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ABSTRACT 

The application of the shape memory properties of an alloy of 

nickel and titanium (called Nitinol) to the conversion of low tempera-

ture heat into useful mechanical work has been studied . Sources of 

low temperature heat have been identified . They include the bottoming 

cycles of commercial power plants , unfocused solar energy, ocean 

thermal gradients, and spent nuclear fuel elements stor ed at nuclear 

power plants . Designs of patented low temperature heat engines using 

shape memor y materials have been studied and their principles of 

oper ation determined. 

A new low t emperature heat engine design is presented along with 

calculat ions of the expected work and power out put, and conversion 

efficiency of a design pr ototype which uses one kilogram of Nitinol. 

The new design embodies forty-eight Nitinol tubes attached to a central 

crank which rotates due to the forces applied to it as the tubes 

undergo temperature induced transformation elongations and contractions. 

The wo rk output is calculated to be 657 . 6 ft-lbf with a corresponding 

power output of 0 . 44 kilowatts . The total heat input to the engine is 

53.8 Btu, resulting in an efficiency of 1.6%. The corresponding Carnot 

efficiency of 13 . 9% is based on a hot fluid temperature of 115°F and a 

0 35 F cold fluid temperature . 

A cost of $2 . 5 million would be r equired to pur chase the amount of 

Nitinol necessary in order to scale the design up to a size such that 

a nuclear power plant could make use of the r esulting mechanical work 
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converted from the heat rejected into the plant' s condenser cooling 

system. However, due to t he expected low operating and maintenance 

costs of the engine the utility can expec t a pr ofi t of $6 . 2 million 

by selling the useful work out put as ele~tricity . 
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I . INTRODUCTION 

In the years immediately prior to 1973, Americans, who accounted 

for only six percent of the world's population, were cons uming about 

30 percent of the world's energy production (1) . An oil embargo by 

the Arab countries against the United States in 1973 caused widespread 

panic at gas pumps, school shutdowns in the Midwest on cold winter 

days , and a presidential pl ea to the nation for conserva tion of energy 

resources. Part of the response to the country' s awareness of America's 

dependence on foreign oil supplies was an expanded search for alternative 

means of energy production which could be had at low cost and high 

efficiency. This search included renewed interest in solar conversion 

systems , wind and ocean wave ener gy utilization, and thennonuclear 

fusion . 

Another, and until recently untapped, sour ce of energy is t ha t 

available in the heat rejec t ed from electricity generating power plants. 

These plants dump about two-thirds of the heat generated in their 

boilers into the condenser cooling water system. This heated water 

can reach temperatures as high as 115°F (2) . A means of converting 

the low temperature heat from these sources into usef ul mecq~nical 

energy exists in heat engine design concepts which use a new breed of metals, 

the so- called "shape memory" alloys, as the primary driving el ements. 

Shape memory alloys exhibit the ability to r e turn to a particular 

s hape configuration with consider able force upon slight heating 

after they have been de formed out of that shape (3) . A device which 
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converts the heat energy contained in hot water into rotary motion was 

designed and built by Ridgway Banks of Lawrence Berkeley Laboratory in 

1973 (4 ,5, 6) . Banks' offset crank engine uses twenty U- shaped wires 

made of Nitinol (nickel-titanium alloy). These wires have "remembered" 

straight configurations . This shape memory engine has operated for 

more than 108 revolutions at speeds between 60 and 80 r pm , with a 

measured power out put of about 0 . 2 watts (5,7). 

This paper contains the design of a new low temperature heat engine 

which, although similar to the Banks ' design, employs the advantages 

of straight tubes of Nitinol rather than bent wires . Consideration 

is given t o the cost of scaling up the pr oposed design to a size 

whereby one or more of these devices may be used to convert a portion 

of the heat rejected by a nuclear power plant into useful mechanical 

work. The proposed design will combine a new heat engine technology with 

the recently defined national goal of ener gy conservation. 
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II. LITERATURE REVIEW 

A literature r eview was made into t he ar eas of the shape memory 

phenomenon of certain alloys, the history , pr operties , and current 

applications of Nitinol . Also surveyed was l iterature pertaining to 

sources of low temperature heat, and low t emper ature hea t engine 

designs which use Ni tinol as the active drive element . 

As described by Wechsler and Roberts (8) , t he shape memory behavior 

exhibi t ed by all shape memory alloys is attribut ed to the phenomenon 

known as martensitic phase transformation. All metals are characterized 

by a regular periodic arrangement of their a t oms on a crystal lattice. 

In many cases, this arrangement changes from one form t o another at a 

given temperature (e . g., pure iron changes from a Body Centered Cubic 

(BCC) crystal structure t o a Face Center ed Cubic (FCC) structure upon 

heating a t 910°C) . Sometimes, however, this transformation in structur e 

occurs r apidly by a coordinated shearing motion of atoms . For some 

martensitic phase transformations, a cyclic change in shape occur s as 

the metal is cycled f r om the low- temperatur e struc ture to t he high-

temperature s tructure and back again. Since the me t al "remember s" the 

s hape it had in one or both of these phases , this behavi or is known as 

"shape memor y ." 

The shape memory effec t belongs to a more general class of tempera-

ture induced phenomena , exhibited by many material s, known as t he Joule 

effect . The Joule e ffect was fir st noted by the British physicist 
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James Prescott Joule in the 19th century. He obs erved that if stretched 

r ubber is warmed it t ends to contract (9) . 

A. B. Greninger and V. G. Mooradian showed in 1938 t ha t a change 

in temperature would cause the martensite phase i n brass to form or 

disappear, depending upon whether the metal's temperature was above or 

below a critical value (10). Remarkably large forces were shown to 

be developed in Au-Cd alloys by the t emperature induced phase trans-

fo rmations by T. A. Read in the 1950s . At about the same time, other 

resear ch of s hape memory behavior was being conducted on such alloys as 

Fe- Pt, Cu-Al, In- Tl, In- Cd, Fe-Ni, Ag-Zn, and Ni-Al (10 ,11). 

It wasn't until 1962, however, during the course of a search for 

a tough, non- magnetic , non-corrosive metal fo r use in underwater tools 

and equipment, that William J. Buehler and his associates at the U.S . 

Naval Or dnance Labora t ory dis covered the Joule effect in an alloy of 

nickel and titani um. This alloy was found t o exhibit the shape memory 

effect more s trongl y than any previously investiga t ed material. The 

alloy was dubbed "Nitinol" for Nickel Titanium Naval Ordnance 

_!:aboratory (10 ,12) . 

The s trong temperature dependent nature of several of Nitinol's 

physical pr operties is documented by Jackson et al . (3) , Cross 

et al. (13), and Mohamed (14). Some of the t emperature dependent 

pr operties discussed are the temperature at which Nitinol transforms 

while under various loads, the elastic modulus , and the y ield s tress . 
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Schetky (10) indicates that some current uses for Nitinol include 

"weldless" hydraulic-tube couplings for jet fighters and greenhouse 

window openers . Additional applications for Nitinol are noted by 

Wayman (11) and Curry (15) such as hot-water valve actuators, clutches 

for automobile radiator fans, orthodontic dental arch wires, blood 

clot filters, and orthopedic devices. 

Future applications of Nitinol include heat engines for converting 

low temperature heat to mechanical energy. Ginell et al . (16) list a 

number of potential sources from which low temperature heat energy may 

be extracted. These sources include power plants, ocean and freshwater 

thermal gradients, geothermal heat, and industrial waste heat. An 

estimate given of the power available from these sources is 

10 2.1 x 10 Mw. 

Several patents (4,17,18,19,20,21) have been issued on low tempera-

ture heat engine designs which use Ni tinol for converting low tempera-

ture heat into useful mechanical work. 
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III. NITINOL 

A presentation is made of the physical properties of Nitinol 

including those particularly dependent upon temperature. Also, a 

step- by- step procedure for inducing the shape memory effect in 

Nitinol is given. Lastly, some of the non- energy related uses of 

Nitinol are discussed . 

A. Physical Properties 

Technical ly, 55- Nitinol is the nickel- titanium alloy containing 

53 to 57 percent of nickel by weight, with the balance being 

titanium (4) . By changing the relative amounts of nickel and titanium 

in a specimen, the temperature at which the alloy t r ans forms will change . 

