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This invention relates in general to shell and tube heat 
transfer apparatus and more particularly to serpentine 
tube boilers which are particularly adapted to the eflicient 
generation of high temperature liquid metal vapor in a 
zero gravity environment. 

In recent years considerable effort has been directed 
toward the development of a closed-circuit, Rankine-cycle, 
thermal power plant for the long term generation of elec 
trical power in outer space. In a typical power plant of 
this type an eflicient heat transfer fluid, such as molten 
lithium, is circulated in a closed circuit, receiving thermal 
energy during its passage through a nuclear reactor and 
releasing this energy to a second heat transfer fluid in 
a liquid metal boiler. The second fluid, such as potassium, 
circulating in an independent second closed circuit ex 
tracts the heat from the lithium in the boiler wherein it is 
vaporized, the potassium vapor thus generated being uti 
lized as the driving force in electrical turbo~generating ap 
paratus. 

In conventional boiler design, the force of gravity is 
utilized to effect a liquid-vapor separation in the boiler 
and to maintain the liquid being vaporized in intimate 
contact with the heated surfaces therein. In the absence 
of gravity, particularly in the environment of outer space, 
a substitute force or forces must be provided to perform 
the functions normally effected by gravitational forces. 
For this reason, in space power plant considerations, it 
has been necessary to depart somewhat from the tradi 
tional concepts of boiler design. 

In addition to the zero gravity problem, it is quite ob 
vious that a space system boiler must be compact and 
lightweight because of launching limitations, reliable be 
cause of its inaccessibility after launching, durable for 
maximum utility and safety, and relatively stable in op 
eration. The problems inherent in such `a design are `fur 
ther magnified because the system parameters usually 
specified require operation at elevated temperatures with 
working fluids of a very corrosive nature contained in ves 
sels constructed ofthe so-called exotic alloys. . 

It is an object of this invention to provide a boiler of 
the shell-and-tube type which is particularly adapted to 
the efficient generation of liquid metal Vapor in a zero 
gravity environment. 
A further object of this invention is to provide a boiler 

in which the centrifugal forces generated by a fluid flow 
ing in an irregular path are utilized in lieu of gravity to 
effect liquid-vapor separation and maintain the liquid 
being heated in intimate contact with the heated surfaces 
internal of the boiler for efficient heat transfer. 
A still further object is to provide a boiler in which 

vaporization is effected internal of a plurality of serpen 
tine tubes which are adapted to accommodate the differen~ 
tial thermal expansion of the boiler over substantially the 
entire tube length. 

Still another object is the provision of a heat exchanger 
in which each tube in the tube bundle is supported over 
substantially the entire tube length to minimize the dele 
terious effects of severe acceleration loading and induced 
vibration. , 

An additional feature is the 
compact boiler characterized 
and ease of construction. 

provision of la lightweight, 
by high thermal efficiency 
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Another feature is the provision of means whereby tube 

vibrations induced by two-phase fluid flow are effectively 
damped by the tube-locating and supporting spacers. 
A further feature is the provision of a boiler which Will 

generate vapor of one hundred percent quality in a short 
developed length. 

These and other objects and advantages will be evident 
or will be specifically pointed out in connection with the 
following detailed description of the embodiment of the 
invention shown in the accompanying drawings. 
FIGURE l is a fragmentary longitudinal view of one 

embodiment of this invention shown partly in section and 
with part of the shell broken away. 
FIGURE 2 is a sectional View taken on line 2_2 of 

FIGURE l. 
FIGURE 3 is a fragmentary longitudinal view of a 

representative boiler tube shown partly in section, illus 
trating the serpentine configuration of the tube and the 
placement of the flashing orifice internal of the tube. 
FIGURE 4 is a View taken on line 4-4 of FIGURE 3, 

illustrating the tube curvature in the plane of the serpen 
tine bends. ì 

FIGURE 5 is an enlarged fragmentary View of a portion 
of the serpentine tube shown in FIGURE 3, illustrating 
particularly the flashing orifice. 
As is most clearly illustrated in the preferred embodi 

ment of the invention shown in FIGURE l, the boiler 
may be seen to be generally of the shell--and-tube variety. 
The fluid to be vaporized, typically a liquid metal such 

as potassium, enters the boiler through tube-side fluid inlet 
10 and, after passing through the tubes 12, it is discharged 
from the boiler through tube-side fluid outlet 14. It will 
be noted that the diameter of outlet 14 is greater than 
the diameter of inlet 10 to accommodate the Volume in 
crease associated with the conversion of the incoming liq~ 
uid to vapor. 

