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This invention relates to improvements in turbines, 10 
especially to means for cooling turbine blades. This ap- ‘ 
plication is a division of application Serial No. 695,357, 
?led November 8, 1957, now Patent 3,075,361. 

Conventional heat transfer methods depend almost 
solely on the product of the speci?c heat and the quantity 
of a heat transfer medium that is cycled between the 
source and the sink. For example, when water is used to 
cool an engine, the amount of heat removed from the 
engine by the water is the product of the difference in 
temperature between the engine and the air, the mass of 
water circulated, and the speci?c heat of water. While 
this method has its advantages and is satisfactory for 
many purposes, it also has many disadvantages, and in 
some circumstances they outweigh the advantages. 
Thus, some temperature ranges are too hot for use of 
liquid water, and even steam becomes very difficult to 
handle. In fact, it is well known that some atomic en 
ergy installations use liquid sodium in spite of its rela 
tively low speci?c heat (about .294). The liquid sodium, 
considered abstractly, is less than one-third as e?icient as 
water, but water cannot be used in the liquid state above 
100° C., and the liquid sodium is preferred to most other 
materials because its speci?c heat is high in comparison 
with most other metals. 
When practicing the conventional methods of heat 

transfer, it is necessary to move the entire medium 
from the source to the sink. A relatively low amount of 
heat is transferred per quantity of medium moved. More-' 
over, large-capacity pumps have to be used if large 
amounts of heat are to be transferred. 
The present invention differs from the prior art by 

placing substantial reliance on the heat energy associated 
with certain types of thermodynamic transformations, 
particularly those accompanying chemical reaction and 
physical solution. In some transformations, the energy 
change is orders of magnitude larger than that involved 
in heating conventional heat exchanger media. When 
considered in terms of the heat energy transferred per 
unit mass of medium moved, the present invention 
achieves rather astounding results. 
Two requirements of my invention are: (1) In the 

thermodynamic transformation, heat must be absorbed 
from the source and released to the sink; (2) in a cyclic 
system, the transformation must be reversible between 
the temperature of the source and the temperature of 
the sink. 
Many chemical compounds and solutions do not pro 

duce enough heat during their formation or dissolution 
to be of practical use in my invention. Moreover, many 
transformations are not reversible within practical ranges 
of temperature. The present speci?cation therefore con 
siders certain transformations that are reversible within 
practical temperature ranges and that absorb much heat 
per unit weight from the source and release it to the 
sink. 
The method of this invention makes it possible to 

absorb a large proportion, in some cases the major por 
tion, of the heat energy produced at the source in an 
endothermic transformation and to liberate that heat at 
the sink in an exothermic transformation. For example, 
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2 
hydrogen may be liberated from certain metals at the 
source and recombined at the sink. 

In this invention, the amount of heat Q1 which may 
be transferred by the heat-exchange medium of mass M 
may be expressed as: 

where Q2 is the heat of formation of the compound, Se 
is the speci?c heat content of the compound, M is its 
mass, and Tsoum and Tsink are the respective tempera 
tures of the source and the sink. For heat to be trans 
ferred from the source to the sink, Q1 must be a positive 
quantity, which in turn implies that Q2 must be greater 
than Sc (Tsource_ sink) if Tsink>Tsource- This require? 
ment for heat transfer from source to sink can usually be 
met by a proper choice of the heat-exchange medium ac— 
cording to the present invention, for while Sc is a rela 
tively small quantity, Q2 is quite large for many ma 
terials employed in this invention, as is shown in several 
examples on following pages. In the conventional style 
of heat transfer, however, the term Q2 is absent in the 
above expression and such methods would fail if 
T Smk>T source, since in that event heat would be carried 
from the “sink” to the “source.” Since Q2 is large for 
many reactions, the present invention will operate at 
superior e?iciency over very wide temperature ranges. 
Another important advantage of the invention is that 

often only a part, frequently a small part, of the medium 
need be transferred between the source and the sink. 
Instead of having to pump the entire mass, only a small 
fraction is pumped. For example, in certain applications 
where a metallic hydride is used, only the hydrogen need 
be transferred. In certain particular reactions explained 
below, a tremendous amount of heat energy can be trans 
ferred per unit mass of the hydrogen pumped. 
The present invention also distinguishes from the 

prior art in being practical at very high temperatures. 
Heat can be transferred at temperatures not heretofore 
feasible, and this fact demonstrates the utility of this 
invention in chemical, petroleum, metal-processing, and 
atomic energy applications, among others. 

Other objects and advantages of the invention will 
appear from the following description of several pre 
ferred embodiments thereof. 
The drawing is a schematic view of a type of a heat— 

exchange system embodying the invention and primarily 
a moving envelope system that oscillates or rotates be 
tween having one side at the source and one at the sink 
and a reversal thereof. 
Some particular thermodynamic transformations em 

‘ bodying the invention have been found to be exceptionally 
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useful, and they will serve as examples illustrating the 
principles of this invention. These transformations con 
cern the interaction between certain gases and certain 
metals. 

