium, after it reg®the heat from the SMAs goes through a heatagxyer where it
dispose of the energy getting from the SMA strifse two pumps that circulate the two media arepgmpd with valves
that are properly timed through the heating andicgeycles.
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Figure 1. Compact Actuator Systems with fuel+comtmybattery and fuelcell as energy source



Alternative energy sources like batteries and fuels have been considered as energy sources éoSkhA
actuator in the other two systems of figure 1. Témults of the comparison have been tabulatedbiedal and 2 for
different cases of actuation cycle number (100@000 100000 actuation cycles). These tables shatvttie SMA-
Combustor compact actuator has high energy and mpdemsities compared to battery and fuel cell pedesystems.
The fuel cell stack itself has high energy and podensities, but needs additional equipment such @eormer or a
hydrogen tank, a cleanup unit, a bower, a compremso cooling devices [11][12], especially for age number of
actuation cycles. The main disadvantage of thedaklsystem is the large mass of the fuel proogsshit or the mass
of the fuel tank. All these factors combined giviewa energy/power density for the SMA-Fuel Cellwaibr system. In
the case of a battery powered SMA (SMA-Batteryuattr system, the mass of the battery increasesisantly with
the increase in number of actuation cycles evelnigathe highest efficiency: this, coupled with tlaet that batteries
have low energy densities compared to fuel celluels [13][14], yields the lowest overall energyer densities for
this system

Table 1. Output Energy Density (Total Mechanicalriilass of System).

Actuator Systems 1,000 Cycle 10,000 Cycle 100,0¢p6eC
SMA-Combustor 9.887(Wh/kg) 71.04(Wh/kg) 193.6(Wh/kg
SMA-Battery 3.717(Wh/kg) 4.411(Wh/kg) 4.495(Wh/kg)
SMA-Fuel Cell 0.7605(Wh/kg) 7.038(Wh/kg) 41.1(Whykg
Table 2. Output Power Density (Total Mechanical Widass of Systerx Cycle)).

Actuator Systems 1,000 Cycle 10,000 Cycle 100,008eC
SMA-Combustor 35.59(W/kg) 25.57(W/kg) 6.971(W/kg)
SMA-Battery 13.38(W/kg) 1.588(W/kg) 0.1618(W/kg)
SMA-Fuel Cell 2.738(W/kg) 2.534(WI/kg) 1.48(W/kg)
Table 3. Efficiency of the system

Actuator Systems 1,000 Cycle 10,000 Cycle 100,0¢p6eC
SMA-Combustor 2.253(%) 2.318(%) 2.325(%)
SMA-Battery 2.999(%) 3.003(%) 3.003(%)
SMA-Fuel Cell 2.499(%) 2.502(%) 2.503(%)

2.2 Efficiency

In the design and development of SMA actuators, dhailable thermal efficiency and their limits mus
calculated and considered. Lagoudas and Bhattchaj¥§y] evaluated the efficiency of the thermoeiect8MA
actuators. Jardine[16] and Gil [17] proposed tHer@aetric techniques and mechanical tests to atalthe efficiency
of shape memory alloys based on ideal shape meeifast (SME) heat engine cycle[18].

Transfor mation temperatures of an SMA strip (DSC test)

The phase transformation temperatures and lateatt ieere first determined in order to calculate thermal
efficiency of SMA strip. The strip utilized in thistudy was provided by Memory Corporation and Sapper 10 %
NiTi alloy. A Perkin-Elmer Pyris 1 Differential Spoaing Calorimeter (DSC) was used to determine thase
transformation temperatures and heat of transfoomafH is measured as the total area under the curvegtine
heating and cooling cycle. The cooling cycle wastetl after holding for 1.0 minute at 120. The SMA was then
cooled from 12C0C to —60°C at 5°C/min. The heating cycle began after holding theASidr 1.0 minute at —60C.
The SMA was then heated from —8Dto 120°C. Figure 2 shows the DSC test results of the .
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Figure 2. Transformation temperatures and lateatsh@®SC Test).

