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SUMMARY 

Mechanical power can be produced by cycling thermally a ferro­
magnetic suspension (ferrofluid) in the presence of a magnetic field 
through a range of temperatures such that its magnetization changes 
appreciably. 

Appropriate ferrofluids and cycles to make this form of power 
practical are reviewed and evaluation is made of their practical effi­
ciencies and specific power. 

Choise is made of a practical cycle for which a preliminary dimension­
ing and a draft design are presented. 

KEYWORDS 

POWER 
FERROMAGNETIC MATERIALS 
SUSPENSIONS 
MAGNETIC FIELDS 
TEMPERATURE 
FLUIDS 
THERMODYNAMICS 
DESIGN 



- 3 

C o n t e n t s 

Part I t Thermodynamic8 of a ferrofluid and possible pover oyólos, 

1. The Ferrofluids 

1 . 1 - Definition 

1.2 - Ferromagnetic materials 

1.3 - Thermal properties 

1.4 - Weiss equation of s ta te 

2. Thermodynamioal re la t ions for a ferrofluid 

3. Power cycle consisting of two isothermals oonneoted "by 
two constant f ield legs . (Type I ) . 

3.1 - Schematic description of the oycle. 
3.2 - Efficiency of the oycle. 

4». Power oyole consisting of two isothermals oonneoted "by 
two magnetio isentropio legs . (Type I I ) . 

4.1 - Magnetic f ield modulation. 
4.2 - Efficiency of the oyole. 

5» The Brayton oyole (Type I I I ) 
5.1 - Definition and praotioal advantages. 
5.2 - Efficiency of the oyole. 

6. Choice of the ferrofluid. 

7« Conclusion. 



4 -

Part lit Dimensioning of an iron "based converter for spaoe use. 

1. Introduction 

2. The superconducting magnet 

3. The heat source 

4. The rad ia t io r 

5 . The MED load 

6. The heat exchangers 
7. Friotion losses 
8. Relations "between the parameters characterising the converter 
9· Numerical values 
10. Conclusion 

Part III t Considerations on the use of a magnetooalorio oyole as a 
topping devioe. 



EVALUATION OF MAGNETOCALORIC CONVERTERS^
+' 

Part It Thermodynamics of a ferrofluid and possible power cycles, 

1. The ferrofluids 

1 .1 - Definition 

Present day technological efforts Bucceed in produoing liquids, in the 

laboratory stage, in which fine ferromagnetio particles of the order 

of a Weiss domain (100 X) are brought in suspension in an oil medium. 

Macroscopioally, due to viscosity and thermal agitation, such liquids, 

which will be called ferrofluids (FF), behave as if they had a reduced 

magnetization M ■£ ιί£ where ^ì> is the magnetization of a Weiss domain 

of the pure ferromagnetic material and C is a volumetric factor 

indicating how much of this material has been brought in suspension 

in the transporting liquid. The preparation of such a suspension in 

molten sodium is under study ¡_2.J9 

As a matter of fact, ferromagnetio particles having Weiss domain sizes 
- * ■ ­ * ■ 

orient the magnetization M with the magnetic field intensity H in a 

quasi­free rotation. Hysteresis effects are thus eliminated and it 

appears possible in theory to obtain Carnot efficiency for a converter 

based on the magnetocaloric effect applied to an FF. 

1.2 ­ Ferromagnetic materials. 

Ferromagnetic materials having a high saturation magnetization are 

Ni, Co, Fe and their alloys. 

Due to its low Curie temperature, Ni was eliminated. Since none of the 

concepts in this paper has to be altered if Fe­Co alloys would be used, 

the discussion only will be pursued on pure iron and cobalt. 

Manuscript received on April 29, I968. 



1.3 - Thermal p r o p e r t i e s . 

The bearing: l i q u i d of the ferromagnetic p a r t i c l e s was chosen to be 

Na and the volumetric f a c t o r , for Theological r e a s o n s , has been f ixed 

to C - 0 . 1 . Although there i s a se r ious problem of phys ica l chemist ry 

to prepare a s t ab l e FF of t h i s k ind, i t fu r the r wil] be assumed t h a t 

such an FF i s a v a i l a b l e . 

The spec i f i c heat a t cons tant f i e ld zero of these f e r r o f l u i d s i s t 

/ 3 o 
for cobalt« C - 1.27 Joule/cm - K 

, τ o 
for i r on : 0 - 1.24 Joule/cm - K 

o 

The dens i ty i s : 

for c o b a l t : j> = 1.62 gr/cm 

for i r on : ƒ - 1.51 gr/cm' 
o 

Both p r o p e r t i e s a re considered as temperature independent . 

The thermal conduc t iv i ty of the FF i s assumed to be t h a t of l i q u i d Na, 

, -1 o -1 
namely« k ■> 0.63 Watt - cm - K . 

1.4 - Weiss equation of s t a t e . 

Considering the FF as incompressible and of i n v a r i a b l e composi t ion, 

i t s thormodynamical s t a t e i s pressure independent and can be defined 

by only two independent v a r i a b l e s , e .g . temperature and magnetic f i e l d . 

Due to lack of experimental data on the magnet izat ion of f e r r o f l u i d s , 

the Weiss equation of s t a t e i s used. 



I t c o r r e l a t e s ΪΤζ ,H and Τ by the t ranscendenta l equation« 

9rUH,x) 
Η 

V <^ S . t 
OTZ(//JJ 

In this equation w9^ is the saturation magnetization that is 
obtained when all free spins do align (magnetisation at absolute zero)} 
OC is the molecular field oonstant and Τ is the Curie temperature. 

For iron and cobalt the following values were used /~3>_Jt 

Fe 

Co 

/ V * sat (gaUSs) 

21,870 

18,150 

oC 

710 

1152 

TO (°K) 

1043 

1404 

2. Thermodynamical relations for a ferrofluid. 

It is known that the specific heat at constant field strength of ferro­
magnetic material is lowered when this material is brought in a magnetic 
field. This is due to the alignment of the Weiss domains and allows to 
write the entropy variation of an FF as follows: 

JL S> = ol S.,» + à. Í 



where S is the entrony due to thermal agitation and S the entropy th mag 

due to the ordering action of a magnetic field. 