The transformation temperature of Nitinol having 55 weight percent 

nickel in titanium is 165°C while the transformation of Nitinol with 

0 57 weight percent nickel is at - 26 C (3) . 

Table 1 lists some of Nitinol's o ther physical pr operties. The 

most notable omissions from table 1 are the values of Nitinol 1s elastic 

modulus and yield stress . The absence of s pecific values is due to 

the fact that t hese properties are both temperature dependent and 

depend upon the direction of the temperature change . Fi gure 1 shows 

this temperature dependent nature of Nitinol . No t e that t he upper 

portion of the figure (A) is for cooling while the l ower curves (B) 

show the behavior upon heating. The temperatures indicated a s Ms ' Mf' 

Md, and As are the temperatures at which the Ni tinol begins transfo rmation 
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to the low temperature phase upon cooling (M ), that at which the s 

Nitinol is completely transformed (Mf) , the larges t value that Ms 

may be when external stress i s applied (Md) , and the temperature at 

which the Ni t inol begins the reverse transformation upon heating (A) . s 

Table 1. Certain physical properties of nominal 55- Nitinol (13) 

Symbol Property Value Units 

Density 0.234 lb /in 3 
ON 

T Melting point 2390 OF 
mp 

r Electrical resistivity 
at 68°F 80 µohm-cm 
at 1652°F 132 µohm-cm 

Mean coefficient of 
0 - 6 thermal expansion 5.7 per F x 10 

vN Poisson's ratio 0.33 (dimensionless) 

B. Inducing the Shape Memory Effect in Ni tinol 

In spite of the fact that Nitinol is called a shape memory alloy , 

a particular conditioning process is required t o produce the shape 

memory effect in this alloy . The gener al procedure for Nitinol is listed 

below (3). 

1. Obtain Nitinol in a suitable geome t ry (e.g. , wire , rod, sheet, 

tube, etc . ) 

2 . Deform t he piece into t he desired "memory configur ation" 
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Figure 1 . Yield stress and elastic modulus of 55- Nitinol as functions 
of temperature (13) 



8b 

IJ,... IJO 

12 5 120 
J: z v : 110 Z II ... .., < < 10 6100 :::> "" 0 cw: 
"" 9 ~ 901 °" A MODULUS ... 

O 0 . 2 PERC ENT YIELD STRESS 0. 

"' 8 z so 0 a z 
8 7 0.. i'O 
0.. Cl .... 6 ~ 60 0 
"' z z s ~ so 0 
·:::; 8 _, 
~ ' ~ 40 
' ' "' 3 ~ 30 :::> .... _, ... :::> ,_ __ 

0 2 . .,, 20 0 9 ~ 

5: '°t I (A) COOLING 
Mf' t ol o I I I I I 

M, Md 
13,... 130 

12 5120 
J: z u 
~ 11 ::t llO 
w < 
°" 6100 ~ 10 

"' 0 « 
"' 9 ~ 901 ... A MODULUS .... 
0.. O 0.2 PERCENT YIELD STRESS 
"' 8 z so 0 8 z 
8 7 0.. i'O .... .... 0 .... 

6 ~ 60 0 .,, z z s ~ so 0 
:::; a I / - ~ A A I I Md _, 
~ ' :c ..... 
.,, 

J ~ 30 :::> ... _, ""· :::> ..... 
0 2 

.,, 
20 0 0 

~ 
_, .... 

IOr 
- I (B) HEATING ~ 

~ 

ol I 
0 

-100 -60 -20 20 60 100 I.CO ISO 220 26[) -TEMPERATURE, °F 



3. 

4 . 

5. 

6. 

7 . 

8. 

9 

Clamp and constrain t he piece in i t s memory configur atio•:. 
0 Give a memory hea t treatment (T=900 F) for 5 to 10 mi nutes 

Cool the piece below the transition temperature 

Strain the piece to some intermediate shape 

Heat the piece above the transition temperature (T ~275°F) 

Metal returns to the original high temperature shape 

Note that in a cyclic process only steps 5 through 8 need to be 

repeated in each cycle . Additionally , some shape- memory alloys can be 

made to develop two-way memory so that in a work cycle step 6 will be 

changed to read 

6 . Piece returns to the low temperature shape. 

C. Current Non- energy Related Applications 
of Nitinol 

The shape memory properties of Nitinol have been applied in a 

variety of ways by many professions and industries. Among the present 

uses for Nitinol are (10,11,15): 

1. Fasteners and couplings 

Nitinol is presently used to join sections of hydraulic line in 

certain aircraft thus eliminating the deleterious heat effects on the 

tube material which occur when welding is used to make the connection . 

2. Thermoactuated control devices 

Nitinol elements have been used in automobile f an clutches by the 

Delta Memory Metal Company of Suffolk, England . The f an clutch 
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reduces the load on the engine by engaging the fan only when the radiator 

water temperature reaches a certain value . 

Nitinol springs have also been used to control the extent to which 

greenhouse windows are open by sensing the inside temperature . 

Thermostat control devices and hot-water valve actuators are examples 

of other uses for Nitinol springs. 

3. Orthodontic and orthopedic devices 

Nitinol wire is used in some dental arch braces; when below the 

transformation temperature the wire is very pliable and thus easily 

fitted in the patient's mouth. As the wire warms up to body t empera-

tur e (which is above the transformation temperature), the memory con-

figuration of the brace is such that it applies constant pressure at 

the appropriate points. 

Ni tinol bone plates have been suggested fo r use in compression 

fixation of bone fractures. Once installed, the bone plate would heat 

up and as transformation occurred, it would cause the ends of the broken 

bone to be fitted securely together . Since Ni-Ti is a very inert 

alloy, the risk of tissue or organ contamination would be minimal 

and the surgical procedure for installing the device would be simple . 

Another suggestion for use of Nitinol in orthopedics is as a 

Harrington rod used to straighten abnormally bent spines . 
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4. Blood clot filters 

A thin strand of relatively straight Nitinol wire is introduced 

into a blood vessel where it wads up after transformation and forms a 

small filter. This filter traps and removes small "wandering" blood 

clots from the cardio- vascular system thus preventing the potential 

damage these clots could cause if they were to lodge in the heart, 

lungs, or extremities . 
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IV. LOW TEMPERATURE HEAT ENGINE APPLICATIONS OF NITINOL 

A new and promising area for the application of Nitinol's shape 

memory properties is in the field of low temperature waste heat 

utilization. This chapter presents a general discussion of the 

applicability of using Nitinol in the conversion of ·low temperature waste 

heat to useful work, possible sources of this t ype of heat energy and 

the work cycle of a Ni tinol element with some examples of current low 

temperature, shape memory heat engine designs. 

A. Low Temperature Heat Energy 

The basic purpose of a heat engine is to convert heat energy 

available at some temperature into mechanical ener gy . Most heat 

engines in use today convert heat stored in some medium at high 

temperature and pressure and produced by the combustion of fossil fuels 

or from the atomic interactions in a nuclear reactor. Efficiencies 

of such systems t ypically range from 30 t o 40 percent (16) . Hence, 

about two- thirds of the heat is rejected to a low temperature and 

pressure heat sink. A heat engine that has Nitinol as the active 

element can be used to convert some of this l ow temperature heat into 

mechanical energy, thus improving the overall power plant efficiency. 

In the same way, such a device could convert to useful work some of the 

heat rejected by commercial manufacturing and processing plants. 
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Generally, these low-grade heat sources are available at tempera-
0 tures around 100 C (2). According to Ginell et al . (16) the estimated 

thermal heat rejection rate for fossil and nuclear power plants 

operating in the United States is of the order of 2 x 105 Mw, based 

on rejected hot water temperatures of between 104°F and 194°F, and 

differential temperatures in the range of 27°F to 117°F. Using an 

estimated Nitinol engine conversion efficiency of ten percent this 

amount of rejected heat is equivalent to about 2 x 104 Mw, corresponding 

to an estimated savings of about a half-billion barrels of oil per 

year . This savings is about 25 percent of the oil imported into the 

United States during the past year (October 1979 through September 

1980) (22). 

