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[5 7] ABSTRACT 
A composite metal structure for boiling liquids com 
prising a smooth surface metal substrate and a cover 
sheet bonded to the substrate with sub-surface cavities 
and spaced restricted openings extending through the 
cover sheet being joined to the cavities. 

16 clams, 10 Drawing Figures 
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COMPOSITE STRUCTURE FOR BOILING LIQUIDS 
AND ITS FORMATION 

BACKGROUND OF THE INVENTION 

This invention relates to composite metal structures 
for improving heat transfer from heated surfaces to 
boiling liquids and in particular structures which 
enhance nucleate boiling. The invention also relates to 
a method for forming such a composite structure. 

' It is known that structures for improved nucleate 
boiling may be prepared by bonding metal powders 
onto metal substrates to form interconnected pores 
with restricted openings to the outer surface having 
equivalent pore radius less than about 6 mils, as for ex 
ample described in US. Pat. No. 3,384,154 to R. M. 
Milton. It is also known that improved nucleate boiling 
structures may be prepared by cutting closely spaced 
grooves in a metal wall with the outer ridges partly 
deformed into the grooves so that sub-surface cavities 
result with restricted openings through the outer ridges, 
as described in US. Pat. No. 3,454,081 to L. C. Kun 
and A. M. Czikk. Disadvantages of such prior art 
nucleate boiling structures are either the relatively high 
cost of machining equipment or the inability to form 
relatively large restricted openings (preferred for boil 
ing liquids characterized by high Kelvin parameters) 
from metal powder. 
An object of this invention is to provide a highly e?i 

cient but inexpensive nucleate boiling heat transfer 
structure. 
Another object is to provide an inexpensive method 

for preparing a highly efficient nucleate boiling heat 
transfer structure. Other objects and advantages of this 
invention will be apparent from the ensuing disclosure 
and appended claims. 

SUMMARY 

This invention relates to an improved composite 
metal structure for nucleate boiling heat transfer to 
liquid from a heated surface and to a method for 
preparing such a composite metal structure. 
According to this invention a composite metal struc 

ture comprises an impervious smooth surface metal 
substrate and an impervious metal cover sheet bonded 
to the metal substrate and having at least 25 cavities 
per inch2 of substrate surface with each cavity having 
an effective diameter of at least 0.003 inches, and a 
multiplicity of spaced restricted openings extending 
through the cover sheet in ?uid communication with 
the cavities and having effective diameter such that the 
effective diameter ratio of restricted openings to cavi 
ties is less than 0.8. As used herein, the “effective 
diameter” of the cavity is the diameter of the largest 
sphere which can be ?tted within the con?nes of the 
cavity. The “effective diameter” of the restricted open 
ing represents the largest diameter vapor bubble which 
may emerge from the cavity to the outer surface of the 
cover sheet. For example, the effective diameter may 
be the minor dimension of an ovoid or elliptically 
shaped restricted opening. ‘ 
Another aspect of this invention relates to a method 

for forming one composite metal structure of this in 
vention. According to this method, a die having spaced 
pyramid shaped projections is pressed against a thin 
metal foil backed by a resilient surface to initially form 
discrete pyramid shaped sections in the foil. The 
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2 
pyramid tip ends are then pierced to form holes of ir 
regular non-circular cross section. The foil with the so 
forrned discrete pyramid sections is thereafter bonded 
to the metal substrate to form a composite metal struc 
ture, either with the tip end of each pyramid pointing 
downwardly toward the substrate surface or with the 
tip end pointing upwardly away from the substrate sur 
face. In the latter arrangement, the pierced hole 
through the tip end of each pyramid comprises the 
restricted opening, the pyramid forms the cavity and 
the bottom side of the unraised section of the foil sur 
rounding each pyramid section is bonded to the sub 
strate. When the pyramid tip ends are arranged to point 
downwardly toward the substrate, the tip edges are 
bonded to the substrate with unbonded gaps between 
the bonds forming the aforementioned restricted 
openings and the enclosed space bounded by the sub 
strate, shaped foil and the pyramid tip end, form the 
cavities. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan view looking downwardly on an up 
wardly turned pyramid-shaped embodiment of the 
composite metal structure having pierced holes in the 
pyramid tips. 

FIG. 2 is an elevation view taken in cross-section of 
the FIG. 1 structure. 

FIG. 3 is a plan view looking downwardly on a 
downwardly turned pyramid~shaped embodiment of 
the composite metal structure having pierced holes in 
the pyramid tips. 

FIG. 4 is an elevation view taken in cross-section of 
the FIG. 3 structure. 

FIG. 5 is an isometric view of a corrugated-serrated 
sheet composite metal structure comprising another 
embodiment of this invention. 

FIG. 6 is an elevation view taken in cross-section of a 
dimpled sheet pierced hole embodiment. 

FIG. 7 is an elevation view taken in cross-section of a 
?at cover sheet~venturi type restricted opening em 
bodiment. 

FIG. 8 is a graph showing water boiling performance 
data for the FIG. 1-4 pierced hole pyramid, the FIG. 5 
corrugated-serrated sheet, and the FIG. 6 dimpled 
sheet embodiments. 