It has been proved £'A_J that: 

and 

A s a s c° Ύ 

AS = 
<**».1 A VT' 

áH ¿Τ + u i àW 

where /U is the permeability of vacuum. 
/ ° 

From the above relations, expressions can be derived for heat input 

and output as well as for mechanical work J_ A_J· 

Next it will be shown how to extract mechanioal power by cyoling the 

ferrofluid in the presence of a magnetic field through a range of 

temperatures. Three cycles will be discussed. 

3. Power cycle consisting of two isotherrrml s connected by two constant 

field legs (Type I). 

3.1 ­ Schematic description of the cycle. 

A converter has been proposed using the difference of work developed by 

an FF entering a magnetic field below its Curie temperature and leaving 

the field slightly above it. 

This FF will indeed tend to move towards the highest magnetic field 

intensity produced in a solenoid. Heating the FF within the high field 

zone from a low temperature to roughly the Curie temperature of the 



ferromagnetic material in suspension, and assuming that the FF retains 

its fluidum characteristics in this temperature range, less energy is 

required to leave the solenoid than was transferred to the FF entering 

it. Cooling the FF out of the magnetic field, it can be cycled again 

towards the solenoid. 

When the FF is attracted to the high field zone, kinetic enerpy ir 

transferred to the FF from the B­Η energy of the solenoid due to the 

fact that for higher field intensities the magnetization is increased. 

However, when the temperature of the FF is increased, this magnetic 

energy is returned to the solenoid because the magnetization then 

diminishes. Due to the magnetocaloric effect, heat must be extracted 

if the FF is brought isothermally into an increasing magnetic field 

intensity and added in the reversed case. 

The difference in magnetic forces acting on the FF when it moves into 

the solenoid and when it is removed from it, confers to the FF a kinetic 

energy which would continuously inorease (apart from friction losses) 

if a work extractor (e.g. MHD duct.) were not inserted in the cycle. 

A converter of this kind, subsequently denoted by type I converter, is 

shown in figure (ï) and the cycle the FF is effectuating is shown in the 

S­T diagram of figure (2). 

In order to supply the necessary energy to heat the FF from Τ to Τ 

in the solenoid A, producing a magnetic field Η , a secondary non­magnetic 

recuperation fluid (SF) circulates in a counter­current heat exchanger 

located in the solenoid. 

The heat is given back to the SF out of the field in the heat exchanger Β 

where the FF cools from Τ to Τ . 

2 1 
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In order to accomplish the heat transfer, a thermal drop Δ τ must 
R 

exist between the fluids in both exchangers. This gives rise to a heat 
input 2 C Δ Τ to the SP in the hot region and an equal heat output 
in the cold region. The SF is circulated by an electromagnetic pump P. 
To permit isothermal in- and outlet of the FF in the solenoid, cold 
and hot sources (CS and HS) have to supply respectively« 

^Q - ε / · τ Ί -w—AH 

Δ α =-£/.τ. J — — a n 
0 ü

 ' 

All heat quantities are expressed per unit volume of FF and per cycle. 

3.2 - Efficiency of the cycle. 

The total heat input is: 

Due to the fact that the specific heat of the FF is lower in the solenoid 

than outside, less heat is extracted from the SF in the high field region 

than is restored in the recuperative heat exchanger. 

In order to get the SF temperature equal to Τ + Δ τ at the field exit, 

1 R 

a supplementary amount of heat (SHE) has to be extracted from the SF. It 
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has then been proved ƒ 4_/ that the total work extracted ist 

Under these conditions, the total heat output is 

Q-t = Qu - &V 
and the efficiency is 

Π1 

ις,ΔΤλ - ε ^ τ Α JWl*»(H.TQ i 
»ι 

Η 
o ^T 

Using the Weiss equation of state, Q , Q and 0) 
in out «y» 

have been calculated ' 'in' "out *>cf 

for iron and cobalt. 

The temperature range for the cycle was T « 0.6 T j T - T . The 
2 2 C 

magne t ic f i e l d Η was 10 Oe. 

The i n t e g r a t i o n s were made n u m e r i c a l l y u s i n g t h e GAL r o u t i n e (SHARE D1-

I P - G A L ) . The r e s u l t s a r e g iven i n t a b l e I . 
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Table I : Type I converter heat input and output. 

^/joules - cm _J 

Q. 
i n 

out 

&w 

Iron 

9.9 + 2.48 ΔΤ 
R 

8.7 + 2.48 Δτ 

1.2 

Cobalt 

9.1 + 2.54 ÛT 
Κ 

8.0 + 2.54 Δ Τ 
R 

1.1 

fficiency values are given in figure (3) as a function of Δ Τ . It 

R 

an be seen that, for ideal heat exchange conditions ( Δ τ = o), iron 

R 

nd cobalt give the same converter efficiency 1) ­ 12 %; while for 

R 

ractical values of Δ Τ , the cobalt cycle efficiency is somewhat lower 

han the iron converter efficiency. 

. Power cycle consisting of two isothermals connected by two magnetic 

isentropic legs (Type II). 

.1 ­ Magnetic field modulation. 

t has been found, that modulating the magnetic field in such a manner 

o make the magnetic entropy variation dS zero J_ A_J > the heat exchanged 

etween points 2­3 and 4­1 can be made equal and that, with ideal heat 

xchangers ( Δτ » o), the Carnot efficiency can be obtained in principle. 
R 
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The field H produced by the solenoid must satisfy the following first 

order differential equation in T: 

H*0) , 

OH IT) J ^ ^
H 

Fig. (4) shows this magnetic field profile starting with a field of 

5 
2.14 x 10 Oe and with a temperature Τ ■ 0,6 Τ , having a mean field 

5
 C 

of 1CT Oe. 

The hea t s Δ_^,0 and Δ τ . being equal in absolu te va lue , one now has : 

A4tQ = ^
T i

 i ~ ^
 á 

Δ^βΙ - - ε ^ Τ , ƒ _ _ olH 

3£ Χ 

where Η , and Η are respectively the field values of the modulated 
field H*(T) at Τ and Τ . 

4.2 - Efficiency of the cycle. 