In addition to the low temperature heat energy sources available 

from industrial and power plant bottoming cycles, other replenishable 

or previously untapped low temperature heat sources may also be used 

to power a heat engine featuring Nitinol elements. Some of these low 

temperature sources include unfocused solar energy, ocean thermoclines, 

geothermal water, and decay heat generated by spent fuel elements 

stored onsite at nuclear power plants. 

B. Low Temperature Heat Engines Using Nitinol 

The basic work cycle of a Nitinol element is illustrated in 

figure 2. As seen in figure 2(a) the Nitinol bar is in the low 

temperature phase and under no l oad; in figure 2(b) work (W1=P1Z) 

has been done on the bar causing it to deform; figure 2(c) the 
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Figure 2. Work cycle of a Nitinol bar (23) 
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deformation is kept cons tant as additional load (P2) is connect ed to 

the first weight; figure 2(d), the bar is heated and transforms to the 

high temperature phase , as it transforms it returns t o its straight 

memory configuration and in the process does work (W2 = (P1+P2)Z) ; 

figure 2(e), the load is removed and the bar is cool ed below the trans-

formation temperature as in figure 2(a) . The net work done by the 

bar during the cycle is 

w = w - w = p z net 2 1 2 

There are several patented designs which incorporate the Nitinol 

work cycle . Ginell et al . (7) classify these designs into three 

types: (1) Offset crank engines, (2) Turbine engines , and (3) Field 

engines. Figure 3 illustrates examples of these engine types . 

The principle of the off set crank engine is that a number of 

Nitinol elements in the shape of springs, loops , or twisted plates 

are fixed t o a crank (offset from the center of the device) at one end 

and to an outer wheel (or other rigid member) a t the other end . The 

Ni tinol transforms as the temperature is changed and the resulting 

force is applied to the non-fixed component (ei ther the crank or 

outer wheel) to which they are attached. That component of the force 

which is tangent to the rotating member's direction of motion allows 

t he wheel (or crank) t o continue to rotate. As the wheel rotates it 

carries the Nitinol elements from the source of heat to the heat sink 

and in this way helps to continue the cycle. 
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Figure 3 . Examples of hea t engines using Nitinol : (a) Offset crank 
engine ; (b) Tur bine engine ; (c) Field engine (7) 
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Tur bine engines utilize a single, continuous loop of Nitinol wire 

(usually in the form of tigh t helical coils) which i s wound around a 

system of pulleys. Differ ent portions of the l oop are exposed t o the 

high temperature bath or the low temperature bath . The difference in 

tension between the hot and cold portions of the loop causes a net 

t orque t o be applied to one of the pulleys . As this pulley r o tates 

under the applied t orque, ~t ~dvances the loop through t he complete 

heating and cooling cycle. 

The field engines use the Ni tinol t o displace small masses such 

that a force field (gravitational, electric, or magnetic) can act on 

them and cause r otation. For example, in figure 3(c) small masses 

are connected together with Nitinol wire . As the Nitinol passes 

through the hot reservoir it contracts, thus increasing the mass 

density of the right side of the device. Conversely , as the Ni tinol 

passes through the cold reservoir the Nitinol expands and reduces t he 

mass density of the left side of the device . Hence , a greater 

gravitational attractive force is acting on the right side and, 

consequently, the loop travels in a clockwise direction . 

Designs o f the offset crank type have been pa t ented by Banks (4) , 

Hochstein (18) , and Smith (21) . Lee (20) and Johnson (19) have patents 

on turbine en gine type designs. A field engine t ype design has been 

patented by Cory (17) . 

The best known operating low temperature Nitinol heat engine is 

that designed and built by Ridgway Banks (4) of Lawrence Berkeley 

Laboratory (see f i gure 4), His offset crank engine is about 13 inches 
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Figure 4 . Top and side view of Banks' Nitinol heat engine (4) 
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in diameter, and uses twenty 12- inch long, 0.05 inch diameter wires. 

Each wire is bent into the shape of a "U'' (also called loops). The 

wires have a straight memory configuration in the high temperature 

phase, and each provides a small tangential force on the rotating 

wheel as it attempts to return to this shape . The loops are carried 

around the circuit by the rotating outer wheel and thus they are 

0 0 alternately dipped into hot (T=48 C) and cold (T=24 C) water baths. 

The wires are forced to return to the loop shape while they are in the 

low temperature phase. Banks' engine operates at about 60 rpm and is 

estimated to develop a power of 0.2 watts (5,7). 
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V. NEW LOW TEMPERATURE HEAT ENGINE DESIGN 

The proposed new low temperature heat engine design is a modifi-

cation of the Banks' engine (4) as s ugges ted by Wechsler (24). This 

chapter undertakes the task of presenting a brief discussion on the 

design characteristics and principles of operation, a detailed 

account of its construction, an analytical determination of the 

expected work output, and a calculation of the power and efficiency 

to be expected from a proto t ype engine. 

A. Basic Design Characteristics and 
Principles of Operation 

The engine, as shown in figur e 5, is of the offset cr ank t ype . 

It embodies a number of spokes which contain s traigh t Nitinol tubes . 

The spokes are pinned at one end t o a fixed outer rim and at the 

other end attached, through a spring , t o an offset crank . The tubes 

are straight at all times rathe r than bent so that all of t he force 

developed by the Nitinol elements upon transformation is delivered to 

the crank. In this way, less shape memory ma t erial i s required for the 

same amount of trans fo rmation-pr oduced displacement. 

The Nitinol tubes will be trained such that they have two- way 

memory . Upon transformation to the low temperature phase, each tube's 

length increases by an amount 61 over the length LT it had in the 

high temperature phase . Conversely, upon reverse transformation to 

the high temperature phase t he tube will r eturn to its initial length . 

The change in tube length, as a result of transformation, changes the 
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extension of the spring to which it is attached. This change in 

spring extension is felt by t he c rank, inasmuch as the spring can be 

considered a linear displacement-force converter, as a change in the 

force applied to it by that spoke . The force, acting on the crank, 

applies a moment on the center shaft through the offset distance 

moment arm, thus caus ing rotation. 

The heat energy that the tubes use for transformation to the high 

temperature phase is delivered by a fluid, at a temperature greater 

than that required for transformation, flowing through the inside of 

the tube. Cold fluid flowing around the outside of the tube causes 

the tube to revert back t o the low temperature phase. The hot and cold 

fluid flows are controlled so as to allow the greatest amount of work 

output for a given temperature induced displacement. 

It should be noted that the concept of using Nitinol tubes as 

the w~rking element in a heat engine was first proposed by Wechsler 

and Banks in 1977 (25) . The advantage of using tubes in a heat engine 

is that the hot and cold fluids may be kept totally separated and thus, 

the problems associated with intermixing are avoided. 

B. Construction Details 

The fixed outer rim is a steel bar, of rectangular cross section, 

which has been rolled into a lar ge circle and its ends joined by 

welding. The use of a fixed outer rim (rather than a rotating rim) 

simplifies the placement of the required auxiliary components (~ . g . 
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valves and valve operators) which may be arranged around the periphery 

of the rim. 

Each spoke (figure 6) is attached t o the outer r im through a 

steel end piece . The end piece is pin connected to the rim at points 

equally spaced around the rim' s circumference . The angular displacement 

between each pinned connection is 15 degrees with respect to the center 

of the circle defined by the outer rim. The pins used to connect 

the end piece to the rim allow the spokes to move in the plane of 

the circle formed by the outer rim with very little resistance. The 

end piece also provides an inlet nozzle so that hot water (for half 

of the cycle) and compressed air (for the o t her half) may en t er the 

Nitinol tube. 

The Ni tinol tube has pipe threads machined at each end on its 

outer s urface so that it may be screwed into the upper end piece 

(the threads also allow the lower end piece to be screwed onto the 

tube). Surrounding the tube is a s t eel outer jacket, through which 

cold water and compressed air may flow alternately around the Nitinol 

element . The steel jacket contains inlet and outlet ports for the 

cold water and air. It is attached to the upper end piece by welding, 

and to the lower end piece through a sliding fit . 