FIG. 9 is a graph showing water boiling performance. 
data for the FIG. 7 ?at cover sheet-venturi type 
restricted opening embodiment, and 

FIG. 10 is a graph showing ?uorot'richloromethane 
boiling performance data for the upwardly turned 
pyramid-shaped cover sheet and ?at cover-venturi type 
restricted opening embodiments. 

DESCRIPTION OF THE PREFERRED 
~ EMBODIMENTS 

In the FIG. l-4 embodiments, cover sheet 11 com 
prises a thin impervious metal layer of for example 
0.002-0.030 inch thickness which may be readily 
deformed into a multiplicity of discrete raised sections. 
These sections may be in the general shape of pyramids 
12 having locally sloping sides 13. Alternatively, they 
may be conically shaped with a circular base rather 
than the generally square (or rectangular) base of the 
pyramid type con?guration. As illustrated in FIGS. 
1-2, pyramids 12 are arranged in parallel rows some of 
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which are oriented at 90° to each other. Alternatively, 
the individual discrete sections may be arranged in a 
staggered pattern. The individual discrete raised sec 
tions 12 are preferably separated and surrounded by 
valley sections 14. At least one restricted opening 15 is 
provided in each discrete section 12 and may be circu 
lar but is preferably irregular and non-circular. 
Restricted opening 15 is preferably in the tip end of the 
raised section 12. , 

Cover sheet 11 may for example be formed by the 
use of a metal die having spaced projections of the 
desired con?guration and in the desired density per 
square inch of surface area. The die is pressed against 
the undeformed cover sheet which is preferably backed 
by a resilient layer, as for example rubber foam, to ini 
tially form the desired discrete sections in the sheet by 
deformation against the mating surfaces of the die. The 
restricted openings 15 may be formed in the tip end of 
each raised section 12 by pressing the die against the 
now deformed cover sheet with additional force so that 
the tip end of each die projection ruptures or pierces 
the tip end of the mating deformed section of the cover 
sheet so as to form irregular non-circular openings 15 
with jagged edges 16. The openings usually have an x 
shape or star-shape in the plan view as illustrated in 
FIG. 1. The torn edges 16 of the openings 15 may for 
example extend about half-way down the sloping sides 
13 of the raised sections 12 (see FIG. 2). The size of the 
openings may be varied relative to the size of the cavity 
formed, by controlling how far the projections on the 
forming die deform the cover sheet 11. Also, the size of 
the restricted opening 15 may be controlled to some 
extent by selecting the thickness and/or physical pro 
perties of the cover sheet 12. For example, if the cover 
sheet is formed of metal foil, more ductile or annealed 
foil materials will generally permit the formation of 
smaller openings than less ductile or work hardened 
foil materials. 
The resulting cover sheet 1 1 having a multiplicity of 

discrete raised sections 12 separated by valley sections 
14 is bonded to the metal substrate 17 to form a com 
posite metal structure, either with the tip ends pointing 
upwardly (FIGS. 1-2) or downwardly (FIGS. 3-4). The 
bonding may for example be accomplished by sprin 
kling a layer of brazing metal powder of desired 
thickness, e.g. 0.002—0.003 inch, onto the substrate, 
positioning the deformed cover sheet 11 thereon and 
thereafter heating the assembly in a brazing furnace. In 
the FIG. 1-2 embodiment, the bond is formed between 
the valley sections 14 surrounding the raised sections 
12 and the smooth top surface substrate 17. 
The FIG. 3-4 embodiment of the composite metal 

structure may be formed in the same manner as the 
FIG. 1-2 embodiment except that the tip ends are posi~ 
tioned against the substrate surface and the bond is 
between the latter and the jagged edges 16 of openings 
15. 
There are however important differences between 

the composite metal structures of FIGS. 1-2 and 3-4 
with respect to their performance for improved heat 
transfer from heated surfaces to boiling liquids. In the 
“tip-up” embodiment, the cavities 18 where the vapor 
bubbles are formed and retained are bounded by the 
sloping sides 13 of each raised section 12 and the top 
surface of substrate 17. There is preferably at least a 
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4 
minor degree of communication, i.e. ?uid communica 
tion passages, between at least some of the adjacent 
cavities 18 by virtue of gaps in the bond between the 
valley bottom surface and the substrate 17 top surface. 