The total heat input now is: 

whereas, due to the vanishing amount of heat in SHE, the total heat 
output is: 

giving for the total work extracted 

ΔΛΓ = - ε/χο cTr-T,J 
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I t can be shown tha t 

ƒ 
H*lT) 

QtølHJJ 
o ^T 

is temperature independent. 

dH 

For the e f f ic iency one gets« 

*i MF 1 -

where *V\ o 1 
C 

τ. 

τ. 

m 

i c. ATR 

e/,TjH?W^H 
s>T 

is the Carnot efficiency. 

Numerical integrations using Τ » 0.6 Τ « Τ = Τ . , and a magnetic 
^
 B

 1 2' 2r Curie' 
5 

field profile such that its mean value is 10 Oe, gave the results of 

table II. 

Table II « Type II converter heat input and output, 

^/"joules - om~-'_J 

in 

Q 
out 

Aw 

I ron 

2.30 + 2.48 Δτ 

1.38 + 2.48 Δτ 

0.92 

, . . — - ■ ■ , - - , . , - - . , — — — , — — ■ ■ — , - ■ ■ — — 

Cobalt 

1.90 + 2.54 Δ τ _ 
R 

1.14 + 2.54 Δ τ _ 
R 

0.76 
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Efficiency values are given in figure (3) as a function of Δ Τ . The 
Carnot efficiency is obtained for ideal heat exchange conditions. For 
practical values of Δ Τ , the converter based on iron suspension, 
appears to be more attractive« for a reasonable value of Δ Τ « 2 C, 

R 
one gets Ol « 12.7 # and Ί) - 10.9 %. L Ft lco 
Type II cycle has been drawn in the T-S diagram of figure (?). 

5« The Bray ton cycle (Type III )_. 
5.1 - Definition and nractical advantapres. 

This cycle differs from type II in that the magnetio field inlet and 
outlut are no more isotherms but adiabatics (in the sense of thermal 
and magnetic entropy). The effectuated cycle is indicated on the T-S 
diagram of figure (2). 

Obviously this cycle is more suitable for applications than type II. 
Indeed, the heat exchangers HS and CS, fig. (1), at the solenoid in-
and outlet are no more necessary and only the SF has to circulate 
throu^i the heat input and output modules. This represents a great 
advantage from a constructive point of view. 

5.2 - Efficiency of the cycle. 

Due to the adiabatic entrance in the magnetic field, the temperature of 
the FF just before entering the solenoid will be Τ + Δ Τ, instead of 

1 1 
Τ with the type II converter. If the high temperature is Τ , the FF 
will be at Τ - Δ Τ Λ at solenoid exit. 2 2 
Following the notations of figure (2) and without regeneration, the 
result is, assuming one goes along the curve Η = Η (τ)« 

Δ,,,ο. = ¿ „ [ τ , - τ , -ÚT, ] 

Δν,<3 = C [ τ , - τ , -AV) 
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In a practical case, the amount of heats 

Δ α = ζ [ Λ -Τι - Μ , - Δ Τ , - ¿ΔΓ*] 
Ί 

can be regenera ted (see f igure 5 ) · 

Hence Qc>> = Ä„f t - Λ , « = C. [ Ä T t + i A T t 3 

Clout - - Δ ν ι & -

giving for the efficiency« 

1 -

Δ &-

ΔΤ-, 

Δ Ti 

ΖΔΤΒ. 

ΔΤ ι 

The temperature differences Δ Τ and Δ T oan he found expressing that 

the line integrals of the entropy over the closed ourves 122' and 3'4 4' 

are zero. 

This gives, neglecting the exponentials after the third term: 

Τι 

and 

ΔΤζ. 

Τι. 

I t has been shown 

|Δ. 

¿ ^ 

_ I *»■<,*! 

¿.Ta, 

/~4_7 "that 

UAI 

+ i 

1 

¿ 

1Δ, . ιΰ \ 

c; TÍ 

ΙΔ,^ΐ* 
* τ: 

= ^ 

+ 

¿ , Ti Ö 0 Τχ. 

and defining- (*. as the common quan t i ty , we may w r i t e : 

ΔΤΛ = b(Ti [ i t χ * + ... J 

ΔΤΐ. = DÎT,. [ ï - Î * * ··■ J 
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Tt can be seen that t h i s approximation i s f a i r l y good, indeed, in our 

oase we have e .g. for i r o n , for Τ - 0.6 Τ , Τ - Τ and Η » 2.14 x 10 Oe 
ι C c. C* I 

(Table I I ) : 

From t h i s the ef f ic iency r e s u l t s t o : 

^ 

c Τι 

B K ΔΤ, 

tATi I"1 5^üHÍ ¿H 

[ l+jí íj 

«»T 

Comparing ^ and'^ , one may say that in practice type III converter 

has the same efficiency as type II, but is much more suitable for 

realization. 

For the Brayton cycle in connection with a constant field, a similar 

mathematical development can be performed. According to figure 2, we 

can foresee that adiabatic in­ and outlet of the solenoid cause somewhat 

higher Δ T and Δ τ , but always of the same order of ma/mi tude.
 TT
e 

can therefore conclude that replacin/r isothermal legs by isentropio 

ones, does not influence appreciably the efficiency. 

6. Choice of the ferrofluid. 

The choice of the FF not only has to be based on efficiency considerations. 

A very important practical parameter is the ratio of the produoed mechanical 

work over the amount of heat transferred between both fluids at zero field 

per unit volume of FF and per cycle, called working ability« 

-^ = <UTt-T,) 
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Working with the modulated magnetic field, this leads to« 

Jt = - c, Λ τ̂ 

Knowing that the integral in the righthand member is temperature 

independent, and that the same is true for­A­, one may say that with 

magnetic field modulation, each part of the solenoid has the same 

working ability. 

However, fixing H, , ­A will increase as Τ approaches Τ but the 

1 1 c 

efficiency will decrease. 