The lower steel end piece has an outlet nozzle for the hot water 

and air . It is screwed onto the Nitinol tube by means of pipe threads 

machined on a portion of its interior surface . The lower end piece 

also has a groove cut around its outer cylindrical ·sur face so that it 

can hold a teflon seal over which the outer j acket's lower end may 
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Figure 6. Cutaway view of one spoke in pr oposed Nitinol heat engine 
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slide as the Nitinol tube expands and contracts during the course of a 

cycle. The purpose of the seal is t o prevent the cold water or air 

from leaking out of the annulus be tween the jacket' s inner s urface 

and the tube's outer surface. 

Welded t o the bottom of the lower end piece is the first coil of 

a steel helical spring. The opposite end of the spring i s formed into 

a hook, which can be slipped through one of the holes in the connector 

flange . The hook acts like a pinned connection to allow for the 

wobbling motion of the spoke, which takes place as the crank goes through 

a cycle, without providing a gr eat deal of r esis ting torque t o the spoke. 

The steel connector flange has 24 equally spaced holes drilled 

through i ts flat faces . The holes are also located equidis tant from the 

flange's inner and outer diameters. The inner c i rcular surface of the 

connector flan ge is welded to the outer race of a steel r oller bearing 

(f i gure 7). The roller bearing's i nner race is attached t o the outer 

diame ter of the crank through an interference fit . The crank is 

rigidly attached to the cente r shaft. 

Figure 7 illus trates t he proposed method by which mor e of the heat 

energy contained in the high t emperature fluid may be extracted. A 

second wheel identical to the first i s mounted on t he same crank arm. 

The Nitinol tubes in the spokes of the second wheel would be of such 

a nickel-titanium composition so as to have a slightly lowe r phase 

transformation t emperature than the tubes in the first wheel. During 

operation of the device three-way val ves, located ar ound the perimeter 

of t he outer r im, feed hot water and compressed air alternat ely t hrough 



Hot Water/Air Inlet 
Cold Water/Air 

Outlet 

Roller Bearing 

Crank--~ 

26 

Outer Rim 

Hot Water/Air Outlet 
Cold Water/Air Inlet 

Spoke 

Connector Flange 
Microswitches 

Cam Wheels 

Center Shaft 

Figure 7. Side view of pr oposed two-wheel Nitinol heat engine 
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the Nitinol tubes in the left-hand wheel (figure 7) and out through the 

tubes in the right-hand wheel. At the same time, air and cold water 

flow alternately into the steel jackets on the righ t-hand wheel spokes, 

fed by similar three- way valves. Each spoke in one wheel is supplied 

with the hot water or air by one valve and with cold water or air by 

another valve. The three- way inlet valves are each connected to either 

a hot water or cold water upstream header as well as to a compressed 

air header. The return lines from each wheel contain three- way valves 

beyond which the lines are connected to appropriate hot or cold water 

header s. In the case of air flow, the outlet valves vent the air to 

the atmosphere in order to minimize water loss and the amount of air 

introduced into the water systems. Since the two wheels would be 

rotating at the same speed, the cross connection lines between the 

wheel assemblies would not need to be flexible. 

Timing the flow of water or air so that each tube transforms at 

the appropriate time in the cycle would be accomplished t hrough the 

use of cam wheels mounted on the center shaft. The cam wheels rotate 

with the shaft and actuate microswitches at various times throughout 

the cycle. The microswitches in turn send signals to the valve operators 

(e .g., solenoid coils) so that hot (cold) water or air is directed 

through (around) the Nitinol tube in a particular spoke at the proper 

time in the cycle. The attachment of the cams on the center shaft is 

such that each cam wheel can be adjusted relative to t he position of 

the crank in the cycle. This allows for the timing of the hot and 
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cold fluid flows as deemed necessary in order to achieve t he greatest 

work output . 

C. Analytical Determination of Work Output 

A simplified version of the proposed engine design is shown in 

figure 8. This model is composed of a single spoke connected to the 

crank . The purpose here is to determine an expression for the expected 

net work output from one spoke in a s ingle cycle . 

The point A (figure 8) indicates the crank ' s position when the 

Ni tinol tube in the spoke transforms from the hi gh temperature phase 

to t he low temperature phase. The crank will occupy the position 

designated B when the reverse transformation takes place. 

The radius of the wheel r , the radius of t he circle described by w 

the crank as it completes a cycle r , and the length of the spoke c 

when the crank is at position e , L (e) , can al l be put in vector no t ation: 
s 

+ 

+ 
r = r j w w 

r (e) = r Sine i + r Cos ej c c c 

t (e) = -r Sine I + (r - r Cos e)} s c w c 

where i and j designate unit vect or s along the x- and y- axi s 

respectively. 

(5 .1) 

(5 . 2) 

(5. 3) 

The total spoke length L (9) is also the sum of the l engths of the s 

endpieces LR, the tube LT (e), and the spring Lk (6) . Hence, 
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Figure 8 . Arrangement of spoke , crank , and wheel for single spoke 
Nitinol heat engine 



where 

30 

LT, 0 ~ 6 .2 6 A 

LT + 6L' 6 A < 6 ,<;, 6 B 

LT' 6B .2 6 < 21T 

-+ 
and 1 is a unit vector lying along the direction of L (6) s s 

L (6) = s 

1 s 

L s 

{r 

-+ L (6) 
s =---L ( 6) s 

1 . 
(6) f-rc 

2 + 2 r c w 

- Cos 6)j} Sin6i + ( r - r w c 

- 2r r Cos 6}112 
c w 

(5 . 4) 

(5 . 5) 

(5.6) 

(5 . 7) 

The length of the spring LK(~ can be expressed as the sum of its 

unloaded length L and the amount of extension over L that the spring 
0 0 

experiences when the cr ank is rotated to 6 radians, thus 

L _(6) = L + L (6) . - K o e 

The force acting on the end of the crank arm is 

-+ -+ 
F(6 ) = KL ( 6 ). e 

From equations (5.4) and (5 .8), 

L (6) = [LR+ LT (6) + L + L (6)]l s o e s 

-+ 
solving equation (5 . 10) for L (6) yields e 

(5 . 8) 

(5 . 9) 

( 5 .10) 
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(5 .11) 

By substituting equation (5.11) into equation (5.9) 

(5 .12) 

-+ The moment that F(6) exerts on the crank is the cross product of 
-+ -+ the moment arm vector r (6) and the applied force F( e), c 

-+ -+ -+ 
M(6) = r (6) x F( 6) . c 

(5 .13) 

Using equations (5 . 2) and (5.12) and by performing the vector pr oduct 

operation 

M(e ) = L ~e ) [Ls( e) - LR - LT(e ) - L
0

](rcrwSin6)k 
s 

(5 . 14) 

where k is a unit vector normal to the plane defined by the vectors 

i and j in the direction defined by the cross product ix j. Equation 

(5.14) can be rearranged to yield 

-+ M(6) = r r K [Sine -c w 

[L + 
R 

{r 2 
c 

LT(e) + L
0

] Sine k 
2 1/ 2) 

The work done by the moment in a cycle is 

-+ • -w1 =, M(6) ·d6 

(5 . 15) 

(5 . 16) 

where e increases in a clockwise sense and leads to an additional negative 

sign . If the region of integration is divided into three parts bounded by 

6 = 0, 6 = 6A, and 6 = 6B, and the values f or LT(6) from equation (5 . 5) 

are substituted into equation (5 .16), then the work done in a cycle is 
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eA (~+LT+ L
0

) Sine 
W = ! r r K[ - Sine ]de 1 (:) cw · {r 2 +r 2 -2rrCose}112 

c w cw 

(LR + LT + 6L + L
0

)Sine 
r r K[~~2~~-2~~~~~~-1-1-2 - Sine] de 

c w {r + r - 2r r Cose } 
c w cw 

(LR + LT + L
0

)Sine 
r r K[~~2~~~~~~~~~-,- - Sine ]de. 

c w · {r + r 2 2r r Cose}112 
c w cw 

(5 .17) 

Performing the integration gives 

w 1 UL [ {r 2 + r 2 
c w 2r r Cos eB}112 

c w 
{r 2 + r 2 

c w 2r r Cos eA}112J c w 

(5 .18) 

Note that w1 in equation (5.18) has its greatest positive value when 

eA = 0 and eB = TI radians. Substituting these values into equation 

(5.18) results in 

W = 2ULr 1 c 
(5 . 19) 

as the net work done by a single Ni tinol tube in a cycle . 