A shell-side fluid at high temperature, typically a liquid 
metal such as lithium heated by external means as in 
a nuclear reactor, is introduced to the boiler at shell 
inlet 16. The lithium passes through the tube bundle 18 
around the outside of the individual tubes, surrendering 
heat in the process, and thence is discharged from the 
»boiler through shell outlet 20 for recirculation back to 
the heat source. It is, of course, obvious that, depending 
on the desired heat transfer conditions, the shell-side fluid 
may be circulated counter to the tube-side fluid, in which 
case the positions of the shell inlet and outlet will be re 
versed. 

Direct impingem-ent of the hot lithium on the tube bun 
dle is avoided through the use of an impingement Ibaille 
28 which is positioned in the inlet 16. Inlet tests con 
ducted on a variety of heat exchangers demonstrated 
that, in the absence of such baffling means in high per 
formance apparatus, severe vibrations could be promoted 
in the individual tubes leading t-o tube fatigue and con 
sequent tube failure, usually at the point where the tube 
enters the tube sheet. Baflle 28 is shown in its most pre~ 
ferred embodiment as of a general mushroom shape, 
smoothly contoured to minimize pressure drop and sup 
ported in the inlet 16 by a plurality of radial legs 30. 
The fluid entering the shell through inlet 16 flows through 
the web formed by the legs 30, parallel to the stem 32, 
to the baffle crown 34 where it is distributed both axially 
and circumferentially with respect to the axis of the tube 
bundle. In this manner the impact for-ce of the incomf 
ing fluid stream is taken by the baille rather than by the 
several tubes adjacent the inlet, resulting in a more uni~ 
form temperature distribution, minimum tube vibration 
and reduced tube stress. 

It will be understood that, at reduced power levels and 
lower lithium flow rates, the baille may be dispensed with 
entirely and that, depending particularly on the shape -of 
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the inlet, alternate bafiie designs are contemplated. In 
high performance equipment, however, when the shell 
side fiuid is to be introduced transverse to the tube axes, 
means for preventing the direct impingement of the fiuid 
stream on the tubes will be found advantageous. 

In order to reduce the shell-side pressure drop it has 
also been found `advantageous to provide plenum cham 
bers 24 and 25 adjacent the shell inlet and outlet respec 
tively. For this purpose a pair of generally spherical dif 
fusers 22 and 26, forming extensions of the tubular shell 
36, are provided at the shell inlet and outlet, 16 and 20, 
respectively, to enhance the fiow distribution of the lithi 
um in the cross-ñow areas of the boiler. The provision 
of these diffusers promotes radial penetration of the lithi 
um into the interior of the tube bundle 18. Although it 
is not shown in the accompanying drawings, it is contem 
plated that, in some instances, an enlarged plenum cham 
ber may be provided to permit fanning of the tubes in 
the cross-flow area to increase the tube-to-tube spacing 
and further reduce the shell-side pressure drop. 
An inlet header or tube sheet 40 is connected to the 

inlet diffuser 22 and a corresponding outlet header 42 is 
«connected to the outlet diffuser 26. As is illustrated in 
FIGURES 1 and 3, the individual tubes 12 in the tube 
bundle 18 extend through the respective headers at either 
end of the boiler and terminate at the outer surfaces of 
the headers. In the preferred construction an annular 
seal weld is effected between the end of the tube and the 
surface of the tube sheet at 52, and the individual tubes 
are expanded into the tube sheet to form a metallurgical 
bond between the outer surface of the tube and the inner 
surface 50 of the hole in the tube sheet. The other end 
of the tube is similarly connected to tube sheet 42. 

Generally hernispherical closures 54 and 56 which con 
tain and distribute the tube-side fluid to the headers are 
fixed to the headers 40 and 42, respectively. 

Referring particularly to FIGURES l and 2, it may be 
seen that the individual tubes 12 are substantially iden 
tical and are nested in juxtaposition in circumferential lay 
ers about the axis of the tube bundle to provide a com 
pact boiler configuration and provide the maximum heat 
transfer surface area per unit volume. 
As is most clearly illustrated in FIGURE 3, the indi 

vidual tubes 12 are formed with a serpentine configura 
tion 58 over the greater portion of their length. The mix 
ture of liquid and vapor generated within the tubes on 
boiling of the liquid is effectively separated within the 
tube by the centrifugal forces generated by the flowing 
fluid. Because of the tube undulations, the liquid is main 
tained in intimate scrubbing contact with the heated walls 
to permit additional vaporization of the liquid as a re 
sult of local boiling. 