Comparing the working ability for iron and cobalt under the same working 

* 5 

conditions, one obtains the results of table III for Η ­ 2.14 x 10 Oe; 

T, » 0.6 Τ . 
1 c 

Table III « Working abilities 

iron 

cobalt 

° o
(
W _3 

¿Joule­cm _/ 

517 

714 

Aw 
­3­

J_ Joule­cm J 

0.92 

0.76 

JV 

1.77 χ 10 

1.06 χ 10 
­3 

Consider now two converters with identical Carnot efficiency having the 

same solenoid and the same heat exchangers working respectively with 

Fe and Co based FF's. 
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Due to the difference in heat transferred between the FF and the SF 

for Fe and Co, the ratio of the times X required for cycling the FF's 

is, according to table III« 

= 1. 38 

t* 

Furthermore, the mechanical work produced by these converters being 

different too, the ratio of the extraoted mechanical power for both 

FF's is» 

£·-.,„ _ Uvj f.y 

Lower 

h sz 1.é} 

CO UvJc/τ^ Λ 

This clearly indicates that for the same Carnot efficiency, iron has 

to be preferred. 

Further advantage of using iron derives from the fact that it works 

in a temperature range for whioh material problems are well solved. 

We know that in the oyole using constant magnetio field the relative 

values for oobalt and iron of the working ability are in the same ratio 

as the available power. Besides, the absolute value of ­Λ. will increase 

slightly with respect to the modulated field cycle. In this case the 

work extracted per cycle is about 10 $ higher, while the heat exchanged 

in the solenoid is only slightly diminished. As a matter of fact, the 

magnetio field is higher for type I converter in the region (around Τ ) 

o 

where — _ has the highest values. 
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7« Conclusion 

The thermodynamical study allows to conclude that iron is the best 
ferromagnetic material for a magnetocaloric converter. 

We are not able to select the best cycle. Each cycle oan be characterized 
by two parameters« the thermo dynamical efficiency and the working ability. 
The constant field system has a higher working ability but a lower 
efficiency. The reverse is true for modulated field system. 

Only economical considerations will permit the selection of the best one. 
In both cases, using Brayton cycles doesn't change apprecialby the 
efficiency or the working ability, and provides an interesting flow 
sheet simplification. 
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Part II « Dimensioning of an iron based converter for space use. 

1 . Introduction 

In this part we only shall consider magnetocaloric converters for space 
use. Other possible applications (topping devices) will be discussed in 
part III. 

For space applications, the most critical parameter is the specific 
power of the device, i.e. the power per unit weight. 

In order to get an idea of the practical size and weight of a magneto­
caloric converter, a preliminary evaluation was carried out for iron 
based converters. 

We think that it is too early to optimize the system due to laok of 
knowledge on practical ferromagnetic suspensions and the continuous 
improvement existing in the field of superconductors and MHD technology. 

A comparison was made only between type I and III. It will bo shown that 
type III is more attractive. However, for computation the formulas 
developed for type II have been used as they lead practically to the 
same results. Some general considerations will be made on the main 
components of the circuit. A piotural view of the proposed assembly 
is shown in fig. 11. 

2. The superconducting magnet. 

We have seen in the proceeding part that the work which can be extracted 
per cycle is directly proportional to the applied magnetic field and to 
the volume fraction £ of ferromagnetic material in the suspension. The 



- 22 

maximum value of £ is determined by the rheological properties of the 
suspension. 

Going to very high magnetic fields (10 Gauss) the classical electro­
magnets using copper coils have unacceptable power consumption« e.g. a 
solenoid producing a field of 126 K Gauss in a space of ψ 2.5 cm χ 15 cm 
requires a power of 1.88 M Watt £~5_J* We are thus obliged to use a super­
conducting solenoid. 

However, the produced field is limited due to the fact that the field 
component perpendicular to the current cannot exceed some critical value 
over which the superconducting properties of the material are destroyed. 
The ori tical field of superconduotors are 70 Κ Gauss for coils made with 
a Nb-Zr alloy, 120 Κ Gauss for a Nb-Ti alloy and 200 Κ Gauss for lib Sn fSj, 

The last material is now the most used for high field solenoids. Another 
material V Ga is under study and presente by extrapolation a critical 2.95 
field higher than 500 Κ Gauss £lj> Actually solenoids producing fields 
of 100 Κ Gauss are commercially available. It seems, though, that in the 
near future, fields of 200 Κ Gauss obtained with Nb Sn coils will be 
available J_ 8_J7. 

Up to now these solenoids have been constructed with small diameters but 
no conceptual difficulties are apparent for increasing the diameter. 

Actually there is a gain in using solenoids with larger dimensions. If 
we look at solenoids having a length-diameter ratio sufficiently high, 
the high field volume is proportional to the square of the radius, whereas 
the volume of the superconducting material is directly proportional to 
this radius due to the fact that coil thickness is radius independent. 
We therefore have to use the biggest technologically possible solenoids. 
The first difficulty arises with the wire length. At the beginning it 
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became clear that the critical current - critical field characteristics 
of long wires were inferior to that of small ones. This was due to 
metallurgical inhoraogeneities. Actually this dispersion has been minimized 
and 800 m long wires can be obtained with satisfactory characteristics. 
There do not seem to exist substantial difficulties for obtaining longer 
ones. The technological limit probably is given by the mechanical 
resistance of the ooil to the magnetic forces. Inside the solenoid an 
equivalent magnetic pressure Γ^ is developed equal to 

i/o 

giving in the coil a meohanical stress directly proportional to the 
diameter. Such a limit, however, is rather hifh due to the good mechanioal 
properties of superconductors« e.g. ZrNb wires have a yield stress of 
220 kg/mm ' at 77 Κ £ 9 J . 

For the dimensioning of the oirouit the solenoid has been assumed with 
the same dimension ($ - 15| 1 ** 70 cm) as in f_\J for sake of comparison. 
The total weight of the solenoid has been assumed 100 kg. 

3» The heat souroe. 

For space applications of magnetocalorio power, the heat source may be 
either a nuclear reactor or a radio-isotope source. 