An alternative method of determining the net wor k done by a tube in 

one cycle is presented in Appendix A. The viewpoint in that calculation 

is that the work done by the Nitinol tube on the spring equals the wo r k 

done on the cr ank in the cycle. 

D. Estimated Performance 

Performance estimation requires the selection and optimization of 

design parameters which in turn necessitates the development o f design 
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equations. In this section the general design equations for the 

proposed new heat engine are determined , and are then applied to the 

case of a prototype in order to determine its dimensions, and expected 

power output and efficiency. 

1. Pertinent design equations 

The physical dimensions of the Nitinol tubes, the springs, the 

wheel radius, and the crank offset distance are in terconnected in 

such a way t hat once one parameter i s chosen the other component 

dimensions are determined (or are r equired t o fall within a specified 

range) . 

The cross sectional area of the tub e is limited by the maximum 

allowable stress 

(5 . 20) 

where the maximum crT is specified t o be no gr eater t han the yield 
T stress of the tube a when it is in the low temperature phase. It can ys 

be seen f r om equations (5 . 7) and (5 . 12) tha t this extreme condition 

wi ll occur a t 6 = n radians. 

The l ow temperature phase Ni tinol tube length, LT + 61 , is related 

to the cr oss sectional area and mass ~ through the following relation 

(5 . 21) 
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where pN is the density of the Nitinol as g i ven in table 1, and where 

~L (5 . 22) 

in which E is the transformation strain exhi bited by the tube. The 
in Transformation strain is assumed t o be 0 . 08 -.-, the experimentally 
in 

determined strain which accompanies the gr eatest restoring fo r ce in 

Ni tinol (3) . 

From equation (5 . 12) the magnitude of the applied force is 

Splitting L into the length of t he coiled portion of the spring 
0 

Lc plus the length of the hook LR, and subs tituting fo r L
0 

in the 

above equation gives 

(5 . 23) 

Additionally , the coiled l engt h of the spring can be app r oximat ed as 

L "' DN, c (5 . 24) 

where N is the number of coils in the spring and D is the diameter of 

the spr ing wire . In or der to ensur e that there is an adequate length 

of coiled spring t o s tretch a total distance of 2r , L will be c c 

r equired t o satisfy t he f ollowing: 

L > 4r . c c (5. 25) 
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The spring constant K (also called the spring modulus) can be 

calculated using the following equation (26) 

GD4 

K = 64NR3 (5.26) 

in which G is the modulus of rigidity of the spring material, and R 

is the mean radius of the spring coil. Another relationship to be 

considered in the design of the spring is the spring index C, which is 

a measure of the relative curvature of the coil, 

2R c = -D 

It is usually specified (27) that 

3 < c < 10 

(5. 2 7) 

(5. 28) 

because it is more difficult to accurately coil springs that have a 

very large or very small spr ing index. The spring must also be 

designed so that when at its greatest extension in the cycle (i. e ., 

6 = n ) it will not exceed its own yield stress. The nature of helical 

springs i s such that the limiting condition for the spring is the 

shear stress T i t is under at the yield point, thus 

s 
T max 

s = T ys 
1 s 

= - a 2 ys, (5 . 29) 

s where a is the yield stress of the spring mat erial. The relationship ys 
between the shear stress on the spring and the load it is under is 

given by (26) 
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16F (8) R 4C 1 (l+2v ) 
[4C=4 + 2(l+vs)C] ~ n3 s 

(5 . 30) 

where v is Pois son' s ratio for the spring material and the bracketed s 

quantity is the effect of the spring 's cur vature on T • s 

Figure 9 shows that near the connect or flange the distance between 

adjacent spring coils is very small. In order to prevent one spring f r om 

interfering with the moti on of its neighbor, it is r equir ed that the 

mean spring coil radius satisfies the following 

R = Z Tan 7 .5° 

D = 0 .13Z - 2• (5 . 31) 

where Z is the mean distance from the center of the crank arm to the 

nearest coil of the spoke at 8 = 0. 

Finally , the r elationship between r , r , and L (6) is given by c w s 
equation (5 .7), whi ch for e = 0, yields 

L = r r , s w c 

and fo r e = ~ 

L = r + r . s w c 

However, because of the pr esence of the connector flange (assumed to be 

2 inches in diameter) with the hook holes l ocated 0.25 inches from the 
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Figure 9. Determination of distance between center of crank 
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outer circumference, the actual values of L at e 
s 

L (0) = r - r 0 . 75, s w c 

L (lT ) = r + r - 0 • 7 5 • 
s w c 

2. Determination of component dimensions 

O and e 1T are 

(5. 32) 

(5. 33) 

The design of a heat engine depends on the applications for which 

it is intended and the power rating chosen as a standard. For example, 

a heat engine designed to recover a portion of the very large amount of 

waste heat rejected from a power plant would necessarily be much larger 

and more complex than one designed to recover the very much smaller 

amount of heat made available from an unfocused solar heat collector . 

Ginell et al. (16) claim that one kilowatt of power can be obtained 

from a device using one kilogram of Nitinol. For that reason, one 

kilogram has been arbitrarily selected as the mass of Nitinol to be 

used in this prototype model. Additionally, the prototype will 

incorporate the dual-wheel offset crank concept (figure 7), hence each 

wheel will utilize 0 . 5 Kg of Nitinol. Since each wheel is composed of 

24 equally spaced spokes, each spoke then contains a Nitinol tube of 

mass ~' where 

I1r 0
. ~~g (2. 2 l~;) 

4.6 x 10-2 lbm Nitinol (5. 34) 
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The engine design as implied by equations (5,20) t hrough (5 . 34) 

involve 17 unknown par ame t ers. As t he equations show, these parameters 

are int err elated and examination reveals that in addi t ion to specifying 

the mass of Nitinol to be used, three additional values must be select ed 

mor e or less arbitr arily . The three parameters chosen to be specified 

in this way are LR, LH, and Z. These particular terms were selected 

because it appears t hat they are relatively insensitive t o the applica-

tion of int e r es t and to changes i n engine application . The values given 

to t hese three parameters are 

LR = 2 inches (5.35) 

LH = 1 . 25 inches (5.36) 

Z = 2 inches (5 . 37) 

Mohamed (14) indicates that the yield stress for low temperature 

phase Nitinol is 5692 psi . The mater ial of the spring is assumed to be 

cold worked s t ainless steel with the following mechanical pr oper ties (28) : 

G = 12 . 5 x 106 psi 

s 5 a = 1.65 x 10 psi ys 

v = 0.3 . s 

Using these values and those given in equation (5.35) through (5 . 37) 

in t he design equations (from section 1) to solve for t he remaining 
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unknown parameters yiel ds the results listed in table 2 . The calculations 

are given in Appendix B. 

Table 2 . Wheel design oarameters (based on 0 . 5 kg Nitinol per wheel) 

Symbol Parameter Value Units 

~ Cross sectional area of tube 2 . 0xlO 
-2 

sq. in . 

c Spring index 3 (dimensionless) 

D Spring wire diameter 0 . 13 in. 

F (rr) Maximum load on spring 113 . 0 lbf 

K Spring cons tant 154.8 lbf/in . 

L Length of spring coi l 5 . 85 in . c 
6L Transformation displacement 

of tube 0 . 73 in . 

LT Length of tube (HTP)* 9.10 in . 

N Number of coils in spring 45 (dimensionless) 

R Mean spring coil radius 0 . 20 in. 

r Crank offset distance o. 73 in . c 
r Wheel radius 19 . 70 in . w 

* High temperature phase 

3. Calculation of expec t ed work, power, and eff i ciency 

As shown by equation (S . 19) the work done by one tube during the 

course of a cycle is 
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Using the values given in table 2 for a 0.5 Kg Nitinol wheel, 

2(154.8 l~f)(0 . 73 in) 2 
in 

165 in-lbf 

13 . 7 ft- lbf. 