In the “tip-down” embodiment of FIGS. 3-4, the 
restricted openings are formed by the unbonded gaps 
15 between the tip edges 16 and the substrate 17 top 
surface. For example the piercing operation usually 
produces four comer tears 19 extending a considerable 
longitudinal distance along the sloping sides 13, and 
only the lower portion of these tears is ?lled with bond 
ing material 20 during the brazing operation. The 
upper portion is open and comprises the restricted 
opening of the “tip~down” embodiment. The cavities 
18 comprise the space bounded by the substrate 17 top 
surface, the shaped cover sheet 11, and the tip ends of 
adjacent raised sections 12a and 12b. It should also be 
noted that the “tie-up” cavities 18 of FIGS. l-2 are 
directly beneath the restricted openings 15 whereas the 
“tip-down” cavities of FIGS. 3-4 are located between 
the restricted openings of adjacent raised sections 12a 
and 12b. FIGS. 3-4 also reveal that unlike the “tip-up" 
embodiment, there are numerous ?uid communication 
passages between adjacent cavities. 
As previously indicated, the composite metal struc 

tures of this invention have cavities with effective 
diameters of at least 0.003 inch, and a multiplicity of 
spaced restricted openings extending through the cover 
sheet in ?uid communication with the cavities, such 
that the effective diameter ratio of restricted openings 
to cavities is less than 0.8. The cavities act as nuclei for 
the growth of many bubbles of the boiling liquid. As the 
bubbles grow, vapor emerges from the cavities through 
the restricted openings due to continued generation of 
vapor therein, breaks away from the outer surface of 
the cover sheet, and rises through the liquid. The liquid 
continues to flow into the cavities to replenish a thin 
liquid layer which is maintained between a trapped 
vapor bubble and the adjacent metal surface de?ning 
the cavity. The extreme thinness of the liquid film 
within the cavity is believed primarily responsible for 
the strikingly high boiling heat transfer coe?icients 
achieved with this invention. 
The cavities must have effective diameters of at least 

0.003 inch and preferably at least 0.006 inch to permit 
appreciable bubble growth therein, and the effective 
diameter ratio of restricted openings to cavities is less 
than 0.8 and preferably less than 0.7 to retain the hub 
bles in the cavities for sufficient duration for such 
growth to occur. The composite metal structure has at 
least 25 cavities per inch2 of substrate surface to pro 
vide an adequate number of nucleation sites for high 
rate heat transfer. 

In general, larger cavity and restrictive opening ef 
fective diameters provide optimum performance (max 
imum boiling coe?icients) for liquids characterized by 
relatively high Kelvin parameters. The latter is de?ned 
as 

2Co- TSIA Pvin units of mils x ° F where 
0'= Surface tension, lbs. force/ft. 
Ts = Saturation temperature of boiling liquid cor 
responding to the vapor pressure of the liquid, °R 

Pv= Density of vapor, lbs. mass/ft.3 
A = Latent heat of boiling liquid, Btu/lb. 
C= Conversion factor, 15.48 Btu >< mil/ftFX lb. force 
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Conversely, smaller cavity and restrictive opening ef 
fective diameters provide optimum performance for 
liquids characterized by relatively small Kelvin parame 
ters. However the cavity effective diameter of the com 
posite metal structure of this invention is preferably at 
least 0.006 inch to minimize possible plugging during 
the metal substrate-cover sheet metal bonding. These 
relationships are illustrated by Table A: 

TABLE A 

Kelvin Pressure Optimum Cavity Effective 
Fluid Parameter -psia Diameter ( 1X10“")in. 

Water 18 1.5 18 
Water 2.3 14.7 6.7 
Hydrazine 2.2 14.7 4.8 
Ammonia 1.0 14.7 4.15 
Ethylene 
Glycol 1.3 14.7 3.2 
Fluoro 
trichloro' 
methane 0.75 l4.7 1.5 
Ethylene 0.32 14.7 1.4 
Difluoro~ 
dichloro 
methane 0.56 [4.7 1.26 
Propylene 0.43 14.7 1.1 
Ethane 0.39 14.7 0.85 
Nitrogen 0.1 1 14.7 0.67 
Methane 0.22 14.7 0.60 
Oxygen 0.17 14.7 0.46 

In a preferred embodiment of the composite metal 
structure, the cover sheet is shaped to provide fluid 
communication passage between at least some of the 
cavities adjacently positioned to each other. This is to 
.assure continuous flow of liquid into active cavities 
from which bubbles are continuously emerging even 
though liquid may not be simultaneously entering the 
restricting openings of such cavities due to vapor ob 
struction. Under these circumstances liquid may enter 
the active cavities from inactive cavities through the 
fluid communication passages. As previously indicated 
the “tip-up” embodiment of FIGS. 1-2 is characterized 
by a limited number of such passages whereas the “tip 
down” embodiment of FIGS. 3-4 has a large number of 
vapor communication passages 21. 

In another preferred embodiment the restricted 
openings of the composite metal structure have irregu 
lar non-circular cross-sections. The latter will assure 
continuous flow of liquid into the restricted opening 
along at least part of its perimeter even when vapor is 
emerging therefrom. This is because the vapor bubbles 
generally assume a circular con?guration and do not 
?ll the entire cross-section of an irregular non-circular 
con?guration. Continuous ?ow of liquid into a cavity 
having an active vapor nucleation site will of course in 
sure continuous vapor generation therein. Accordingly, 
if the restricted openings have irregular non-circular 
cross-sections the importance of also providing ?uid 
communication passages between at least some ad 
jacent cavities is diminished and the converse is also 
true. However, for continuous vapor nucleation in a 
large number of cavities per unit surface area to attain 
maximum boiling heat transfer coefficients, restricted 
openings having irregular non-circular cross-sections 
and cavity—to-cavity ?uid communication passages are 
both employed in the composite metal structure. 
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Although the FIGS. 1-4 embodiments are formed 

with a continuous single cover sheet positioned over 
the entire smooth surface substrate, it is contemplated 
that the composite metal structures may be formed 
using a discontinuous cover sheet. For example, sheets 
may be folded into a U-shaped con?guration and posi 
tioned with the open ends against the substrate for 
bonding thereto. Spaced channels could then extend 
the entire length (or width) of the substrate, and 
restricted openings to the channels could be formed in 
the channel top surfaces. As another alternative, the 
channels may be formed by spaced parallel folds in a 
single cover sheet. 