The main characteristics of possible radio-isotope sources are given in 
table IV taken from reference £"iO_J· 

60 r -, 

Co potential is discussed in ]_ 11_/. The thermal output being equal, 
cobalt has advantages over reactor systems, including potentially long 
operating life, greater reliability and lower weight. That is why we shall 



24 

60 use in the following evaluation a Co source. Furthermore, test 
quantities of Co with specific activities of more than 400 Curies/g 
are now being produced, indicating the feasibility of making very 
compact heat sources. We can therefore expect in a near future a con­
siderable improvement in the hot source characteristics. Source 
shielding has not been considered. In case of manned space flights 
the heat source will be manufactured in a way to have an important 
self-shielding and it could be located in such a manner to require 
little shielding. For unescorted flights shielding problems are less 
important. 

Table IV « Characteristics of radioisotopic heat sources, 

H a l f - l i f e , y r 

Compound form 

W a t t s / g compound 

S h i e l d i n g r e q u i r e d 

P r e s e n t p r i c e , $/W 

n 6 0 
Co 

5-27 

Metal 

2 .9 

Heavy 

26 

Sr9° 

27.7 

SrTiO, 
SrO 

0 .22 
0 .39 

Heavy 

30 

c*137 

26.6 

G l a s s 

0 .074 

Heavy 

26 

n 1 4 4 Ce 

0 .78 

C e 2 0 3 

2.7 

Heavy 

19 

τ. 14T Pm 

2 .62 

Pm 2 0 3 

O.27 

Minor 

558 

„ 210 Po 

0 . 3 8 

Meta l 

140 

Minor 

78O 

_ 238 
Pu 

8 6 . 4 

P u 0 2 

0 . 3 9 

Minor 

1 ,600 
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4« The radiator. 

The only way by which heat can be dissipated from a space vehicle is 

by thermal radiation. 

To take advantage of the fourth power relationship between temperature 

and radiated heat flux, the cold source temperature has been fixed to 

Τ ­ 0.6 Τ ­ 626°K. 
1 o 

A lower temperature would give a somewhat higher magnetization variation 

during thermal oycling of the ferrofluid, but would be prohibitive for 

keeping the radiator size within reasonable limits. 

The Stefan­Boltzmann law gives for the radiated heat flux» 

o. - κ c; CT;-T;J 

Taking 
Λ. 

one has 

Ti = 0.6 Tc = cu·κ 

To - ¿n ·κ 

This l a s t r e l a t i o n gives the r a d i a t o r surface area as a funotion of the 

d i s s i p a t e d power. The wal l th ickness of the r a d i a t o r tubes has been taken , 

according to £ì2_j, 2mm in order to minimize tube punoture by raeteoroids. 

5 . The MHD load. 

A very interesting characteristic of the proposed cycle is that the 

available energy is obtained as a liquid pressure or kinetic energy. 
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Since the suspension medium is a liquid metal and since we are already 
using very high magnetio fields, we are in the best conditions to use 
an MHD generator. 

We do not want to give a complete design of an MHD generator but to draw 
only the principal features of such a maohine. 

The principle of the energy conversion in an MHD generator is the sano 
as in a classical electrical current generator. Both utilize the electro­
magnetic induction. The current generation is due to the displacement of 
a conductor in a magnetio field. In the most common design of an MHD 
generator, the liquid metal flows in a reotanrular tube} the magnetic 
field is perpendicular to the axis of the tube} the electrodes, which 
oollect the current, are perpendicular to both. In practice the main 
difference with an alternator is that instead of having a rotational 
motion of a solid conductor we have a traslational movement of a liquid 
oonduotor. 

The geometry of the duct has a very important influence on the generator 
efficiency. 

If we assume, that the liquid motion is laminar and that the length 1 
of the channel is much longer than its width a, and its height b, 
(l>7 a » b ) , an ideal generator with non conducting walls and without end 
losses has an efficiency of 

1 
^ " A\y + ι 

where V is the ratio between the load resistance R and the internal 
resistance R.. 

ι 
o 

We can write also 

n K R 
o 

κ +^ κ + 
c. u 
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where C is the liquid metal electrical conductivity. 

We see thus that to obtain a high efficiency we have to use a narrow 
rectangular duct. The influence of length is more evident when we take 
into consideration the end losses assuming that the magnetio field 
terminates sharply at the end of the electrodes} then the efficiency 
becomes J_\ 3 / « 

L 1 + 1 4 u l | i | l t l 

Some calculations show that for ideal efficiency lying between 80 and 
99 %t a n ~" ratio of 10 causes a loss of two points but a ratio of 100 
causes a loss of only 0.2 points. 

The- load voltage is given by the following equation 

Τ - ij * ν B4 
and the total current is 

The power density in the duct is then 

ξ = η (i-i)J C / B* 
where ν is the mean velocity of the liquid metal and Β is the applied 

o 
magnetic inductance. 
The use of high velocity is unconvenient, because if we have a turbulent 
flow we decrease the efficiency. To keep the power density high, we will 
have to use a superconducting magiot. 
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The parallel plate geometry is not ideal for the superoonduoting coil, 
since it requires a considerable amount of iron which increases the 
weight of the system. The best utilization of a magnet using super­
conductor wires, especially if weight is at premium as in spatial use, 
is the solenoid. 

A good geometry allowing the use of the solenoid is the helix. If the 
oonduoting fluid flows in an helical duct limited by two oylindrioal 
surfaces, and the magnetic field is parallel to the cylinder axis, like 
in a solenoid, a voltage is developed between the axis and the surface 
of the cylinder. 

Such a geometry can be obtained with a very simple design. The eleotrodes 
are constituted by the two tubes defining the cylindrical surfaces of the 
helixj the separation between consecutive turns is made with an alumina 
helix. An absolute tightmess between the tubes and the alumina is not 
needed. 

As a first approximation we can use the formulas developed for the straight 
duct even for the helicoidal one. This approximation is more valid if the 
step of the helix is short and if the internal diameter is not very 
different from the external one. 

Let us evaluate the principal dimensions of a MHD helicoidal system to 
be placed at the entrance of the solenoid for the magnetocaloric conversion 
using then the maximum field. To avoid turbulent flow, velocity will be 
very low, 0,2 m/s. The yield is assumed. O.R. Tf we take a 2 C temperature 
drop in the heat exchangers, the power developed in the MC converter is 
7 Kw of which 5 % is used to pump the suspension. The net electrical 
output of the MHD will be $,3 Kw. 
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Table V gives the general dimensions. 