In a gravity field, the liquid is generally effectively sep 
arated from the vapor by the force of gravity, although 
tube-side boiling in a unit of the type described is -en 
hanced by the additional liquid-vapor separation pro 
duced by centrifugal force. In the absence of gravity, 
however, it is necessary to provide means for maintain 
ing the liquid in -contact with the heated wall surface. 
Preferably, the liquid-Vapor mixture is continually sub 
jected to >a change in ñow direction during its transit 
through the tubes and, to effect this continual change 
in direction, the tube is formed to present such a curved 
-path to the mixture. 
Even in a gravity field, tests have established that vapor 

of 100 percent quality is more readily achieved in a unit 
of the type described than in conventional apparatus 
utilizing -straight tubes. This is true because at the higher 
vapor qualities, the effect of centrifugal force as a separa 
tion means is many times greater than that of gravity, 
particularly at the higher fiow rates. 
As might be anticipated in a high performance heat 

transfer unit, means must be provided to accommodate 
the differential thermal expansion between the tube bundle 
and the shell as the unit is brought to its operating tem 
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4 
perature. The serpentine section of the tube also performs 
this function. Moreover, the tube stress associated with 
bending as a result of the differential expansion is accom 
modated over the entire sinuous length rather than being 
concentrated at a single bend, and excessive localized 
stress in the tube wall is thereby avoided since the de- 
fiections at each of the serpentine bends is small. 

In the fabrication of a boiler for space applications, 
it may be preferable to bend the tubes over their sinuous 
length from the plane of the sinuous bends to conform to 
the circular path of the tube layer in which the particular 
tube lies. This is illustrated in FIGURE 4. It is, of course, 
a means for increasing the compactness of the boiler 
with the anticipated weight-saving associated therewith. 
The radius of the bend thus imparted increases as the 
distance from the tube bundle axis increases and, for 
this reason, the transverse bend in the outer tube rows 
may be dispensed With entirely since its efficacy decreases 
With increasing diameter. 

In a preferred tube configuration, as is shown in FIG 
URE 3, the sinuous section of the tube is preceded by 
a straight portion of shorter length, constituting a fluid 
preheating area. Since the incoming fiuid, by proper de 
sign, remains a liquid in this area and the tube is filled, 
there is no need to provide a change in fiow direction in 
this area for maximum heat transfer efficiency. 

Such a straight tube inlet portion serves an additional 
function. It facilitates the placement in the tube of a 
flashing orifice 70, shown most clearly in FIGURES 3 
and 5. The preferred orifice construction comprises an 
annular insert 72, formed from a metallurgical bond pro 
moting material, adjacent the inner wall of the tube 
and encircling a second annular insert 74 over a substan 
tial portion of its length. The insert 74 terminates at its 
upstream end in an enlarged internally threaded end 
portion 75 which is adapted to receive a cooperating 
threaded orifice member 76. The insert 74 is fixedly held 
in position in the »tube by frictional forces or more pref 
erably by the formation of a metallurgical bond estab 
lished by swaging the tube 12 and, consequently, re 
ducing its diameter, with the pertinent inserts in their 
correct position. The insert 72 is utilized to promote 
formation of this metallurgical bond in a manner well 
known in the art. 

In the embodiment shown the orifice diameter 78 of 
member 76 is of the same diameter as the passageway 
80 in insert 74. However, member 76 is adapted to be 
insertable or removable after the tube bundle has been 
assembled to permit utilization of different orifice mem 
bers 76 with varying orifice diameters to permit altera 
tion of the tube-side pressure drop in varying installa 
tions. With different fluids, flow conditions and tempera 
tures, preferred orifice diameters will change and, by this 
construction such changes may be effected after assembly 
of the tube bundle. 

In the tube-side vaporization of liquid metals, the in 
terposition of a flashing orifice has been demonstrated to 
be necessary for stability of operation. Its purpose is 
to effect a sudden pressure drop within the tube causing 
at least part of the liquid to flash into vapor and, thus, 
to initiate vaporization at a predetermined location along 
the tube axis. For this reason the individual tube orifices 
are located in a common plane perpendicular to the axis 
of the tube bundle. 

It will, of course, be understood that in alternate boiler 
designs, the orifices may be located in different locations, 
as for example within the inlet header, and that the 
straight preheating tube section may then be dispensed 
with. 