Carnot Efficiency

The proportion of the Carnot efficiency that canusefully realized in practical engines is typiga®l0 %. Once
the design of an engine has been optimized, thg waly to get higher performance is by increasing @arnot
efficiency or by extension of the difference in mematures of sources of heat between which thenermperates. The
Carnot efficiency of SMA heat engine is [15][19]

n — Af (amax) -M ' (0' - O) (1)
“ A" (O
f
A' (o) = A oA (2)
do
f
Wheredi is the slope in stress-temperature diagram of MA Strip. Hence,
do
M f -0
,7Car =1- ( f ) (3)
Aof +0 A (J)
max da_
Theoretically,m ' (o - 0) at zero stress and © should be the same value [17]. Hence the Carngieity is like that,
M of - 0
Moy =1- n 15.3 % 4)
ADf +0 (0-)
max da_

Substituting into equation (4) the values of thansformation temperature getting from the DSC test,
dA" /do =1/6.7 °KIM Pa [20] and 200 M Pa stress. Then the Carnfitieficy is 15.3 %. The energy efficiency is
theoretically restricted by the Carnot efficienayce an SMA actuator is a heat engine operatihgvatemperature.

Thermal Efficiency of |deal SMA Heat Engine

The thermal efficiencies of SME heat engines, whach of interest, have been estimated from thermaahyc
magnitudes (enthalpies) and the transformation éeatpres of the alloys [16]. The thermal efficierfoy the ideal
shape memory heat engine cycle is given [16][17] as
_ AH xATo (5)

Tox(CpxATo+AH (o))
Where Cp is the specific heat of the material &7@ = To(g) —To. Also AH (latent heat)n the denominator of the
efficiency equation is a function of stress,

T



AH (0) = AH xTo(o) / To (6)

To is estimated as
To=1/2x(M*®+ A®),or 1/2x(M° + A™) )
To calculateTo(o) , we take
To(0) = 1/2%|M *(0) + A*(0)]
=1/2x|M*® +(dM*/do)x g+ A + (dA*/do) x g
=To+(dM®/do)xo (8)
The thermal efficiency can be obtain by utilizingsO test data ando/dT =6.7 M Pa [20] of the K-alloy.

do/dT =do/dM® =do/dA® is assumed to gdiio . Also the value oty is assumed as 200 M Pa. Hence the thermal

efficiency for the ideal shape memory heat engiyadeccan be obtained from equation (5) as,
AH xATo =3.12 %

- Tox(CpxATo+AH (0))

i

Where the value of Cp is 550 J/Xg [17].

Gil and Planell [17] calculated the thermal effiety of the NiTiCu shape memory alloys by meansatdrimetric
techniques and mechanical tests. Thermal efficeencanged from 4.7 % to 5.3 %. Generally efficienéythe SMA
alloys is low compared to conventional heat engiBes the use of Shape Memory Alloy actuator catuce the size,
weight and complexity of the systems. Its powersitgnis remarkable high such as 100 W/kg or mor&].[The
conventional actuators produce a significant amaefimoise, while the SMA actuator is completehestl Thus, SMA
actuators can be ideal for cases, such as robofro/miniature and medical applications, where powensity,
simplicity of mechanism and silent actuation is enonportant than energy efficiency of the system.

The thermal efficiencies of three systems are shiowtable 3. These values are very reasonable derisg the
3.12 % of the ideal heat engine efficiency. Thedygtsystem efficiencies show much higher values tihose of other
systems due to its high efficiency in convertingcgéiical energy to thermal energy and less additiqgppwer
requirements. In implementation of these systehms efficiency should be lower than the value of tdigle 3 due to
additional energy losses and additional power reguénts.

3. NUMERICAL ANALYSISOF THE SMA ACTUATOR
3.1 Numerical Heat Transfer Analysisof SMA Actuator
To estimate the period of the heating and cooliygje; and thus actuation frequency, a numericat treasfer

analysis of the SMA actuator was carried out witlmmercial software packages. The energy balancatiequof the
SMA strip can be written as:

0 0 oT
—[pCpIT, + pAH [dV = —| k, —
ot [105 Psls * 05 ] az( S 7

a jdv +qin dAn _qOUi dAOIJi +qgen dV (9)
with temperature T, thermal conductivity k, dengifyspecific heat of the SMA strip Cp, time t ancefdgtheataH (J/g).
The subscript s means SMA strip. Wheggigienergy input rate from the hot fluid,,gs energy loss rate from the strip
to environment and g, represents energy generation rate per volume.SMA strip is heated by only convection
heating. Therefore, there are ng,@nd genterms. In the phase transformation of an SMA, eabsorbed during the
reverse transformation (martensite to austenite) ians released during the forward transformati@ustenite to
martensite). This heat is called the latent hedtasfsformation AH ). This latent heat is expressed by a variatiof wit
temperature of the redefined specific heat of tMé\Scp’ . The area under the curve described by the spéwht is the

latent heat of transformation. During phase tramséion the heating and the cooling of the SMAsloeved down due
to the latent heat of transformation. When doinitaasient heat transfer analysis it is thereforpdrtant to account this
effect. An empirical relation describing the depemck of the specific heat with temperature is givelp]. The certain

transformation temperatures, latent heat and spduwfat capacity, such A" =363.83°K and A°= 352.42°K at the
values of 150 M Pa stress, were utilized in thiofaihgs equations.

For the forward transformation it is:
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For the reverse transformation it is:
_2in(og)| . AS+Af

Cp, = Cpp +aH 0D o o2 (11)
WA
Al <T < As

The original specific heat value of the SM@p?is 550 J/Kg°K [17]. The curves obtained for the variation oéth

specific heat of the SMA with temperature during frward and reverse transformations at 150 MtRssare shown
on figure 3.
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For the numerical calculation, the FLUENT 5.5 anAMBIT 1.3.0 commercial packages were used. Theainit
condition was T=To (335K) and the boundary conditions for the inlet vetpand temperature of the fluid were 1
m/sec and 370K, respectively. For heating medium and cooling meq water was selected. The flow is turbulent
flow (Red = 3,630) and the standard knodel with two-layer zonal model for the near wafjion was used. The
circular channel wall was assumed to be an adiabatindary. Energy losses of both ends of chanast vgnored. The
circular channel and an SMA strip (12 mm x 0.9 membedded in this channel (D =12 mm, L=200mm) is the
computational domain shown in figure 4. The crasstion of the domain is shown in figure 5. Halftbé channel and
strip were calculated by using symmetric conditiohe grid consists of about 200,400 computatiamdls for the
calculation. This grid was generated by GAMBIT. Tgred was denser near the SMA strip in order totwapthe
boundary layer.

The figure 3 shows a maximum increase of the valuthe specific heatp’) of about 8 times of the original

value. It was difficult to get FLUENT to run withé specific heat varying with temperature suchiqagé 3. Instead a
piecewise variation has been adopted. The approixinga used are shown on figure 3. The area undeseth
approximations is the kept the same as the origthatefore conserving the value of the latent lodédtansformation.
However by conserving the same maximum value ofifipéneat during transformation, the transformatsostart and
finish temperatures had to be changed. The tramsfiion is starting later and finishing earlier.



Locatlon 3 Location 2 Location 1
Figure 4. The computational domain. Figure 5. Tomputational grid.

3.2 Results of Numerical Analysis

The temperature calculation of the SMA strip isuasteady heat transfer problem. The time step wais€ec and
maximum number of iterations for each time step s&tsat 200. The austenite finish temperature lvélichanged to
around 360K from the 364°K due to piecewise approximation of specific hddte y+ values at the wall were less
than 5 except entrance region. This shows thattthieulent calculation was correctly done. After 18c, the
temperature distribution along the strip was evémng higher than 36%K excluding corner of the strip, as shown in
figure 6. The Figure 6 (a) shows temperature dhistion along the length of the strip at three lmre. The first is at the
center of the strip (location 1 in figure 5), thérd is the end of the strip (location 3), and sieeond is the middle line
between the first and the third line (locationRgure 6 (b) shows temperature distribution ofwhele strip. From the
figure 5 and 6 the small amount of the strip stils in transformation (MA), but most region of the strip was fully
transformed. After 0.9 sec, the temperature distidim along the strip without considering latenaheas above the 364
°K except the corner of the strip. The latent hdatigp should be considered in numerical calcalagspecially for the
transient case in order to avoid overestimatingt tiesnsfer rate, thus actuation frequency. Cooliage was also
calculated using room temperature water with 1 eéderelocity and 360K initial strip temperature. The cooling was
faster than heating. Thus the actuation frequeray e@stimated around 0.5 Hz, even under high dtvading condition.
Generally higher inlet velocity and higher inletmgerature increase the heat transfer rate to thA $tkp. The high
boiling point fluids such as Ethylene Glycol cameggate higher actuation frequency.
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4. FUEL-POWERED COMPACT SMA ACTUATOR SYSTEM
4. First Design of Fuel-Powered Compact SMA Actuator System