In the FIG. 5 embodiment, cover sheet 11 has a se 
ries of corrugations 22 arranged in longitudinal rows 
parallel to each other with transversely separating val 
leys 23 between adjacent rows and bonded to the sub 
strate. Each corrugation 22 has transverse slits or serra 
tions 24 to form corrugation sections with longitu~ 
dinally alternate sections 25 and 26 being transversely 
displaced in the same direction. That is, alternate sec 
tions 25 are displaced to one side of the corrugation 22 
centerline and alternate section 26' are displaced to the 
opposite side of the centerline. Moreover, the transver 
sely aligned sections of adjacent corrugations, e.g. 22a 
and 22b, are displaced in the same direction, so that al 
ternate sections 25 of adjacent corrugations are trans~ 
versely aligned and alternate sections 26 are transver~ 
sely aligned. The cavities 18 providing the boiling 
nucleation sites comprise the space covered by the cor 
rugation sections 25 and 26 so that the partially enclos 
ing walls are substantially vertical. The restricted 
openings 15 of this composite metal structure are 
formed by transverse slitting and displacement of con 
tiguous corrugation sections, so extend substantially 
the full height of each cavity with four such openings 
per cavity. 
The FIG. 6 embodiment differs from the FIGS. l-4 

embodiment in that the discrete raised sections 12 are 
not separated by unraised sections in the form of paral 
lel rows. Instead the raised sections 12 are dimples in 
cover sheet 11, and may for example be formed by 
deforming sections of the ?at sheet into perforation 
openings of an undersheet in any desired con?guration. 
The restricted openings 15 may be provided in dimples 
12 by piercing with a sharp pro-jection as for example a 
pin or punch. As illustrated, the openings 15 have been 
formed by downward piercing so as to outwardly and 
downwardly displace the hole edges into the cavity 18 
formed by dimples 12. Although only one restricted 
opening per cavity is shown, it should be understood 
that multiple openings may be provided if desired. 
Moreover the openings may be provided in the slope or 
base portion of dimples instead of the tip (as illus 
trated). 
The FIG. 7 embodiment differs from the FIGS. 1-6 

embodiments in that cover sheet 11 is not deformed to 
provide discrete sections raised from the smooth sur 
face metal substrate 17. lnstead, cavities 18 are formed 
in the flat cover sheet itself, as by chemically milling 
therein from opposite sides of the sheet to provide a 
restricted opening 15 intermediate the sides. It should 
be noted that chemical milling normally produces a 
substantially circular opening. Also, since the bottom 
side of cover sheet 11 bears directly against the top side 
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of substrate 17 and is bonded thereto, only a relatively 
small number of ?uid communication passages 
between adjacent cavities are likely to be formed. This 
means that the boiling in a particular cavity is likely to 
be intermittent rather than continuous, as occurs for 
the embodiments having either or both irregular non 
circular restricted openings and a relatively large 
number of cavity~to-cavity ?uid communication 
passages. In the FIG. 7 embodiment, liquid ?ows into a 
particular cavity through its restricted opening, is 
boiled to form vapor during which period very little (if 
any) additional liquid enters the cavity, and the result 
ing vapor bubbles are ejected through the restricted 
opening whereupon the sequence is repeated. This em 
bodiment may be broadly described in terms of the 
cover sheet being bonded to the substrate and provided 
with a multiplicity of spaced venturi-type openings ex 
tending through the cover sheet cross-section with the 
larger cross-sectional portion adjacent to the substrate 
and forming the cavities, and the smaller cross-sec 
tional portion communicating with the cover sheet 
outer surface and forming the restricted openings. 
The invention and its unexpected advantages will be 

more clearly understood by the following examples. 