In high performance apparatus particularly, it is nec 
essary to support the individual tubes within the tube 
bundle both from each other and from the shell. This 
is particularly true in apparatus designed for space ap 
plications since the internally and externally induced 
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vibrations and acceleration loading could otherwise lead 
to premature tube failure. In the construction shown 
most clearly in FIGURE 2, the preferred tube spacing 
and tube positioning means comprises a plurality of wave 
Washers 90 and annular rings 92 positioned between each 
tube layer and further positioned at a plurality of loca 
tions axially of the tube bundle. Although for economic 
reasons the wave washers 90 and annular rings 92 are 
shown as separate elements, they may be preassembled 
into a unitary structure, or machined as a single element, 
and still perform their supporting and spacing function. 
In the apparatus shown, such tube support means is pro 
vided axially along the tube bundle at regularly spaced 
locations corresponding to one-half of the wave pitch 
of .the tubes. 
The wave washer 90 may be seen to be generally an 

nular and in the form of a sine wave when viewed along 
the axis of the tube bundle. The wave pitch of the washer 
90 conforms to the tube spacing and the individual tubes 
are received in the troughs formed between the individual 
wave crests. 

Annular rings 92 are provided between each tube layer, 
the spacing between adjacent layers corresponding to the 
combined thickness of the wave washer 90 and the annular 
ring 92. The rings 92 are adapted to conform closely to 
the outer periphery of the circumferential row of tubes 
which they encircle and further to conform closely at 
their outer periphery to the inner circumference of the 
abutting wave washer. The outer annular ring 96 is further 
adapted to closely conform to the inner surface of the 
tubular portion of the shell 36 to prevent bypass of the 
shell-side fluid between the shell and the tube bundle 
along surface 94. 
The particular tube spacing means shown, comprising 

the Ácombination of the annular rings 92 and the wave 
Washers 90, when positioned periodically along the axis 
of the tube Ibundle serve to damp any induced vibrations 
generated in the tubes as a result of two-phase ñuid flow 
or boiling instability, or from external sources. 

Further, boiler fabrication and assembly is considerably 
simplified through this spacer construction, since the tube 
bundle may be completely assembled prior to incorpora 
tion into the shell and the headers. The tube spacing 
means and particularly the wave washers serve to posi 
tion the remaining tubes within the tube bundle after a 
radial line of tubes has been established. 

In the actual assembly of the boiler, it is the usual 
practice to form the straight portions of the sinuous tubes 
to a greater length than that desired in the finished prod 
uct and, after installation and positioning of the inlet 

Y header 40 thereon, to cut the tubes off at the outer 
surface of the header. In this way, the concern with tube 
length tolerances is minimized since all tubes are cut 
flush with the header surface at assembly. 

Since the tubes 12 are arranged in annular rows in the 
tube bundle, an open port is provided in the assembled 
tube bundle. To avoid a short-circuiting of the shell-side 
fluid through this port, a flow-defining insert 100 is pro 
vided along the axis of the tube bundle. For weight-sav 
ing considerations, insert 100 is preferably in the form of 
a tube, which is mounted at each end to the abutting head 
er. To accommodate the differential thermal expansion 
between the tube ̀ bundle and the shell, the insert is shown 
slidably mounted to the inlet header 40. For this purpose, 
a generally cylindrical pin 102 is íixedly mounted in the 
end of insert 40 so that a substantial portion projects be 
yond the end of the insert, the projecting portion of the 
pin riding in a blind hole 104 in the lower surface of head 
er 40 after assembly of the boiler. 

. In this construction, a boiler has been provided which 
will efliciently vaporize liquid metals, or other heat trans 
fer liquids, in a zero gravity environment in a relatively 
simple and lightweight construction. Further, the boiler 
of this invention will be relatively immune to the delete 
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6 
rious effect of internallyv and externally produced vibra 
tions and to acceleration loading. Further, through the 
interchange of orifices, substantially identical boiler ap 
paratus may be easily adapted to accommodate changes 
in liow and temperature conditions and different fluids. 
Still further, vapor of 100 percent quality may be readily 
generated in tubes of very short developed length. 
While a preferred embodiment of the invention has 

been shown and described, it will be understood that var 
ious changes and modifications may "be made thereto 
without departing from the spirit of the invention as de 
fined in the following claims. 
We claim: 
1. In a liquid metal boiler of the shell and tube type, 

a generally cylindrical tube bundle comprising: 
a plurality of substantially identical tubes nested in 

juxtaposition in circumferential layers about the axis 
of the tube bundle, each of said tubes having a ser 
pentine configuration over a major portion of its 
length, 

means for supporting said tubes in radial and circumfer 
ential spaced relation about the axis of the tube 
bundle, and 

a flashing orifice internal of each tube intermediate its 
length, each orifice being of equal size and positioned 
longitudinally of the tube bundle in substantial cor 
respondence with each other orifice. 