From the comparison with other actuator systengeation 2, the fuel-powered SMA actuator systeningathe
highest energy and power density was selecteddiardo develop compact SMA actuator system. To areaavailable
force, displacement and actuation frequency, agoelered SMA actuator system was designed. Thattaystem is
composed of a pump, valves, a combustor, an SMiaie, a hot fluid tank, bellows and heat exchangehne bellows
used to prevent mixing between hot and cold fluid.

Figure 7 shows the first design of the fuel-poweBddA actuator system and the corresponding, iteexgntal
setup. The load is applied constantly by dead weighentire heating and cooling cycle. The stripswput through
multiple thermal cycles by cycling its temperatufiesn the martensite finish temperature (T¥K the austenite finish
temperature (T>A under a constant applied stress of 68 M Pa aAdVLBa.

SMA Heating Circuit

SMA Actuator

Heat Exchanger

SMA Cooling Circuit

1. SMA Actuator

2. Amplification device
3. Heater

4. Heat exchanger

5. Bellows

6. Pump

Figure 7. First Design of Fuel- Powered SMA Actug&gstem: Schematic of basic architecture (uppat) a
corresponding, its experimental setup (lower).



Figure 8 shows loading path during entire heating @ooling cycles. At the higher actuation frequeaad under
the higher stress condition, the strip can be inigdaransformation due to the deduction of hegtituration and the
increase of transformation temperatures. The staihdisplacement were measured with a LVDT.

4 Plastic Deformati

Loading Path 2

Loading Path 1

MOf MOS AOSAOT
Figure 8. Heating and cooling cycle under consaaplied stress.
4.2 Components of the SMA Actuator System

SMA Actuator

The SMA strip was embedded in a circular silicamget which is able to withstand high temperatum iarable to
bend and expand. The inside diameter of the tuli.i8 mm and the wall thickness is 0.8 mm. Twolsteanectors
were utilized to hold the strip, as well as provalgply and return connections for the fluid flomdato transfer the
actuation force to the mechanical stroke ampliiicatievice. The amplification mechanism increasesstroke by 86
times of initial strain of the strip and reducee tforce by 82 times. Figure 10 shows the charatiesi of the
amplification device.

Figure 9. SMA Actuator with a circular silicone cimel and connectors.
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The SMA strip is K-alloy type, which is a Ni, Ti drCu alloy and has 12 mm x 0.9 mm cross sectioa and 254
mm long including connections. Thus available langt the actuator is about 210 mm. Out of all they@® Memory
Alloys that have been discovered so far, Nicke&fliim has proven to be the most flexible and beigfin
engineering applications. Ni-Ti Shape Memory Allegs greater ductility, more recoverable motiongd®at corrosion
resistance and stable transformation temperat@@s Copper can decrease hysteresis and lowerefoerdation stress
(detwinning stress) of the martensite. The strig aanealed at 45 for 20 minutes. The transformation temperatures
of the strip were obtained by DSC tests after alimgaThis kind of SMA alloy has around ?C active A temperature
and shows high-energy efficiency compared to otiipes of SMA alloys [16]. For the first actuatoneostrip was
utilized as the SMA element of the actuator.

Combustor and hot fluid tank

A 185gram compact commercial camping stove wdiedi as the combustor. Its flame is adjustableoup000
watts and runs on a valved butane and propane antkdge, which contains 227 g of fuel. It can hbiliter of water
within 3 minutes. A 127 mm x 127 mm x 25.4 mm Haotd tank was fabricated by an aluminum block aad b 635
mm flow path inside of it. The aluminum block sebley screws and RTV and was heated directly byctimaping
stove. Two K-type thermocouples were used to meashe temperature of hot fluid. The efficiencytlos camping
stove was estimated around 40 %.