EXAMPLE 1 

A metal die having twenty uniformly spaced 
pyramid-shaped projections per lineal inch in each 
direction (400 projections per square inch) was 
pressed against 0.002 inch thick brass foil backed by a 
resilient rubber surface to initially form the discrete 
pyramid sections in the foil with walls sloping about 
45°, and then pierce the pyramid tip ends to form non— 
circular openings with cracks or tears at the edges in an 
x-shaped or star-like con?guration. The torn edges of 
these openings extended about one-half the distance 
down the angled walls of the pyramids from the tip 
toward the base and the adjoining valleys. The pitch P 
(valley-to valley) was about 0.050 inch and the effec 
tive diameter R of the pierced holes was about 0.008 
inch. The width and height of the pyramid cavities were 
about 0.039 and 0.012 inches respectively. The ratio 
R/C was about 0.008/0.012 = 0.67 and the cavity den 
sity was 400 per square inch. The projections on the die 
were in the con?guration of parallel rows with one 
group oriented at 90 degrees to another group, so the 
resulting deformed foil assumed the FIGS. 1-2 con?gu~ 
ration of metal cover sheet 11. 
The deformed and pierced foil was then brazed to a 

0.035 inch thick smooth copper substrate sheet with 
the pierced tip ends of the pyramids pointing upwardly. 
This was accomplished by sprinkling a layer of brazing 
metal powder of about 0.002-0.003 inch thickness 
onto the substrate, positioning the deformed metal foil 
thereon and then heating the assembly in a brazing fur 
nace. Accordingly, the valleys between the pyramids 
were the only areas where metal bonding to the sub 
strate occurred. Microscopic examination of the com 
posite metal structure revealed that there was only a 
minor degree of interconnection between adjacent 
pyramid cavities due to the proximity of the intervening 
brazed valleys and the smooth substrate surface. That 
is, interconnection only existed in the areas where braz 
ing was incomplete. 
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EXAMPLE 2 

A composite metal structure was prepared from the 
same materials as Example 1 and using the same 
procedure, except that the pierced tip ends of the 
pyramids were positioned adjacent to the smooth metal 
substrate. It will however be apparent from FIGS. 3 and 
4 that the effective diameter of- the resulting pyramid 
cavities and the degree of fluid intercommunication are 
quite different from the Example 1 structure. The 
pierced tip ends were brazed to the smooth copper sub 
strate and the braze metal substantially ?lled the cen 
tral portion openings. The effective diameter R of the 
restricted openings is the width of the relatively long 
and narrow torn sections extending upwardly from the 
brazed central portion as illustrated in FIGS. 3-4, and 
averaged about 0.0036 inch. The cavity effective 
diameter C was about 0.016 inch so that the ratio R/C 
was about 0.22. The pitch P (center-to-center distance 
of adjacent brazed central portions) was 0.050 inch. 
The width of the pyramid cavities was about 0.035 inch 
and height was about 0.016 inch. There was free ?uid 
interconnection between adjacent cavities. The cavity 
density was about 1,200 per square inch. 

EXAMPLE 3 

A composite metal structure was prepared from 
0.005 inch thick copper foil using the same metal die as 
employed in Example 1 so that the cavity density was 
also 400 per square inch. However, this relatively thick 
foil was softer so that the die failed to punch the same 
size openings as in Example 1. Whereas the effective 
diameter R of the latter’s restricted openings was about 
0.008 inch, the openings in Example 3 were only about ~ ‘ 
0.005 inch. Since the cavity effective diameter C was 
about 0.012 inch the ratio R/C was about 0.42. The 
resulting deformed and pierced foil was brazed to a 
0.250 inch thick smooth copper substrate plate with 
the pierced tip ends pointing upwardly in the manner of 
FIGS 1 and 2 and Example 1. The thickness of the braz 
ing powder layer prior to heating was about 0.003 inch. 
Microscopic examination revealed that many of the 
narrow comer tears and some of the crest tears were 
plugged with ?ller during brazing. This was due to the 
relatively small diameter of the pierced openings com 
bined with an excess of braze metal. 

EXAMPLE 4 

A composite metal structure was prepared from 
0.002 inch thick copper foil following the same 
procedure as Example 1, but a thicker layer of brazing 
metal powder was used on the substrate, i.e., about 
0.003~0.004 inch instead of 0.002 inch. Microscopic 
examination of the composite metal structure revealed 
that too much braze powder had been used because a 
majority of pierced openings were completely ?lled 
with the brazed metal. 

EXAMPLE 5 

A composite metal structure was prepared from an 
0.006 inch thick corrugated aluminum sheet and a 
0.250 inch thick smooth, ?at aluminum plate. The 
pitch P of the corrugations was about 0.165 inch (val 
ley-to-valley) and their height was about 0.065 inch. At 
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0.125 inch intervals in the longitudinal direction, the 
corrugations were transversely notch~slit and alternate 
sections pushed inwardly. The resulting openings were 
about 0.036 inch wide and this dimension represents 
the effective diameter R of the spaced restricted 
openings according to this invention. The cavities were 
about 0.063 inch effective diameter so that the ratio 
R/C was about 0.57. The cavity density was about 48 
per square inch. The corrugated and serrated alu 
minum sheet was then brazed to the ?at impervious 
aluminum plate as the substrate using a brazing powder 
layer about 0.003 inch thick, and the structure closely 
resembled the FIG. 5 embodiment. It should be noted 
that the side walls of the cavities were substantially ver 
tical and the serrated slot openings thereto extended 
substantially the full height of the cavities. 