Hydrogen combines with some metals to produce actual 
stoichiometric hydrides. With some other metals it forms 
what are often called hydrides but are not stoichiometric 
compounds; actually the hydrogen is physically dissolved 
in these metals. Except for careful chemical investiga 
tion, it would be difficult to tell the difference between the 
solutions and the true reactions; in fact, only recently has 
there been any differentiation. In both cases considerable 
heat is produced during combination (exothermic), and 
in both cases heat is required for dissolution (endother 

Both produce '“hydrides,” and the principal dif 
ference is only that in one case reaction is stoichiometric 
and in the other it is not. Both reactions are reversible; 
both release heat as hydrogen is taken into the metal due 
to temperature decrease or pressure increase or both, and 
both absorb heat when the hydrogen is removed from the 
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metal due to decrease in pressure or increase in hydride 
temperature or both. 
The stoichiometric reaction is between hydrogen and 

the alkali and alkaline earth metals. Speci?cally, hy 
drogen reacts with lithium, sodium, potassium, rubidium, 
cesium, calcium, radium strontium, francium and barium, 
in stoichiometric proportions to form hydrides. The 
heats of formation and dissolution of all these hydrides 
is quite large, of the order of 10,000 calories per mole. 
Moreover, the ranges of temperatures between formation 
and dissolution are quite practical for use in many ap 
plications of heat exchange. Some speci?c examples are 
given below, and Tables I and II are furnished to show 
some of the heat properties of some of these compounds. 

TABLE I 

Heat Properties of Some Alkaline Hydrzdes 

Heat Content Heat Content Heat Content 
Heat of of Metal per of Gas per of Compound 

Formation, Gram or Gram of (Hydride), 
Gram Hydride, Hydride, Gram 

Hydride Calories per Gram Gram Calories per 
Gram of Calories per Calories per Gram per 

Compound Degree Degree Degree 
Q Centigrade Centigrade Centigrade 

Sm Sg Sc 

2, 705 0.741 0.450 1. 191 
548 0. 282 0. 149 0.431 
353 0. 174 0. 089 0. 263 

Note: In this and in the following tables, the following 
relations hold true: 

Mm 
(1) Sm=CmT4E 

_ 5'2 

(3) Sc=Sm+Sg 

Where 

Mg is the formula mass of the gas, 
Mm is the formula mass of the metal, 
Me is the formula mass of the hydride, 
Cm is the speci?c heat of the metal (gram calories per 
gram per degree Centigrade), and 

Cp is the speci?c heat of the gas at constant pressure. 
(For H2 this is 3.50 over the 0—1000° C. range.) 

TABLE 11 

Heat Properties of Certain Alkaline Earth H ydrides 
[The units in the table headings are the same as in Table 1] 

Heat of Heat Heat Heat 
Hydride Formation Content Content Content 

Q of Metal 01 Gas of Hydride 
Sm Sg Sc 

1, 161 0. 149 0. 170 0.319 
469 0. 054 0. 080 0. 134 
293 0.067 0.051 0. 118 

Also, useful is the solution of hydrogen in what are 
known as the “group B metals,” the class consisting of 
scandium, titanium, vanadium, ytterbium, zirconium, nio 
bium, hafnium, tantalum, the rare earth metals (atomic 
numbers 57 through 71), and the actinide metals (atomic 
numbers 89 through 103); palladium is a member of this 
group at temperatures greater than about 300° C. This 
solution is often termed a “hydride,” though it is not a 
stoichiometric compound. The solubility of hydrogen in 
group B metals varies (at least over a wide range of 
temperatures and pressures) according to the equation: 
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4 
where 

so is the solubility at saturation at room temperature, 
02 is a constant of proportionality, 
s is the solubility of molecular hydrogen in the metal, 
P is the pressure, 
e is the base of natural logarithms, 
Q is the heat absorbed in calories per mole of H2, and 
T is the temperature, in degrees Kelvin. 

Some of the heat properties of some of these hydrides 
are shown in Table III. 

TABLE III 

Heat Properties of Certain Group B Hydrides 
[The units in the table headings are the same as in Table I] 

Heat Heat H eat 
Heat of Content Content Content 

Hydride Forma- of of 01 
tion Metal Gas Hydride 
Q Sm Sg So 

634 0.120 0. 126 0.246 
ZrHr.n2__-_ __ 417 0. 065 0.074 0. 139 
PdHQjQ ____________ ._ 23. 7 0.058 0. 021 0. 079 

Oxygen also combines in an analogous manner with 
several metals, particularly silver, mercury and palladium, 
in stoichiometric relation, in reactions that are reversible 
within ranges of temperatures making their use in heat 
transfer practicable. The temperature ranges are differ 
ent from those of the hydrides; and this diiference makes 
the reactions of great interest. Large heats of formation, 
in the order of scores or hundreds of calories per gram 
of compound, result, as Table N indicates. 