2. The tube bundle of claim 1 wherein: 
each of said tubes is shaped over its serpentine length 

to conform to the circular path of the tube layer in 
which it is positioned. ' 

3. The tube bundle of claim 2 wherein the tube support 
ing means comprises: 

a plurality of circumferential wave washers positioned 
adjacent each tube layer, the wave pitch correspond 
ing to the circumferential tube spacing, the washers 
being adapted to retain the tubes between ladjacent 
waves, and 

a plurality of annular rings between each tube layer, 
the thickness of the annular rings andthe wave wash 
ers defining the spacing between adjacent tube layers. 

4. The tube bundle of claim 3 wherein: 
the tubes are supported at spaced locations axially of 

the tube bundle. 
5. The tube bundle of claim 3 wherein: 
the tube supporting means are positioned axially of the 

tube bundle at regularly spaced locations over sub 
stantially the entire serpentine portion of the tubes, 
the spacing corresponding to one-half of the tube 
wave pitch. 

6. A liquid metal boiler especially adapted to the gen 
leration of vapor in a zero gravity environment compris 
mg: 

a tubular shell having an inlet and an outlet, 
a tube inlet header joined to said shell at one end, 
a tube outlet header joined to said shell .at its other end 

forming a chamber therebetween, 
a generally cylindrical tube bundle extending through 

said chamber and affixed to said headers, the tube 
bundle comprising’a plurality of substantially iden 
tical sinuous tubes nested in juxtaposition in circum 
:ferential layers about the axis of the tube bundle, 

a flashing orifice positioned in each tube adjacent the 
inlet header, each orifice substantially corresponding 
in internal diameter to each other orifice, 

means for supporting said tubes in spaced relation about 
the axis of the tube bundle, and 

means disposed in the shell inlet for preventing direct 
impingment of the shell-side ñuid on the tube bundle. 

7. The ̀ boiler of claim 6 in which: 
each of said tubes comprises a straight inlet section of 

substantial length and a sinuous section of greater 
length, and 

each orifice is positioned in said straight tube section. 
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8. The boiler of claim 7 wherein: 
a flow-defining insert is positioned internal of said 

tube bundle between said headers and slidably 
mounted thereto, whereby flow bypass through the 
center of the tube bundle is prevented. 

9. The boiler of claim 8 wherein: 
at least part of said orifice is removable after assembly 

of the tube bundle to permit changing of the oriñce 
size to accommodate different fluids and different flow 
conditions. 

10. A liquid metal boiler adapted to the tube-side gen 
eration of vapor in a zero gravity environment compris 
mg: 

a tubular shell, 
a pair of diffusers attached to said shell, one at each 

end of said shell, each diffuser having a fluid connec 
tion thereto, 

a header attached to each diffuser at its outer end form 
ing a chamber therebetween, 

a generally cylindrical tube bundle extending longi 
tudinally through said chamber and affixed to said 
headers, the tube bundle comprising a plurality of 
tubes nested adjacent one another in annular rows 
about the axis of the tube bundle, each of said tubes 
having a straight portion of substantial length and 
a sinuous portion of greater length, each of said 
tubes being of constant cross-section throughout its 
length. 

a ñashing oriñce positioned in the flow path of each 
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tube in the straight portion thereof, at least part of 30 
said orifice being removable after assembly of the 
tube bundle, 

a ñow-deñning insert positioned along the centerline 
of said tube bundle and affixed to each of said head 
ers, said insert being slidably mounted to at least one 
of said headers, ` 

means for supporting said tubes in spaced relation about 
the axis of the tube bundle, and 

a bañ'le disposed in the liuid connection of one of said 
spherical diffusers for preventing direct impingement 
of the shell-side lluid on the tube bundle. 

L1. The boiler of claim 10 wherein: 
the individual orifices are substantially identical and 

are positioned in a common plane perpendicular to 
the axis of the tube bundle. 

12. The boiler of claim 11 wherein: 
the tube supporting means are positioned at regularly 

spaced locations axially of the tube bundle along the 
sinuous portion of the tubes. 
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