Heat Exchanger

The cooling medium, after it removes the heat ftben\SMA strip goes through a heat exchanger whetisposes
of that heat. For the first actuator system, twadkiof radiators with a 472 ml/sec fan were usatk @ an automobile
heater core and the other is a PC cooling radilitoreasures 152 mm x 178 mm x 5.1mm with a 870t \d&giacity.

Pump with Motor

The brass Omega FPUGR201 gear pump circulates\gestd cooling media. Its maximum flow rate is 71/@&n
at low pressure and can withstand 0.69 M Pa an€@iCL4®his pump circulates hot fluid and cold fluidesthatively. One
pump system was selected to increase the energitylenthe system. However, it suffers from soenergy loss since
hot and cold fluid heat and cool the gear pumgfitde pump was run by a DC motor. The pump rumsstantly
regardless of heating and cooling cycles. The sidevalves control the heating and cooling mediuroutated by the

pump.

Solenoid valves

Four solenoid valves were utilized to control tleatand cooling circuits. The valves located betbeepump in
figure 4 were GC direct operated diaphragm 2 wadgrend valves. They can operated in pressure rafiges0 Pa to
0.69 M Pa, up to 145C fluid temperature and have a Cv of 3.3. The otlervalves were Parker 0.83 Cv direct acting
valves. The operating pressure and temperatureesaag from 0 Pa to 0.138 M Pa and up td®@brespectively. The
GC valves are operated by on/off signal coming fimtroller while other two valves are controlleg tellows and
switches.

Bellows

The mixing between hot and cold media must be a&ith reduce energy losses. A bellows was utiliwed
prevent mixing between hot and cold fluid causedshgring common flow paths such as actuator chaamelthe
volume inside the pump. Also, it can generate s&inds of force to aid in the fluid media circulatioA 152 mm
stroke, double acting double rods American airmggéir was used as a bellows. For the first actuststem, the bellows
and switches controlled two solenoid valves, whiod located downstream of the SMA actuator (figl)reAn SR latch
switch algorithm was utilized.

Control and Data acquisition

The data acquisition board used was a Nationalum&nt AT-MIO-16XE-50. The board has 16 bit resolutand
eight differential inputs. Two digital channels warsed for the switches, three differential chasfied thermocouples
and the LVDT. A HP6268B DC power supply provided grower to the system. A power splitter board wagrolled
through a National Instrument PCI-6704 D/A boartle power splitter board takes the single input ftbmmHP 6268B



power supply and splits it into six individuallyroolled channels, which are used to supply coletiopower to motor
and the solenoid valves. A Lab-windows program puststogether to control the hardware and acquita.da

5. EXPERIMENTAL RESULTSAND DISCUSSIONS

Water was selected as heating and cooling mediam the numerical results because it was easy tdléamd
the boiling temperature of water is high enougheaat and cool the SMA strip around 0.5 Hz undeh lsigess (150 M
Pa). The inlet velocity and inlet temperature wals® determined based on numerical analysis. Thaneflow rate of
hot water and cold water was set as 0.11 l/secdhysting the power of the pump, thus the flow véloinside the
channel was around 1 m/sec. The actuator systemtessd under 735 N constant load. Figure 11 shihes
displacement of the strip under 735 N load for these loop system. The hot water, after heatingSNMA strip,
returned back to the heater, which added enouglyete the hot water to compensate for its eneogg Hue to heating
of SMA strip and other energy dissipations. Thedoshter, after cooling the SMA strip, returned béekhe radiator
where the thermal energy removed from SMA strip diasipated to the surroundings by air forced cotive.
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Figure 11. Strain Vs. Time under 735 N for the eltsop Figure 12. Strain Vs. Time under 735 N for the ofzap system.
system.

The 2.5 % strain and 0.1 Hz (heating time: 5 sam@&ling time: 5 sec) actuation frequency was olegiftom the
close loop system test. This result shows loweirstind slower frequency compared to the open $yspem, in which
the hot and cold water was not re-circulated in ghstem. The figure 12 and 13 show the resultgHferopen loop
system. The SMA actuator system can generate enaeglery stress and strain at 0.5 Hz actuatioquiacy. Figure
12 shows higher frequency under 735N than thatigdrE 13 under 1560 N. The maximum operating presstithe
close loop system is about 69 K Pa in the heatimg fluid) circuit. Pressure losses of the systerd water vapor
caused this pressure.