TABLE IV 

Heat Properties of Certain Oxides 
[The units in the table heading are the same as in Table I] 

Heat Heat Heat Heat of - Content of Content of Content of 
Oxide Formation Metal Gas Oxide 

Sm Sg Se 

PdO _______________ -_ 171.5 0.051 0.015 0. 066 
Agro ______________ __ 31. 3 0.052 0.028 0.080 

The examples which follow disclose speci?c embodi 
ments of the invention using some of the oxides and hy 
drides discussed above. 
An example will now be ‘given of a heat exchanger using 

relative motion between an envelope system and the heat 
source and sink; the example involves a metal hydride but 
also utilizes the speci?c heats of the gas and of the metal 
as well ‘as the total heat of [formation of the compound. 
The purpose of this system is to avoid the problem of 
pumping metal and hydride, by actually moving the whole 
heat-transfer system in such a manner that the roles of 
symmetric end elements are reversed cyclically. The only 
component which is required to ?ow in this system is the 
hydrogen gas. 
The system is shown ‘diagrammatically in the drawing, 

where the heat exchanger consists of two vessels 70 and 
*71 connected by a :gas line 72 and mounted pivotaltly at 
73. By way of example, it will be assumed that the 
vessels 70 and 71 are charged with partially hydrided 
sodium metal. In the drawing the transfer system is de 
signed to rotate about the center 73 so that the end ele 
ments ‘70 and 71 sweep through two regions 74 and 75 
which are opposed 180° from each other, one of which 
may be regarded as the heat source, at temperature T2, 
while the other is a heat sink at temperature T1. 
When the element 70 is immersed in the source 74, 

the element 71 will be immersed in the sink 75. The 
heat received in the element 70 causes ‘dissociation of the 
sodium hydride into sodium metal and hydrogen gas. 
The metal is retained in the element 70, while the gas 
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?ows through the transfer line 7-2 to the element 71, where 
it combines with free sodium metal to form sodium hy 
dride. This result-s in the production of heat associated 
both with the ‘formation of the compound and the speci?c 
heat of the hydrogen gas. When the element 71 is suffi 
ciently ?lled with sodium hydride so that most of its 
originally ‘tree sodium has been combined, the system 
may be rotated about the center 73 to place the element 
71 at the source 74 and the element 70‘ at the sink 75. 
The same reaction will take place at the source 74 and 
at the sink 75, but the sodium hydride, which is now 
in the element 71 and is now at the source 74, will be de 
composed, internally cooling the element 71, and the by 
drogen ?ow to the element 70 and recombine there, 
again transferring heat from the source 74 (internally 
cooling the element being heated) to the sink 75 (inter 
nally heating the element being cooled). When the cycle 
has been completed, or at any earlier time, another rota 
tion is given and the materials are restored to their origi 
nal position. The cycle can be smooth and even con— 
tinuous if desired. It is not, of course, necessary to carry 
each step to completion. 

Obviously, this transfer device, consisting of two ele 
ments may, if desired, be replaced by a circular system 
containing a continuous distribution of sodium hydride. 
It should also be noted that source 74 and sink 75 can 
rotate while the elements 7 0 and 71 remain ?xed; alterna 
tively, the elements 70 and 71 can, in general, partake 
of any type of motion such as transl-atory, rotational, 
reciprocating, oscillating, etc. The only requirement for 
heat transfer is that there be relative motion between the 
elements 70 and 71 and the source and sink 74 and 75 
respectively to accomplish cyclic alternate heating and 
cooling of alternate elements. 
A speci?c example of the general system shown in the 

drawing and described above is that of a getter-cooled 
turbine rotor. It will be assumed that this rotor is com 
prised of an even number of hollow blades, one of each 
pair being ?lled initially with hydride and the other of 
each pair being ?lled with metal (sodium hydride and 
sodium, for example) and connected to the rotor hub in 
such a manner that the blades may Ifreely pass outgassed 
hydrogen between one another: the element 70 might 
represent one hollow blade of a pair and the element 71 
the other blade of the pair, rotating (with the other blade 
pairs, which are not shown for reasons of clarity) about 
the hub 73 and connected by a gas transfer line 72. In 
the operation of a turbine most of the heat which the 
material comprising the rotor is required to withstand 
is concentrated in a relatively small region (as at a nozzle 
in a steam or gas turbine), which region may be desig 
nated the heat source 74; at the same time the region 
opposite source 74 is a relatively cool one and is desig 
nated the heat sink 75. 