EXAMPLE 6 

A composite metal structure of the pierced hole dim 
pled sheet type (illustrated in FIG. 6) was prepared 
from 0.004 inch thick copper foil and 0.250 inch thick 
smooth ?at copper plate. The dimples were formed by 
?rst placing the copper foil over a perforated un 
dersheet, superimposing a rubber sheet on the copper 
foil and pressing downwardly on the rubber sheet, 
thereby deforming sections of the foil into the perfora 
tion openings of the undersheet in staggered rows. The 
pitch P (center-to-center) of the dimples was about 
0.125 inch, the width of the dimple base was about 0.10 
inch, and the dimple height was 0010-0015 inch. The 
dimpled foil was bonded to the smooth ?at copper 
sheet by soft soldering at the valley sections. A 0.005 
inch diameter needle was then used to downwardly 
pierce 1-3 holes per dimple through the dimple top. 
These restricted openings R were about 0.005 inch ef 
fective diameter with the outer edge of the surrounding 
wall downwardly indented as illustrated in FIG. 6. The 
cavity effective diameter C was about 0010-0015 
inch so that the ratio RIC was 0.3-0.5. The cavity den 
sity was about 60 per square inch. 

EXAMPLE 7 

A composite metal structure of the ?at cover sheet 
venturi-shaped restricted opening type (illustrated in 
FIG. 7) was prepared from a 0.015 inch thick copper 
cover sheet and a 0.250 inch thick smooth ?at copper 
substrate. The venturi-type restricted openings were 
formed in the cover sheet by chemical milling in paral 
lel rows at spacing of 33 openings per inch in both the 
longitudinal and transverse directions, so that the den 
sity was 1089 holes per inch2 surface area. The pitch P 
(center-to-center) was about 0.030 inch. In this par 
ticular experiment, the venturi con?guration was 
formed by chemical milling from both the top and bot 
tom and joining in intermediate section of the cover 
sheet. The opening in the top plane was about 0.013 
inch diameter and in the bottom plane about 0.019 
inch diameter, with an intermediate restricted section 
R of about 0.005-0.008 inch diameter. The cavity ef 
fective diameter was about 0.010 inch so that the ratio 
R/C was about 05-08. In contrast to the composite 
metal structures of Examples 1-6, the cross-section of 
the restricted openings was substantially circular due to 
the method of formation. The ?at cover sheet having 
the venturi-shaped restricted openings was bonded to 
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10 
the copper substrate by coating a thin layer of metal 
brazing paste on the latter, superimposing the cover 
sheet and pressing it down with a small weight, then 
heating the assembly in a furnace. 

Microscopic examination of cross-sections revealed 
that the resulting composite metal structure was 
unevenly bonded together. There were numerous areas 
where there was no metal bond between the cover 
sheet and the substrate and some of these gaps were 
0001-0002 inch wide. This indicates the presence of 
many fluid communication passages between at least 
some of the cavities adjacently positioned to each 
other. 

EXAMPLE 8 

Another composite metal structure was prepared 
from the same materials and using the same procedure 
as Example 7, except that a thin layer of brazing 
powder and a porous ?brous layer between the cover 
sheet and the weight were used in an effort to eliminate 
the uneven bonding and fluid communication passages 
between adjacent cavities. Microscopic examination of 
cross-sections revealed that bonding was more uniform 
although there were a few gap areas where there was no 
metal bond. It was therefore concluded that a small 
number of .?uid communication passages between ad 
jacent cavities may have existed. 

EXAMPLE 9 

Still another composite metal structure was prepared 
from the same materials and using the same procedure 
as Example 7 and 8, except that a. more uniform pres 
sure holddown arrangement for the cover sheet was 
used. Microscopic examination of cross-sections in 
dicated virtually complete and uniform brazing with 
only about 1.2 percent of the possible joint area un 
?lled with braze metal. 
The Example 8 and 9 composite metal structures 

were studied to determine whether liquid could freely 
enter the isolated cavities. This was important to deter 
mine because the liquid reentry path employed by prior 
art nucleate boiling surfaces, i.e., fluid communication 
passages from adjacent inactive cavities, had been vir 
tually eliminated. Also, the circular cross-section of the 
restricted openings to these cavities in the Example 8 
and 9 composites are substantially ?lled by the vapor 
bubbles emerging therefrom, so that very little area is 
open for liquid ingress (in contrast to the irregular non 
circular cross-sections of the Example l-6 openings 
prepared by metal piercing). 

In this investigation, a reagent was used which 
reacted with the copper surfaces of the Example 7 and 
8 composite structures to produce a coating of black 
CuO. The reagent, consisting of sodium hypochlorite in 
a basic solution, was added in concentrated solution to 
the liquid pool in which the composite structure had 
been immersed for boiling tests. The reagent was added 
after the stable boiling conditions had been attained. 
About 15 minutes was required to blacken the copper 
surfaces, whereupon the pool was dumped and the 
composite washed immediately in fresh water. Since 
the reagent could only act on surfaces in contact with 
the liquid phase, any areas which remain dry during 
boiling should not show the presence of the oxide layer. 
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When the Example 8 composite was cross-sectioned, 
oxide was discovered inside all of the cavities including 
those in areas where the brazed joint was good so as to 
isolate a given cavity from adjacent cavities. The oxide 
layer appeared to be as thick inside these isolated cavi 
ties as in the unisolated cavities, indicating that liquid 
had easily penetrated the former through the circular 
restricted openings. 