In the open loop test, actuation frequency of tASactuator (K-alloy, 12 mm x 0.9 mm) can be raised. Hz
(heating and cooling cycle) under 68 M Pa load (R35and up to 0.5 Hz under 150 M Pa load (1560At)east 3 %
strain can be obtained by utilizing hot water (3KQ and cold water (293K).

The lower strain and slower actuation frequencthin close loop system was mainly due to the mixiatyveen
hot and cold fluid in the system. As the numbecyfles increases, the energy loss caused by thagrincreases. The
cylinder and pump are also heat loss devices bedhey contain heating and cooling medium altevie&ti Hence the
hot fluid temperature goes down and the cold fheishperature goes up. This degrades the perfornainte heating
and cooling circuit. More powerful heater and heathanger can overcome this mixing, but in thatdage system
might lose compactness and high energy density.dDtige methods to prevent mixing is to adjustlgréength of the
cylinder (bellows), thus making the channel voluare volume of other sharing passages equal to dheme of



bellows. If the mixing and energy loss were pregdmproperly, at least 0.5 Hz actuation frequenay &6 recovery
strain could be obtained.
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The heating period of experimental results undgh Isitress condition and 3 % recovery strain wasratd..0 sec
in the open loop test. This shows somewhat fasi@n that of the numerical results, which show thating period
around 1.3 sec at 150 M Pa stress consideringtlagat of the transformation. The partial transfation of the strip in
experimental test and uncertainty of the mateniapprties might cause this difference. The two-wajned wire can
result in 4 % recovery stress when it is fully sBimmed [20]. The experimental results show 3 %vecy strain. The
strip might be under partial transformation duehigh stress condition and relatively high actuatfoaquency.
Additional test for the properties of SMA strip buas specific heat needs in order to increase ¢baracy of the
numerical analysis. Thus the numerical results re@sonable considering partial transformation @& #trip and
uncertainty in properties of SMA strip. As mentidngbove, the 0.5 Hz actuation frequency under 15Bavktress is
obtained from the experimental test. This valueashgood agreement with the prediction in section 3.

6. CONCLUSIONS

The fuel-powered SMA actuator system is simple @mpact potentially compared to other actuatoresyst The
comparisons show that this system has much highengg and power density than that of the battery the fuel cell
powered SMA actuator systems. The forced convechkieating and cooling generated relatively high atidm
frequency compared to resistive heating and atefdrconvection cooling. The results of the numéitest transfer
analysis are useful and reasonable compared toethidts of the experimental test. Thus, in desigrifthe thermal
induced SMA actuator, the transient heat transfealysis with latent heat must be carried out andfioned
numerically to determine the design parameters agpetating conditions. The fuel powered actuatotesysis being
developed and modified to get high force actuatinder relatively high actuation frequency. Thetfaesigned SMA
actuator system could actuate the SMA strip (12méh%nm x 254 mm) at 0.5 Hz under 150 M pa stresb @i%
strain. This frequency is fairly high considerifggtsize of strip. Fuel such as butane and promanelatively cheap,
easy to handle and easy to store in compact motikéegas cartridges. Hence the operating costisfactuator system
will be lower compared to batteries and fuel cellbis research also shows the energy savings tatsSresent us
with, in systems where parasitic heat is alreads@nt. Heating of the SMA by utilizing existing agsitic heat in the
vehicle/plant, this will yield a high energy degsdtctuator.

We are focusing on optimization and miniaturizatadrthe actuator system in order to increase p@merenergy
density. A special combustor, valves, a pump arat Bgchanger are being designed to develop thdyh@impact
actuator system. The microchannel technology velubked to increase heat transfer rate, efficiendycampactness of
the combustor and heat exchanger. The next de$igmngpact actuator system will be designed to bdutar in order
to allow for alternative energy sources such asehias, fuel cell and parasite heat. The energysitdemand power



density of the SMA actuator system will be measuwatethe next design of compact actuator systemuaiot fatigue
test will be required to determine the life of tiuator as a function of actuation stress, stathfrequency. Test with
high boiling point fluids such as Ethylene Glycoilvbe performed to get high actuation frequencyl @o increase
energy density of the system.
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