In operation, it is very desirable to equalize the tem 
perature of the various rotor blades as well as possible 
since their material must be able to stand the peak tem 
perature encountered, even if that temperature is ex 
[perieneed by a given blade only during a traction of a 
revolution. This means of cooling the blades achieves 
that result in the ‘following manner: assume that blade 
70 contains ingassed hydride and has just entered the 
high temperature source region 74, while its companion 
blade 71, containing outgassed metal, has entered the 
cooler region 75. Heat transferred ‘from the source 74 
to the blade 71} will cause the hydride contained therein 
to outgas hydrogen, the heat transferred from the source 
74 to the blade 70 being absorbed in this reaction thus 
cooling the blade 70‘. The outgassed hydrogen is allowed 
to ?ow through the line “72 to the metal contained with 
in the blade 71; the consequent ingassing of the metal 
there will liberate the transferred heat, the heat being 
dissipated at the sink 75. 

After a half cycle, the blades 70 and 71 will have 
changed places, the blade 71 then being exposed to the 
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heat source 74 and the blade 70 being at the sink 75. 
Since the blade 71 has contained hydride due to its ingas 
sing as described above, it can now transfer heat to the 
blade 70 at the sink via hydrogen outgassed from its hy 
dride and ?owing through the line 72. When the blade 70 
again is in the heat source region 74, the cycle has been 
completed. Each other blade on the rotor experiences the 
same cycle of outgassing and ingassing in turn, depending 
upon the temperature distribution around the rotor. 

It should be pointed out that the process of heat dis 
tribution described here can take place under any condi 
tions around the rotor, so long as there exist temperature 
differentials among blades; ‘for while a discrete gas trans 
fer line 72 has been shown to connect a single blade pair 
70 and 71 in the drawing, all of the rotor blades would 
normally be connected together by lines 72 so that hy 
ldrogen may seek those elements which are at lowest 
vapor pressure which are those most nearly outgassed 
and coolest. The heat source 74 may thus be present 
at several positions (such as would be the case in the 
normal turbine, which contains more than one nozzle 
and hence more than one source 74), either ?xed or 
varying, and the rotor may revolve in either direction, 
without a?ecting the transfer of heat herein described. 
:If half the blades are initially ?lled with hydride and 
the other half initially ?lled with metal, the proper rela 
tion of ingassed material at a source 74 and outgassed 
material at a sink 75 will be established after one revolu 
tion of the rotor. 
To those skilled in the art to which this invention relates, 

many changes in construction and widely differing embodi 
ments and applications of the invention will suggest them 
selves without departing lfrom the spirit and scope of the 
invention. The disclosures and the description herein 
are purely illustrative and are not intended to be in 
any sense limiting. 

'F or example, although all of the examples given above 
use only single-metal hyrdrides, it should be noted that 
mixtures or alloys of suitable metals may be (used. Alloy 
ing techniques offer a number of advantages. For one 
thing, the quantity of hydrogen that may be contained 
in an alloy may be larger than the quantity contained 
by equivalent amounts of the separate metals. For an 
other, the transition temperatures of the pure metals may 
be modi?ed by the addition of small quantities of alloying 
metals. For yet another, some alloys may be more con 
venient to handle than the constituent metals. lIn par 
ticular, lithium might be handled as a solid at high tem 
peratures by alloying it with more refractory alkali metals. 
What is claimed is: 
1. In a turbine having an axial hub, a heat source and 

a diametrically opposite heat sink, a plurality of rotor 
blades rotatably mounted on said hub in diametrically 
opposite pairs, each blade being hollow, passage means 
connecting together the hollows in each pair of blades, a 
metal that ingasses and outgasses hydrogen reversibly, 
retained at all times in the hollow of each said blade, and 
a supply of hydrogen for circulation through said pas~ 
sage means between said blades from one said metal to 
the other, whereby said hydrogen is ingassed into the metal 
in one blade when that blade is at the heat sink, thereby 
imparting heat from the blade to the sink, while the metal 
in the opposite blade is outgassing hydrogen at the heat 
source, thereby cooling said opposite blade, only said 
hydrogen being circulated while the metal remains ?xed. 

2. In a turbine having an axial hub, a heat source and 
a diametrically opposite heat sink, at least one pair of 
diametrically opposite hollow rotor blades mounted on 
said hub for rotation thereon, passage means connecting 
together the space inside said hollow blades, metal that 
tin-gasses and outgasses hydrogen reversibly inside each 
said blade, and a circulating supply of hydrogen in said 
blades, whereby said hydrogen is ingassed into the metal 
in one blade and outgassed at the same time from the 
metal in the other blade, depending on which blade is 
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at the heat sink and which at the heat source, thereby 
imparting heat from one blade to the sink and cooling the 
opposite blade ‘at the source, only said hydrogen being 
circulated While the metal remains in its position in each 
said blade. 
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