The total work done by all 24 tubes in the wheel during a cycle is then 

24 (13. 7 ft-lbf) 

= 328.8 f t-lbf (5 . 38) 

Since power is the rate of doing work, a determination of the 

speed at which the prototype operates must be made . The limiting 

facto r is the rate at which enough heat can be transferred to the tube 

material in order to cause transformation to the high temperature phase . 

Appendix C contains the calculation for the time it takes for the tube 

to transform once hot water at 115°F is introduced into the tube. The 

heating half- cycle time is found to be about one second, thus the total 

cycle time will be 2 seconds. In this case the power output of t he 

wheel is then 
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(328 . 8 ft-lbf) (0 .7457 Kw/hp) 
(2 sec)(550 ft- lbf) 

hp- sec 

0.22 Kw . 

and for the dual-wheel system the t otal power is twice thi s value 

= 0. 44 I~w . 

The resulting power- to- Nitinol mass ratio is 

P 0 . 44 Kw 
48M.r = l .O Kg 

= 0 . 44 Kw/Kg . 

This is less than half the value predicted by Ginell et al. (16) . The 

same ratio for the Banks engine (5) is 

p 

20 ~ 1T 20(30 cmh;·(0. 12 

= 4.6xl0-J l~w/l~g 

or about 1% of ~he value obtained for this proto t ype. 

From Appendix C, t he amount of heat delivered to a tube in the 

course of a cycle is 
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Q1 = 1.12 Btu. 

The total amount of heat delivered to one wheel during a cycle is then 

= 24 (1.12 Btu) 

= 26.9 Btu (_5 . 39) 

An engine ' s efficiency is defined to be the ratio of t he net work output 

to the total heat input , thus using the values given in equat ions (5 .38) 

and (5 . 39) t he prototype's efficiency n is 

n = ~ x 100% 

= 328 . 8 ft-lbf x 100% 
(26.9 Btu)(778 f t-lbf ) 

Btu 

= 1. 6% 

The Carnot efficiency is given by 

where TH and T1 are the temperatures of t he heat sour ce and heat sink 

given on the absolute t emperature scale 
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TH = 115°F + 460 

= 575°R 

TL = 35°F + 460 

495°R. 

Hence, 

5 75°R-495°R x 100% n = c 57S0 R 

= 13 .9% 

and thus the prototype 1 s efficiency is about 11% of the Carnot 

efficiency. 
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VI. APPLICATION TO WASTE HEAT UTILIZATION IN 
ELECTRIC GENERATING POWER PLANTS 

The reactor of Unit #1 at the Prairie Island nuclear power plant is 

rated at 1650Mw thermal power . 9 Btu It is designed to discharge 3.9xl0 hr 
0 (1143 MWt) at a maximum temperature of 107 F from its condenser at full 

power (29) . If larger versions of the dual-wheel low temperature heat 

engine protot ype are used to recover useful work from the heat rejected 

by the Prairie Island nuclear power plant, then at a convers i on efficiency 

of 1.6% the t otal additional power output of the plant would be 

p (0.016)(1143 Mw) 

= 18.3 Mw. 

Thus, t he overall plant efficiency will be increased from 30 . 7% to 

31.8% . 

The mass of Nitinol required to convert the rejected heat into 

18. 3 Mw of additional power would be 

~iTi = 
18300 Kw 
0 . 44 Kw/Kg 

3 = 41 .6xl0 Kg Nitinol . 

At a cost of $60/Kg for Nitinol (16) this would amount to a capital cost 

of $2 .Sx106 for the shape memory material alone. However, by selling 

the additional power generated at the price of 5,5 cents per Kw- hr 
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(Jo) the extra revenues after one year of operation would amount to 

about 

3 hr (18300 Kw)($0.055 / Kw- hr)(8.6xl0 ~)(l yr) yr 

= $8 . 7.xl06 

Essentially , the cost of the Nitinol would be repaid after about four 

months of operation, with a net pr ofit of $6 . 2xl06 going t o the utility 

after t he fi r st year. 
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VII. CONCLUSION 

Despite the fact that the proposed heat engine design has a 

relatively low efficiency for the conversion of heat energy t o useful 

mechanical energy, it does have the potential to provide several addi-

tional megawatts of electrical power from a single power plant without 

increasing the need for fossil or nuclear fuel. Also, because of the 

resistance of Nitinol to fatigue degradation (5) , and becaus e of the 

simplicity of its design such a device should not require very much 

in the way of maintenance or upkeep, thus it has the additional 

advantage of potentially low operating cos ts. Another advantageous 

feature of the new design is the ease with which additional 

wheels may be coupled in series with respect to the fluid flow thus 

enabling the extraction of a large percentage of the available hea t 

energy by utilizing tubes with sequential transformation temperatures 

as suggested by Wechsler and Banks (25). 
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X. APPENDIX A: CALCULATION OF WORK DONE BY ! UBE 

This appendix focuses on the spring contained in one of the spokes 

of the proposed low temperature heat engine design. The object here i s 

to show analy tically that the work done on the spring by the tube during 

transformation exactly equals the work done by the spring on some other 

ex t ernal object (e . g., the c r ank ar m of the proposed engine). 

Figure 10 shows different configura tions of a spring (~ith spring 

constant K) which is attached at one end to a Nitinol tube and at the 

other end t o the external object B. If B is constrained to move only 

along the x- axis and is massless , then figure lO(a) shows the spring in 

its unloaded condition with the end of the tube (in the high temperature 

phase) at x=O and Bat x=x2 . In figure lO(b) t he tube has transformed 

t o the low temperature phase, thus extending its end t o x=::x1 while B is 

held at x=x2 ; f igure lO(c) shows that B has moved to position x=x3 ; 

with B fixed at x=x3 the tube has retransformed t o the high temperature 

phase in figure lO (d) and its end has returned to x=O; figure lO(e) 

shows that B has been allowed to return t o x=x2 , thus the system is 

again unloaded as i n figure lO(a). 

Wor k done by the tube on the spring occur s between steps (a) and 

(b), and between steps (c) and (d) . As the tube end moves from x=O t o 

x=x1 t he force on the spring is 

Kx . 
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(a) 

(b) 

(c) 

(d) 

(e) 

Figure 10. Simple model of spring motion during one cycle 
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The work done by the tube on the spring be tween s teps (a) and (b) is 

then 

xl 
f 0 F ab dx 

x l 
K f O x dx 

2 = l/2Kxl . 

As the tube moves from x=x1 t o x=O the force on the spring is 

and the work done between steps (c) and (d) is 

The net work done by the tube on the spring is 

w net 
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When Bis moved between steps (b) and (c), and steps (d) and (e) 

the force acting on B is 

and the work done is 

x3 
- Kf [ x-x - x ]dx x2 1 2 

1 2 x3 
- K [-x - x x - x x] 2 1 2 x 2 

When B is moved between steps (d) and (e) the force is 

while the work done is 
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wde = fx2F dx 
x3 de 

x2 
- Kl (x- x2 )dx 

x3 

1 2 x2 
-K(~ -x x) 2 2 x3 

1 2 2 1 2 
= -K[-r'2-x2- -r'3+x2x3] 

The net work done by the spring on B is 

As can be seen this equals the net work done by the tube on the spring, 

and if it is noted that x1 =~L and (x3-x2)=2r c then the net work done 

by the tube on the spring is 

W=2ULr · c' 

which is the same as given in equation (5.19). 
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XI. APPENDIX B: CALCULATION OF PROTOTYPE 
COMPONENT DIMENS IONS 

This appendix uses the des ign equations developed in Chapter V, 

Sec tion C, to calculate t he dimensions and o ther parameters fo r t he 

Nitinol tubes, springs , c r ank, and wheel. 

Equations (5 . 20) through (5 .37) are r ep r oduced below : 

(5 . 20) 

(5. 21) 

(5 . 22) 

(5 . 23) 

L ::: DN c (5 . 24) 

L > 4r c c (5 . 25) 

K GD4 

64NR3 (5 . 26) 

c 2R =-D (5 . 2 7) 

3 < c < 10 (5 . 28) 

s s 1 T = T s max = -::-0' ys 2 ys (5 . 29) 



T s 

R 
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16F (6) R [4C- l + (1+2v) ] 
n DJ 4C- 4 2(l+v)C 

D 0.132 - 2 

L ( O) = r - r - 0 . 75 s w c 

L (n} = r +r - 0 . 75 s w c 

M.r 
- 2 4 , 6xl0 l bm 

L = R 
2 i n. 