Table V 

magne t i c f i e l d flow 

t a n g e n t i a l flow v e l o c i t y 

t o t a l f low v e l o c i t y 

e l e c t r i c a l c o n d u c t i v i t y of Na 

e l . cond . of s u s p e n s i o n 

power d e n s i t y 

e x t . d i ame te r 

i n t . d i a m e t e r 

h e i g h t of the c y l i n d e r s 

s p i r a l p a t h 

v o l t a g e 

t o t a l c u r r e n t 

i n s u l a n t volume 

e f f i c i e n c y or y i e l d fi 

213,000 

0 , 2 

0,21 
6 

5 · 10 
6 

4 .S « 10 

10,35 

100 

35 

67 

10 

0 , 1 2 

4420 

10 

7 8 , 8 

Gaus 3 

m/s 

m/s 
-1 -1 

,m 
κ1 y1 

W/cm3 

mm 

mm 

mm 

mm 

V 

A 

% 

% 

The generated voltage is quite low. An increase of the voltage can be 
obtained by increasing the distance between the two electrodes or 
decreasing the conductance or the medium, e.r. usins: Na-K mixture 
inrtead of -pure Na. 
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6. The heat exchangers. 

The amounts of heat exchanged between the FF and SF into the solenoid 
and in the regenerative heat exchanger are equal in case of a type II 
converter and nearly equal in case of a type I converter. 

Since the heat exchanger located in the superconducting magnet has the 
most critical size, we consider only this one. 

We shall consider a plate type heat exchanger with counter current flow. 

As can be seen from figure (6), the modular unit of the heat exchanger 
is made of plane sheets separated by corrugated sheets. 

The arrangement of the units is such that each triangular cell is in 
contact through its walls with 3 cells containing the other fluid. 

The sheets are assembled in such a manner that the heat exchanger has 
a polygonal cross section delimitated by a circle which, in first 
approximation, has the same diameter as the thermal insulation of the 
superconducting solenoid. 

The free space between the polygom and the circle is used to separate 
the two fluids at the exchanger in- and outlet. 

In each unit, the corrugations of the interposed sheet stop at a certain 
distance from the heads. The interposed sheet is then bent and welded to 
one of the plane sheets so that the SF can flow through the hole section 
of the exchanger. The SF is collected axially by a tube welded to the 
polygonal perimeter. 

The FF on the contrary flows out laterally through openings allowing its 
collection in the annular space between the heat exchanger and the thermal 
insulation. 
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Neglecting thermal conductance across tube wall, the heat transfer 

coefficient for turbulent flow of a liquid metal in a tube of hydraulic 

diameter d can be evaluated on the basis of a constant Nusselt number £ 14 / * 

Since there are two films, the film heat transfer coefficient is 

effectively h/2. 

Taking flow cross sections of both fluids equal, and FF and SF velocities 

such that« 

UFF ¿SF 

i . e . with numerioal va lues of paragraph 1.4 ( p a r t ï)« 

U S F = -1.2* <JFF 

The temperature profiles of both fluids are parallel straight lines. 

Let Λ. be the heat exohanger length, c the triangular tube side and Δ Τ 

R 

the temperature drop between fluids to get heat transfer} one must have« 

Tiîc' 

UFF ■ ¿„ ■ l V T , ) . — = u-η k.A. &\ 

or i ¿FF- (Λ-Τ,). d
1 

U
" Ai k ΔΤ„ 

with d <■ —. C « hydraulic diameter. 
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The quantity —:— gives the time required to cycle the FF. It clearly 
FF appears that, to increase the mechanical power, one has to have the 

hydraulic diameter d as small as possible and Δ τ as high as possible, 
R 

However, any increase in Δ Τ implies supplementary heat input and 
R 

reduoes accordingly the efficiency of the converter. Furthermore, too 

small tubes lead to exoessive fr ict ion losses . 

An intermediate solution consists of establishing beforehand the 

fractional power necessary for pumping. 

7. Friction losses . 

Assume that the to ta l length of the converter i s 3·Ί· , where Å, i s the 

length of the superconducting solenoid. 

The fr iot ional drag on both sides of a l l pipes gives r i s e to a net foroe: 

Ff = H J V U « · »<* 

where f is the friction coefficient. 

The net force on the ferrofluid due to magnetic pumping aotion of the 

solenoid is« 

L = χ c
l
. Δ V 

Putting 

where o(. is the fractional power necessary for pumping the ferrofluid, 
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one gets the following relation« 

A «/■ƒ„·< 
I t has to be noted t h a t no pump i s needed in the FF o i r c u i t sinoe a 

f rao t ion of the pressure r i s e obtained by magnetooalorio ef feot i s used 

to overcome wall f r i c t i o n s . 

8 . Re la t ions between the parameters c h a r a c t e r i s i n g the conver t e r . 

The hydraul io diameter d and the s ide o of the t r i a n g u l a r tubes a re 

obtained by e l imina t ing the v e l o c i t y U between the r e l a t i o n s giving 

ι I 
— — and — . The numerical values of f and Ç/L are assumed to be re-
FF spectively 0.01 and 0.05. 
Once d is known, the fluid velocities Ό" and u\„ are easily obtained. 

» FF SF 
Taking the flow oross seotions S of both fluids equal, one finds« 

ι 
iS = ^ - S« 

where D ■ inner diameter of the solenoid thermal insulation 
S » wall oross section, 
w 

Denoting by e the corrugated sheets' wall thickness, one has approximately« 

snb1 

M ­t­ *Yj
 c
/t 

and for the flow c ross sec t ion of the fluids» 

H&7f 

S = r 
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The total surface of heat exchange is then given by 

3ÏI tfyf 

U
 Alt + llßc 

Expressions oan now be obtained for the hot and the cold souroe as well 

as for the mechanical power« 

HSP ­ Q_, . S . U 

in FF 

RP ­ Q . S . U 

out FF 

MP ­ AW . S . U 

FF 

Values for heat input and ­output and for the mechanioal work are given 

in table I for type I and in table II for type III oonverter. 