It was also observed that the restricted openings of 
the Example 8 composite were not perfectly circular 
and were not smooth-edged. To determine whether a 
smooth-edged perfectly circular opening would result 
in a dry cavity which would be sealed from liquid by the 
vapor bubble, a block of 36 restricted openings of the 
Example 9 composite were reamed by insertion of a 
0.008 inch diameter wire. After the boiling test in the 
CuO-containing liquid, the Example 9 composite was 
cross-sectioned and the oxide coating was found in 
equal thickness in the cavities joined to the reamed and 
unreamed openings. These tests demonstrate that (l) 
interconnections between adjacent cavities are not es 
sential, and (2) smooth-edge perfectly circular 
openings do not prevent liquid ingress to the sub-sur 
face cavities. 

EXAMPLE 10 

The Example l—6 composites were each tested to 
determine the water boiling performance at various 
heat fluxes and 1 atmosphere pressure, and the results, 
of these tests are plotted in the FIG. 8 graph. The nu 
merals identifying the various curves correspond to the 
aforelisted examples, and the dotted line indicates the 
performance of a smooth surface for comparison. It 
will be readily apparent from FIG. 8 that each of the 
Example 1-6 composites is greatly superior to a smooth 
surface. That is, the temperature difference (A T) 
required for a given heat flux using the Example l-6 
composites is only a small fraction of that required 
using a smooth surface. The performance of these com 
posites may be compared at the same heat ?ux, as for 
example 20,000 Btu/hr.-—° F., and is summarized in' 
Table B. 

TABLE B 

effec- Boiling 
tive Cav- Co 
Cav- diameters(l><10"‘) ities efficient 

Composite and ity in. restricted per Btu/hr 
Description (C) opening(R) R/C in2 ft2-°F 

1. (Upwardly 
turned pierced 
pyramid) 12.0 8.0 0.67 400 4,800 
2. (Downwardly 
turned pierced , 

pyramid) 16.0 3.6 0.22 1,200 12,000 
3. (Upwardly 
turned pierced 
pyramid) 12.0 5.0 0.42 400 2,900 
4. (Upwardly 
turned pierced 
pyramid) 12.0 8.0 0.67 400 3,100 
5. (Corrugated 
serrated sheet) 63.0 36.0 0.57 l 48 6,300 
6. (Dimpled 
pierced sheet) 10-15 5.0 0.3- 64 3,300 

.5 
Smooth surface none none none none 620 
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EXAMPLE 11 

The Example 7-9 composites were also tested to 
determine the water boiling performance of the ?at 
cover sheet-venturi type restricted opening embodi 
ment at various heat ?uxes and 1 atmosphere pressure. 
The results of these tests are plotted in FIG. 9 graph 
along with the smooth surface (dotted line) for com 
parison. It is also apparent that each of the Example 
7-9 composites is greatly superior to a smooth surface 
as indicated by the 20,000 Btu/hr.—° F. heat ?ux boiling 
coefficients in Table C. 

TABLEC 

cavity effec- Boiling 
inter tive Cav- Co 

Com- com- Cav- diameters(l><l0“’) ities efficient 
pos- muni- ity in. restricted per Btu/hr 
ite cation (C) opening(R) R/C in2 ft"‘~°F 

7 Many 10 5-8 0.5-.8 1,089 5,500 
8 Small 10 5-8 05-8 1,089 7,100 

number 
9 None 10 5-8 0.5-.8 1,089 5,300 

Smooth None None None None None 620 

EXAMPLE 12 

The outstanding performance of the composite metal 
structures for boiling liquids at room temperature was 
demonstrated using Examples 4, 7 and 9 to boil 
?uorotrichloromethane at one atmosphere (boiling 
point of 738° F.) and various heat ?uxes. The per 
formances are plotted in FIG. 10 and a smooth surface 
is included for comparison. A comparison at heat flux 
of 20,000 Btu/hr.—° F. is summarized in Table D. 

TABLE D 

effec- Boiling 
tive Cav- Co 
Cav- diametersUXlO‘“) ities ef?cient 

Composite and ity in. restricted per Btu/hr 
Description (C) opening(R) R/C in2 ft2-°F 

4 Upwardly 
turned 
pierced 
pyramid 12.0 8.0 0.67 400 1,400 
7 Flat cover 
sheet-venturi 
restricted 
opening 10 5-8 05-8 1,089 1,800 
9 Flat cover 
sheet-venturi 
restricted 
opening 10 5-8 0.5—.8 1,089 820 
Smooth surface None None None None 550 

Comparison of the boiling coef?cients in Tables B-D 
with the corresponding values for the prior art high per 
formance nucleate boiling surfaces reveals that the per 
formances are similar. However, based on equivalent 
surface area, the cost to manufacture the pyramid 
shaped composite metal structures of this invention is 
only about one-third that of the deformed groove type 
described in Kun et al. US. Pat. No. 3,454,081. 
Although preferred embodiments of this invention 

have been described in detail, it is contemplated that 
modi?cations of the structures and the forming method 
may be made and that some features may be employed 
without others, all within the spirit and scope of the in 
vention. 
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What is claimed is: 
l. A boiling to heat transfer surface formed from a 

composite metal structure comprising an impervious 
smooth surface metal substrate and an impervious 
metal cover sheet bonded to said metal substrate and 
having at least 25 cavities per inch2 of substrate surface 
with each cavity having an effective diameter of at least 
0.003 inch, and a multiplicity of spaced restricted 
openings extending through said cover sheet in ?uid 
communication with said cavities and having effective 
diameter such that the effective diameter ratio of 
restricted openings to cavities is less than 0.8. 

2. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein said cover sheet is shaped to form a multiplici 
ty of discrete sections raised from said metal substrate 
as said cavities. 

3. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein said cover sheet is shaped to form a multiplici 
ty of discrete sections raised from said metal substrate 
as said cavities, with each raised section surrounded by 
unraised sections bonded to said cover sheet. 

4. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein said cover sheet is shaped to form a multiplici 
ty of discrete sections raised from said metal substrate 
as said cavities, and said restricted openings have ir 
regular non-circular cross-sections. 

5. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein each cavity has an effective diameter of at 
least 0.006 inch. 

6. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 4 
wherein said discrete sections are pyramid~shaped with 
the tip end of each pyramid pointing downwardly 
toward the substrate surface, and at least one of said 
restricted openings extends through each tip end. 

7. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 4 
wherein said discrete sections are pyramid-shaped with 
the tip end of each pyramid pointing upwardly away 
from the substrate surface and at least one of said 
restricted openings extends through each tip end. 

8. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 2 
wherein said cover sheet is shaped to provide ?uid 
communication passages between at least some of said 
cavities adjacently positioned to each other. 

9. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein said cover sheet is metal foil shaped to form a 
multiplicity of discrete pyramid sections raised from 
said metal substrate as said cavities with the tip end of 
each pyramid pointing upwardly away from the sub 
strate surface, holes of irregular non-circular cross-sec 
tion pierced through said tip end of each pyramid com 
prise said restricted openings, and the unraised sections 
of said foil surround said pyramid sections with the foil 
bottom side bonded to the substrate. 

10. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
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14 
wherein said cover sheet is metal foil shaped to form a 
multiplicity of discrete pyramid sections raised from 

ii‘é'is‘féitéi8‘1lbs$ié‘§§e‘§“ilf8if§h°fth€efi$a%2 nglr‘é‘éléii 
pyramid, being positioned with said tip ends pointing 
downwardly toward said substrate and the tip end 
bonded thereto with unbonded gaps between said tip 
end and said substrate forming said restricted openings, 
and the space bounded by said substrate, the shaped 
foil and the pyramid tip ends forming said cavities. 

1 1. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein said cover sheet comprises a sheet having a se 
ries of corrugations arranged in longitudinal rows 
parallel to each other with separating valleys between 
adjacent corrugations bonded to said substrate, each 
corrugation having transverse slits to form corrugation 
sections with longitudinally alternate sections in each 
corrugation being transversely displaced in the same 
direction and the transversely aligned sections of ad 
jacent corrugations being displaced in the same 
direction. 

12. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein said cover sheet is bonded to said substrate 
and is provided with a multiplicity of spaced venturi 
type openings extending through the cover sheet cross 
section with the larger cross-sectional portion adjacent 
to said substrate and forming said cavities, and the 
smaller cross~sectional portion communicating with the 
cover sheet outer surface and forming said restricted 
openings. 

13. A boiling to heat transfer surface formed from a 
composite metal structure according to claim 1 
wherein the effective diameter ratio of restricted 
openings to cavities is less than 0.7. 

14. A method for forming a boiling to heat transfer 
surface formed from a composite metal structure com 
prising: providing a die having at least 25 spaced 
pyramid shaped projections per inch2 of die surface 
area and pressing same against a thin metal foil backed 
by a resilient surface to initially form discrete pyramid 
shaped sections in the foil; piercing the tip ends to form 
holes of irregular non~circular cross-section; and bond 
ing the shaped foil to a smooth surface metal substrate. 

15. A method according to claim 14 wherein the 
pierced pyramid tip ends are positioned upwardly away 
from said substrate, and the unraised sections of the foil 
bottom side are bonded to said substrate with said holes 
forming restricted openings to cavities formed by said 
pyramid shaped sections such that. the cavities have an 
effective diameter of at least 0.003 inch and the effec 
tive diameter ratio of said restricted openings to said 
cavities is less than 0.8. 

16. A method according to claim 14 wherein the 
pierced pyramid tip ends are positioned downwardly 
toward said substrate and bonded thereto with un 
bonded gaps between said tip ends and said substrate 
forming restricted openings to cavities formed by said 
pyramid shaped sections such that. the cavities have an 
effective diameter of at least 0.003 inch and the effec 
tive diameter ratio of said restricted openings to said 
cavities is less than 0.8. 

* Ill * * 5F 