LR = 1. 25 in . 

z = 2 i n. 

The mechanical proper ties of stainless s t eel , ob t ained f r om Higdon 

e t al . (28), are a l so r epeated 

G 

s a ys 

v s 

6 . 12 . 5.xlO ps 1 

5 = l . 65xl0 psi 

= 0 . 3 

(5 . 30) 

(5 . 31) 

(5 . 32) 

(5. 33) 

(5 . 34) 

(5 . 35) 

(5 . 36) 

(5 . 37) 

as well as the value fo r the yield stress of low temper a t ure phase 

Ni t inol from Mohamed (14) 

T a = 5692 psi. ys 

The t ransformat ion strai n as given in Jackson et al. (3) is 
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in e: = 0 . 08 -.-. 
in 

The me t hod of calcula t ing t he values of the r emaining unknown 

par ameter s is as follows: substituting equation (5 . 37) into equation 

(5. 31) gives 

D R = 0.13(2) - 2 

D = 0 . 26 - 2' 

using this in equat ion (5 . 27) r esults in 

c = 
D 2(0 . 26 - 2] 

D 

0. 52-D 
D 

= 0052 - 1 , 

and solving equation (B . 2) for D yields 

0.52 
D = C+l . 

(B.l) 

(B . 2) 

(B . 3) 

Choosing C=3 from equation (5.28) and back s ubstituting int o equations 

(B . 3) and (B . l) gives 
J = ~ . 13 ir. . ~:.::. . 4) * 

R = 0 . 20 in. (B.5)* 
Solving equation (5 . 30) for F (e ) gives 

* The values for the parameters shown in the equations des-ignated by an 
asterisk are those lis t ed in taole 2 . 



F(e ) 
T s lT 

16R 
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1 
4C-l 1+2v 

I LfC-4 + 2 (l+v) CJ (B. 6) 

and by substituting the values given in equations (B.4), (B . 5), and 

(5.29) and using the given values for os and v yields the following ys s 
result for F(ir): 

1 5 3 
2~(1.65xl0 ) ir (0 . 13) 

16 (0.20) 

= 113.0 lbf. 

Similarly, for C 10: 

D 0 . 05 in . , 

R = 0. 24 in., 

and 

F(ir) = 7.4 lbf. 

1 
4(3)-1 1+2(.3) 

14 (3)-4 + 2(1+.3)(3)] 

(B . 7) * 

(B. 8) 

(B.9) 

(B . 10) 

The length of the tube in the prototype design will be minimized 

while at the same time allowing a larger force to act on the crank, hence 

the value chosen for C is 

c 3. 

T Substituting the value given f or o and equation (B.7) into ys 
equation (5 . 20) gives 

(B.lOa)* 
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113 .0 
5692 

Using this and equation (5 . 34) in equation (5 .21) yields 

4 . 6xl0-2 
= ~~~~::--~~~~-=-

( 2 . 0x l 0 - 2) (2 . 34xl0- l) 

= 9.83 in., 

(B . 11)* 

(B.12) 

and by substituting t he value for E and equation (5 . 22 ) into equation 

(B . 12) the result is 

LT+ (0 . 08)LT = 9 . 83 i n. 

L 9.83 
T = 1. 08 

9.10 in. (B . 13)* 

Substracting equation (B.13) from equat ion (B .12) gives 

LT+ ~L - LT = 9.83 - 9 . 10 

~L = 0 . 73 i n. (B . 14)* 

But, a t 6 = 7T radians; prior to trans formation t o HTP fo r a single spoke: 

F(7T) = 113 . 0 lbf 

L (7T ) = r + r - 0 , 7 5 s w c 
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and by equation (5 . 23) 

113 K[r +r - 0 . 75- 2- 9.83- L - 1.25] w c c 

= K[r +r - 13 . 83- L ] w c c 
(B . 15) 

By similar means, at 6=0 radians ; prior to tube transformation to LTP : 

F(O) = 0 

L (O) = r - r - 0 . 75 
s w c ' 

then by equation (5 . 23) 

0 = K[r - r -0. 75-2- 9 . 10- L - 1.25], w c c 

K[ r - r -13 . 10-L ] w c c 

Adding equation (B .15a) t o equation (B . 15) gives 

113 = K(2r - 26 . 93-21 ) , w c 

and s ubtracting equation (B .15a) from equation (B . 15) 

113 = K(2r - 0. 73) c 

However, K and r must be such that af ter the tube trans forms at c 
6=0, F(O)· will be 

F(O) ,.,;. 113 lbf, 

( B . 15a) 

(B.16) 

(B .17) 

(B.18) 
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but 

F(O) = U L, (B.19) 

so t hat by subs tituting equations (B .19) and (B . 14) into equat ion (B . 18) 

and so lving for K yields 

K = 113 
. 73 

= 154 . 8 lbf/in . 

Using equa tion (B.20) in equation (5.26) and solving fo r N gives 

t hen by equation (5 . 24) 

N = (12 . 5xl06)( .13)4 

64(154 . 8)( . 2) 3 

45 coils , 

L "'(0 . 13)(45) 
c 

= 5.85 in . 

By solving for r from equations (B . 17) c 

= 0.73 in . 

Accor ding to equa t ion (5 . 25) 

L > 4r 
c - c 

(B . 20)* 

(B.21)* 

(B . 22)* 

(B. 23)* 



or 

as a check 

L c 

r c 

5.85 
0.73 

64 

> 4, 

8 . 01 

therefore the condition is satisfied. Using equation (B.16) t o 

solve for r gives w 

1 113 rw = 2£ 154 . 8 + 26 . 93 + 2(5.85)] 

19. 70 in. (B . 24)* 
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XII . APPENDIX C: HEAT TRANSFER CALCULATIONS FOR 
PROTOTYPE NITINOL TUBE 

This appendix undertakes four tasks. The first is to calculate the 

value of the heat transfer coefficient for convection. The second task 

is to determine the pressure drop experienced by the water as it passes 

through the tube . Next, the time required for the tube to undergo 

trans formation upon the introduction of water at high temperature is 

found . Finally, an app r oximation i s made of the amount of heat delivered 

to the tube during a cycle. 

The principal assumptions made in this appendix are: (1) The 

Nitinol's composition is such that its transformation temperature is 

65°F, (2) The inside diameter of the Nitinol tube is 0 . 25 inches, and 

(3) The flow rate of the water passing through the tube is one gallon 

per minute . The fi r st two assumptions are based on exper imental data 

contained in Cross et al . (13) , and the choice of flow rate was made 

arbitrarily although it is felt that the value chosen is r easonable . 

As given in Appendix B, equation (B .11) 

c - 2 2 AT = 2. 0xlO in 

c but AT is related to the tube ' s inside and outside diameters by 

from assumption (2 ) 1 

D. 
l. 

0. 25 in ., (C . l) 
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therefore 

= 0.30 in . 

The thickness of the tube is then 

1 = 2 (0 . 30-0.25) 

- 2 2.SxlO in . (C . 2) 

The value of the wate r flowrate, as gi ven in the third assumption, 

is used to determine t he Reynold's number by the formula 

Re 
p U D. w w l. 

µw 

3 wher e the density of the wa t er o is 62.4 lbm/ ft , and the water' s · w 

( C. 3) 

o . lbm viscosity µw' at 115 F, is 1 . 42 ft hr (31) . Converting the water flow 

r ate V into t he corresponding water velocity 

gives 

u w 
v =-

~ 



u w 

67 

(lgpm)(l44 in2/ft2)(60 ~) 
-2 2 3 (2 . 0xlO in )(7.48 gal/ft) 

4 ft 5 . 8xl0 hr " (C . 4) 

Substituting this and equation (C . l) into equation (C .3) results in a 

Reynold's number Re of 

(62 .4 lb~)(5 . 8xl04 ~t)(0.25 in) 
ft r Re = ~~~.;,:_,;_~~~~~~~~~~~ 

(12 in/ft)(l.42 ~~mhr) 

4 
= 5.3xl0 (C.5) 

According to Perry and Chilton (32) the following correlation holds for 

Re > 104 and 10 < L/D < 400 

1/3 

(C. 6) 

where, for this prototype 

L 9.10 in -= D. 
l. 