9. Numerical values. 

The numerical values are shown in table Vili for eaoh value of Δ τ . the 

' R 

first line corresponds to type I oonverter, the seoond one is relative 

to type III oonverter. 

The input parameters are given in table VI. 

Fig. (7,8) show the influence of Δ'
11
 on mechanical power and specif io 

Η 

weight of type I and III oonverters. We can see that inoreasing the Δ Τ , 

R 

the mechanical power increases steadily. On the contrary, due to the 

influenoe of the heat source and radiator weight the speoifio weight 

Δ o 
Τ » 2 C. 
R 
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10) Conclusions 

As we have s t a t ed in the in t roduc t ion the dimensioning of the p lan t 

was not intended to be opt imized, but only to give a b a s i s of evaluat ion 

and comparison between d i f f e r e n t types of oyole . Table VII shows tha t 

with the assumed Τ , the r a d i a t o r weight has a b ig in f luence , much more 

than the hot source. Hence the thermodynamical e f f ic iency i s very 

impor tan t , and as a consequence, the performances of the modulated f i e l d 

cyole a r e b e t t e r . 

The r a d i a t o r weight decreases sharply when the temperature Τ i n c r e a s e s . 
1 

In such a case the optimum may shift towards the constant field system. 

For the calculated performances, we have obtained a specific power output 
of 22,4 W/kg. Suoh a value oan stand a comparison with the performances 
of the advanced solar oells, around 50 W/kg /~15_7· 

We note, however, that on one hand many praotical values were assumed 
rather arbitrarily, on the other hand the system has not been optimized 
nor specifio experimental work has been conducted in order to improve 
the performances. Furthermore this system uses components, like e.g. the 
superconducting solenoid, and the MHD, that are still under study, and 
which only in the near future could benefit from the general progress 
in the technology. 
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Part III. Considerations on the use of a magnetocaloric cyole as a 
topping device. 

Up to now we have discussed the applicability of the proposed cycles 
in connection with spatial use. We will discuss now its use as a 
topping devioe, to be coupled to a nuclear reactor. Actually, there 
are certain types of reactors, like helium cooled reactors (Dragon, 
HTGR) and sodium cooled fast reactors, which have a very high outlet 
coolant temperature. Suoh a temperature cannot be used to increase 
appreciably the thermodynamical yield of the water cycle, since this 
temperature is higher than the critical one and the heat stored in 
the fluid is only that due to the specific heat. 

Hence it is worthwhile, to study an intermediate cycle to be interposed 
between the reactor and the water cycle as a topping device in order to 
increase the total efficiency. 

Fig. (9) shows the proposed flowsheet to be applied in conjunction with 
a sodium cooled fast reactor. 

It is a normal magnetocalorio conversion cycle of type III in which the 
reaotor is the hot source and the classical water cyole the cold source. 

The prinoipal characteristic of euch a cycle can be determined starting 
from two parameters« the thermodynamic efficiency and the working ability 
the last one being inversely proportional to the complexity of the plant. 

Let us see how this parameter can be maximized. 
In paragraph 6 first part we have seen that the working ability is 

α. λ ^τ 
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as a f i r s t approximation we can wr i te 

the l a s t de r iva t ive can be eagi ly c a l c u l a t e d £kj as 

1% OÇ [Α- Όζ*) M ~ ~ 
- ^ = "TT—3 J— = ^ ( T # ^ j 
>̂τ τ CT-1 + % J 

We can then wri te 

^ . Γ ε fr ~ „~ 
A = - — — · — . A «, .. Ï Î T , * J 

The first factor is related to the choice of the ferromagnetic material 

in suspension, it has been yet maximized by the choice of iron. 

We can vary only the coefficient £ and the maíçnetic field intensity. 

We have seen that it is not unreasonable to foresee in a not too far 

future the realization of fields of 500 Κ Gauss. This will increase by 

more than a factor of 2 the working ability of the circuit. 

An increase of the volume percentage of ferromagnetic material seems 

very difficult if we keep, as a circulating ferrofluid, a suspension. 

Other methods can be used, for instance circulation of ellipsoids fitting 

closely into the tubes, and probably coefficients £ of the order of 0.8 

can be reached. 

Something more can be obtained from the J function. If we keep constant 

the maximum applied magnetic field, the J function increases with the 
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increase of the low temperature ( F i g . 1 0 ) . However, i n the same time 

the thermodynamical e f f i c i ency decreases . The f i na l va lue of J and 

as a consequence of fi. w i l l come thus from an economical op t imiza t i on . 

In a system of fixed power output the oost C of the Kwh w i l l be 

C = A, + A,, . ^ ( Τι , ΔΤ».) + Ai CÄTP-J. A C T , ) 

A depends principally on the cost of the system used to extract power 

i.e. from the MHD system. A is related to the cost of the oalories 

(we remember that also for a topping device the calories have a cost, 

it depends principally on the additional oost of the reactor system to 

inorease the outlet temperature)} A depends on the cost of the heat 

exchangers and is a function of Δ Τ ι also the solenoid cost has to be 

R 

put in A as the solenoid dimensions are determined by the heat exchanger. 

We can see that we have to conduct an optimization based on two para­

meters , Δ Τ and T... 

' R 1 

In order to evaluate the possibilities of suoh an application we have 

calculated the general characteristics of two topping dovioes, one based 

on high but actually feasible value of the magnetic field and the other 

on more futuristic parameters. 

Table VIII fcives the general characteristics of the two plants. The 

oomparison has been made taking the main parameters of the heat exchanger, 

i.e. Δ Τ and U , constant. The increase of Η and £. not only causes a 
R PF 

considerable inorease of the working ability of the circuit but also of 

the thermodynamioal efficiency. 

The first plant presents a very high thermal flow in the heat exchanger 

while the power produced per unit volume of the solenoid is quite low. 

The future solution presents a decrease in the circulating heat, and in 
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the fluid of the secondary c i r cu i t . I t gives r i se to a reasonable power 

density. 

The solenoid volume seems always very large but oan be surely diminished 

by a careful optimization. 

Concluding, the future of the magnetocaloric topping devioe i s s t r i c t l y 

connected with the high magnetio field technology and depends on the 

poss ib i l i ty of obtaining a high volumetrio factor. 
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Table VI : Input parameter for converter dimensioning. 