0.25 in 

36 . 4 . (C. 7) 

0 For a water temperature of 115 F the values for the thermal conductivity 
Btu of water k and the specifi c heat C are (31) 0.368 and 

w Pw hr ft °F Btu 1 . 0 ~~~-, respectively. Then from equation (C,6). the hea t transfer 
lbm°F 

coefficient for convection is 
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(O. 368 Btu ) (12 in/ft) 

h. hr ft OF 
0 . 036 (5 . 3xl04 ) 0 ·8 

1 (0 . 25 in) 

(l Btu ) ( 1. 42 lbm ) 

x[ lbm OF ft hr 113 (36 . 4) -0 . 054 
Btu ] 

0. 368 
hr ft OF 

4943 Btu (C . 8) = 2 hr ft OF 

For a given Reynolds number t he following equation can be used to 

determine the pressure drop experienced by water flowing through a 

tube (31) 

where gc is a conversion constant 

32.17 lbm ft 2' 
lbf sec 

= 0 (C . 9) 

g is the local acceleration of gravi t y and is usually given the value 

ft g = 32 . 2 --2, 
sec 

6Z is t he vertical change in position which in this case will be 

equivalent to the tube length 

9.83 in . 

0.82 ft., 



69 

and lwf is the lost wo r k due to pipe friction, where (31) 

2f 1 u2 
e 

g D. c 1. 

(C . 10) 

The f r iction factor f in equat ion (C.10) is app r oximatel y equal to 

0 . 005 (32) fo r smooth pipe (e . g. drawn tube) and for the value of Re 

given in equat ion (C . 5) . The term 1 in equation (C . 10) is the equiva-
e 

0 
lent length of the tube which includes the effects of the two 90 squar e 

bends (figure 6) . The equivalent length of one square bend, in 

0 . 25 inch tube, is app r oximately (31) 1 . 3 ft., thus the equivalent length 

of t he tube is 

1 0 . 82 ft + 2 (1 . 3 ft) e 

3 . 42 ft. 

Substituting this and t he value given fo r f into equation (C . 10) yields 

4 ft 2 . 2(0.005)(3.42 ft)(5.8xl0 hr) (12 in/ft) 

(32 . 17 l bm f t 2)(0.25 in)(3600 ~~-c·) 2 
lbf sec 

f t lbf = 13.2 _l_b_m_ 

Solving equation (C.9) for 6P gives 
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llU2 
tlP = p [- ~ - _g_ llZ - lwfJ = (62.4 lbm/f t 3) 

w 2gc gc 

. {(5. 8X104 !!_)-(5. 8x104 .!£) } 2 
x[- hr hr 

2(32.17 lbm ft ) 
2 lbf sec 

- 13. 2 ft lbfJ 
lbm 

= - 874 . 9 lb; 
ft 

- 6 . 1 psi 

32.2 !£_2 
sec 

32 17 lbm iE_ 
. lbf 2 sec 

as the pressure drop for the water flowing through one tube. 

(0.82 ft) 

(C.11) 

Figur~ ll(a) is a representation of a Ni tinol tube with water at 

115°F flowing through it. The rate at which heat is transferred through 

the internal thermal boundary layer to the tube can be expressed as 

where the internal tube surface area A. is 
1. 

and C is given as (3) 
pt 

= (0 . 25 in)(9 . 83 in)/144 in2/f t 2 

- 2 2 5 . 4xl0 f t 

(C.12) 
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2 

1 
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Time since introduction of water at 115°F, t (sec) 

(b) 

Temperature r elationships wi th 
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(b) Plot of outer tube s urface 
for Ni tinol tube 

posi t ion and time (a) Model 
Nitinol tube element; 
t emperature T ver sus time s 
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0.150 Btu 35° F < T . <. 65°F ' c lbm OF s 
PN = (C .13) 

0 . 153 Btu 65°F 0 
< T \ < 115 F. 

OF ' s lbm 

At the same time the rate of heat transfer through the tube wall is 

(T -T ) = w s (C .14) 

in which ~ is the coefficient of thermal conductivi t y and has the 

value (3) 

Btu 
~ = 9.54 

hr ft 0 ' F 

and Alm is the log mean surf ace area of the tube where 

A -A 
0 i 

A 
0 

ln <1::-) 
i 

ir(D
0
-Di)L 

D 
ln (--2.) D. 

l. 

-2 2 = 5 . 9xl0 ft . 



From equation (C.12) 

Substituting equation (C . 15) into 

A M.rCPN k lm 
(TH - h.A . tu 

l. l. 

T c T - = ~ H s PN 

dt = 

73 

dT 
<lt• 

equation (C.14) 

dT T ) ~ c dt s 

(~+ 1 ) 
kAlm h .A. 

l. l. 

gives 

dT 
PN dt 

dT 
dt 

Integrating both sides of the above equation results in 

T dT f t dt = ~ c (~ + 1 )! s 
t PN kAlm h.A°"" T =35° F T -T 

0 l. i s H s 

/1 r 1 TH-35 
t t +~ c (~ + ~)ln(T - T ) 0 PN lm i i H s 

(C . 15) 

(C . 16) 

0 0 0 For the case where 35 F < Ts < 65 F and TH = 115 F, let t
0 

=O hr, t hen 

equation (C . 16) gives the temperature dis t ribution of T with respect s 
to time as shown by curve 1 i n f i gure ll(b) . 

0 When Ts=65 F, it is assumed that the tube transforms to the high 

temperature phase. However, a certain amount of time is required for 

the Nitinol to absorb the heat needed to accomplish the transformation 

reaction . This required heat is the latent heat of transformation, /1H. 
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The value of 6H is given by Jackson et al . (3) to be 12 . 3 Btu per pound 

of Nitinol. Also, as this heat fo r transformation is being absorbed by 

the tube material the tube temperature does not change so that T remains s 
0 constant at the transformation temperature of 65 F . Thus for the case of 

transformation 

solving for T gives w 

h.A. (T - T ) 
l. l. w 

T w 

M.rd6H 
dt , 

For heat flow through the tube wall 

k__ . Alm (T -T ) M.r6H 
-"N 6r w s = ~· 

(C . 17) 

(C.18) 

substituting equation (C.17) into equation (C.18) and solving for dt 

yields 

dt (C . 19) 

Integrating both sides of equation (C. 19) resul ts in 

! t 
dt M.r (~+ _l_) 1aH d6H tl = T -T kAlm hiAi 0 H s 

t tl + 
M.r (~+-1-) 6H = T -T kA1 h.A. H s m l. l. 

(C .20) 
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0 where for this case t 1 is given by equation (C . 16) when Ts=65 F . The 

temperatur e- time relationship expressed by equation (C . 20) is illustrated 

by curve 2 in figure ll(b). 

By methods similar to those used to derive equation (C . 16) the 

expression for curve 3 in figure ll(b), is 

t (C.21) 

where C is given by equation (C.13) and t 2 is given by equation (C . 20) . 
PN 

As shown in figure ll(b), T reaches a value of about 95% of s 

TH at t = 1 second, this then is the time for the heating half of 

the cycle. The amount of heat delivered to the tube during heating can 

be approximated from equation (C.12) for curves 1 and 3, and for curve 

2 from equation (C.18) thus 

Ql = M.rCP 6T 
N 

= (4.6xl0- 2lb )(0.150Btu )(65°F- 35°F) 
m lbm°F 

= 0 . 21 Btu 

Q2 = M.r6H 

- 2 Btu = (4 . 6xl0 lbm)(l2.31bm) 
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= (4.6xl0-2lbm)(0 . 153Btu )(115°F-65°F) 
lbm°F 

= 0 . 35 Btu 

= 0 . 21Bt u + 0.56Btu + 0.35Btu 

1.12 Btu 
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