1 

D 

T1 
T2 
H 

ε 

°SF 
e 
t 

Ρ s 

70 om 

15 om 

353°C 
0 770 C 

1050e 

0.10 

0.81 gr-om 

0. 2 mm 

2.0 mm 

2.9 Watt-gr" 

Solenoid length and heat exchanger length 

Solenoid thermal insulation inner diameter 

Cold temperature 

Ho t t emp er a tur e 

Magnetic field mean value 

Volume concentration of iron particles in 
sodium. 
Secondary fluid density 

Heat exchanger plates wall thickness 

Radiator tubes wall thickness 

/ 60» Hot souroe specific power. (Co ) 



Table Vila : I ron based magpietocaloric conver te r s : dimensioning for types I and I I I . 

Δ ^ 
II 

0 
C 

1 

2 

3 

Δ 

5 

τ 
Y 
Ρ 
TT1 
-ij 

τ 

III 

I 

III 

τ 

III 

τ 

III 

τ 

III 

d c 

mm mm 

1.15 1.99 

1.21 2.10 

I.52 2.63 

1.60 2.77 

1.78 3.O8 

1.88 3.26 

2.0 3.46 

2.11 3.65 

2.19 3.79 

2.3O 3.98 

FF 
-1 m-sec 

I.04 

O.94 

1 .20 

1.08 

1.30 

1.17 

1.38 

1.24 

I.44 

I.29 

SF 
-1 

ra-sec 
I.29 

1.16 

1.48 

1.34 

1.61 

1.45 

1.71 

1.53 

1.78 

1.60 

S 

2 
cm 

65.7 

66.5 

7O.O 

70.8 

72.2 

73.0 

73.6 

74.3 

74.7 

75-4 

S H.E. 
2 

m 
16.1 

15.4 

12.9 

12.4 

11.4 

10.8 

10.3 

9.9 

9.6 

9.2 

RSA 

2 
m 

9.9 

3.1 

14.8 

6.3 

19.6 

9-7 

24.4 

13.4 

29-3 

17.4 

% 

% 

9.6 

19.2 

8.0 

12.7 

6.9 

9.4 

6.0 

7.5 

5.3 

6.3 

Δ Τ Η 

d 

c 

ϋ FF 
USF 

S 

S.H.E. 

R.S.A. 

% 

Thermal drop between FF-SF 
Heat exchanger tubes 
hydraulic diameter 
Triangular tubes side 

Ferrofluid velocity 

Secondary fluid velocity 
FF and SF flow cross 
section 
Total surface of heat exch. 

Radiator surface area 

Cycle efficiency 

φ. 



Table VIIb : Iron based magnetocaloric converters : dimensioning for tyjpes I and III. 

Λ Φ 

Τ? 

FEW 

S FW 

TW 

HSW 

RW 

TTW 

MP 

ÏÏSP 

RP 

SP 

sw 

Thermal drop between ^E-SF 

Fe r ro f lu id weight 

Secondary f l u i d weight 

Tubes weight 

Hot source weight 

R a d i a t i o r weight 

Tota l weight i nc lud ing 

100 kg for the so leno id . 

Mechanical power 

Hot source power 

Radiated power 

Speci f ic power 

Speci f ic weight 

4­
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Table VI I I 

Thermal power 

Hot t e m p e r a t u r e Τ 

Carnot e f f i c i e n c y ( l i o ) 

ar 

Maximum magnet io f i e l d (Η ) 

Volume t r i o F a c t o r (C) 

Exchanger t e m p e r a t u r e drop ( Δ τ ) 
R 

Thermodynamical e f f i c i e n c y 

E l e c t r i c a l power ( \ ^ = O.76) 

Working a b i l i t y ( i l ) 

Thermal flow i n h e a t exchangers 

Su r f ace of h e a t exchanger 

Flow of f e r r o f l u i d 

Assumed flow v e l o c i t y 

FF flow c r o s s s e c t i o n 

Ν flow c r o s s s e c t i o n a 

S o l e n o i d e q u i v a l e n t d i a m e t e r 

Power e x t r . pe r m of s o l e n o i d 

a c t u a l f e a s i b l e 
s o l u t i o n 

1000 MW 

0 
770 C 

0 . 4 

214 Κ gauss 

0.1 

2°C 

12 .7 i 

97 MWe 

1.73 * 10~ 3 

73 400 MWth 

5 2 5 .25 χ 10 m 

169 m / s 

1 m/s 

I69 m2 

210 m2 

22 m 

O.356 MWe/m 

f u t u r e s o l u t i o n 

1000 MW 

0 
770 C 

0 . 4 

5OO Κ gauss 

0 . 8 

2°C 

31 .5 i 

24O MW 

1.33 · 10~ 2 

23.8OO · MWth 

5 2 1.7 χ 10 cm 

1 9 . 2 ra3/s 

1 m/s 

2 
1 9 . 2 m 

5 5 . 2 m2 

9 .8 m 

4 . 6 MW/m 



Fig ure 1 

Τ y pe I Converter. 

A Solenoid plus heat exchanger 

B Heat exchanger 

HS Hot source 

CS Cold source 

SHE Supplementary heat exchanger 

2CoATR Heat I/O to ef fect practically heat transfer 

L Load 

Ρ E lec t romagnet ic pump 



Figure 2 

Different cycles in α Τ,S diagram. 

1 2 3 U Type I c y c l e 

1 2 3 ' / . Type II cycle 
1 2' 3' 4' Type I I I cycle 
The paths 1 4 and 2 3' are congruent 

ΔΤ2 



Figure 3 
Efficiency of the Converters (eH = 10Oe). 
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Figure U 

Isentropic Trasformation along the solenoid 
with a mean field of 10 Oe. Case of iron. 



Figure 5 

Regeneration in the Brayton cycle 
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Oeta/7 oF the plate heat exchanger 



Figure 7 

Mechanical Power for eH= 10 Oe. 
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Figure 8 

Converters specific weight. 
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Figure 9 
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Figure 10 
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/Vfagnefcoca/orfc Converter for space 

Pictural view of the proposed easemblu . 
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