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ABSTRACT: A heat transfer surface structure is described
wherein both heat and vaporizable liquid are conveyed
through a capillary material to a free vaporizing surface of the
capillary material where the liquid vaporizes. Heat is con-
ducted from a heat source wall through a portion of the capil-
lary material to the vaporizing surface where it escapes as heat
of vaporization along with the vapor. The liquid flows through
the pores of the capillary material from a liquid source to the
vaporizing surface under the influence of capillary forces. The
vaporizing surface is divided into a large number of regions
which are close to the heat source wall and are connected by
way of vapor passages to a region external to the capillary
material. Thus, the heat conducting paths through the capilla-
ry material are very short, and vapor can escape freely
through relatively large passages rather than having to force
its way through the pores of the capillary material where it
would interfere with the liquid flow. Such a vented capillary

" vaporizer is capable of handing much higher heat flux densi-

ties than previous capillary vaporizers. Four examples of capil-
lary vaporizer are set forth, two of these for operation where
the liquid and vapor are comingled as in a boiler tube or
evaporator tube. One of these has separated areas of capillary
material in thermal contact with the heat source surface,
thereby defining passages therebetween. The other is similar
with added portions of porous materials to form a manifold
having a hierarchy of vapor passages of decreasing number
and increasing cross section, thus increasing the separation
between the regions of liquid input and vapor output. The
third example accepts liquid from a capillary structure or wick
as in a heat pipe, and also has a pair of manifolds in the form of
a hierarchy of passages for vapor flow and capillary paths for
liquid flow. The fourth example receives bulk liquid through a
channel, and delivers the vapor through a separate passage.
Thermal insulation maintains the bulk liquid relatively cool,
and active cooling may be provided. This latter embodiment is
unique in its ability to pump the heat transfer fluid since the
output vapor can be at a higher pressure than the incoming
bulk liquid.
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HEAT TRANSFER SURFACE STRUCTURE

BACKGROUND

Filed simultaneously herewith are two closely related patent
applications by Robert David Moore, Jr., entitled “Segmented
Heat Pipe”, Ser. No. 52,249 and “The Heat Link, A Heat
Transfer Device With Isolated Fluid Flow Paths” Ser. No.
52,642, each of which describes and claims heat transfer ap-
paratus, including heat transfer surface structures incorporat-
ing principles of this invention. The content of these copend-
ing patent applications is hereby incorporated by reference for
full force and effect as if set forth in full herein.

Vaporization heat transfer is widely employed in a broad
variety of boilers, heat exchangers, heat pipes and the like. In
the ordinary boiler, where bulk liquid and vapor are comin-
gled for contact with the heat transfer surface, vaporization

“takes place in three well-known stages as the energy input
through the solid surface into the liquid is increased. Initially,
the liquid is warmed and vaporization takes place from the
liquid surface without the formation of bubbles. In the second
stage, so-called nucleate boiling occurs wherein vapor bubbles
form at the heated surface and pass through the bulk liquid to
give a very high heat transfer rate. As the heat flux through the
surface into the liquid rises, the vapor bubbles form at a higher
rate and at closer spacing so that eventually they form a sub-
stantially continuous film of vapor over the surface. The ther-
mal transfer characteristics of the vapor are appreciably lower
than that of the liquid, and this so-called film boiling results in
a sharp decrease in heat transfer away from the heat input sur-
face. Thus causes a sharp increase in temperature of the sur-
face, and not only is the heat transfer rate decreased, but also
there is a danger of damage to the surface due to excessive
temperatures. In order to maximize heat flux, it is desirable to
prevent the formation of a continuous vapor film at the heat
transfer surface.

In a conductively heated capillary vaporizer as in a heat
pipe a somewhat different arrangement is employed than in a
boiler, since in a boiler vaporization takes place at the heat
input surface which is normally just a sheet of metal or the
like, and in a heat pipe a porous capillary material is employed
for-conveying both the liquid and the heat to the surface or re-
gion of vaporization. Although the heat flux rates obtainable
with a conductively heated capillary vaporizer are quite high,
they are limited by the rate at which vapor can escape from
the surface or region of vaporization or the tendency of the
vapor to drive the liquid out of the hotter portions of the
porous matrix, thus cutting off the supply of liquid to the sur-
face or region at which vaporization occurs. These limitations
are serious since the volume of vapor formed is quite high
compared with the volume of liquid, and the vapor must either
be formed at the surface of the porous capillary material fol-
lowing heat conduction through the capillary material, in
which case a considerable portion of the capillary material
becomes hotter than the vapor, or the vapor must pass
through the pores of the capillary material with substantial
flow resistance. It is, therefore, desirable to provide a heat
transfer surface structure which will deliver heat and liquid to
a surface of vaporization and remove vapor from the surface
with minimized thermal and fluid flow resistances.

BRIEF SUMMARY OF THE INVENTION

Thus, in practice of this invention according to a preferred
embodiment, there is provided a heat transfer surface on a
heat source surface. A capillary matrix, wet by a vaporizable
liquid, has a first surface portion in thermal contact with the
heat source, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which the
principal vaporization of liquid from the capillary matrix takes
place. The third surface portion is arranged as a multiplicity of
regional areas sufficiently close to each other and to the heat
source surface that the volume of the capillary matrix, through
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which the liquid must pass between the second surface portion
and the third surface portion, remains liquid filled. A mul-
tiplicity of vapor passages sufficiently larger than the capillary
size of the capillary matrix to remain vapor filled are in fluid
communication between the regional areas and another re-

gion external to the capillary matrix to which vapor is free to
flow.

DRAWINGS

The above mentioned and other features and advantages of
the present invention will be better understood by reference to
the following detailed description of a presently preferred em-
bodiment when considered in connection with the accom-
panying drawings wherein:

FIG. A illustrates schematically a vapor-liquid interface at
the end of a capillary;

FIG. Billustrates a vapor bubble in a liquid-filled capillary;

FIG. 1 illustrates schematically a porous body for fluid and
heat transfer;

FIG. 2 illustrates schematically a conductively heated capil-
lary body for fluid transfer and heat transfer;

FIG. 3 illustrates a simple heat transfer surface structure in-
corporating principles of this invention;

FIG. 4 illustrates in cross section a compound boiling sur-
face incorporating principles of this invention;

FIG. 5 is another cross section of the structure of FIG. 4;

FIG. 6 illustrates schematically a fragment of heat transfer
surface incorporating principles of this invention;

FIGS. 7, 8, 9 and 10 illustrate other embodiments of heat
transfer surface structure related to that of F 1G. 6;

FIG. 11 illustrates in transverse cross section a wick-fed

“vaporizer incorporating principles of this invention, such as

may be used in a heat pipe;

FIG. 12 is a longitudinal cross section of the vaporizer of
FIG. 11;

FIG. 13 is another transverse cross section of the vaporizer
of FIG. 11;

FIG. 14 is another longitudinal cross section of the
vaporizer of FIG. 11;

FIG. 15 is a perspective view of a fragment of the vaporizer
of FIG. 11,

FIG. 16 is a magnified view of a portion of the vaporizer of
FIG. 11;

FIG. 17 is a transverse cross section of a fragment of a capil-
lary pump vaporizer structure incorporating principles of this
invention;

FIG. 18 is a cross section transverse to that of FIG. 17; and

FIG. 19 is a magnified view of a portion of the structure of
FIG. 17.

Throughout the drawings, like reference numerals refer to
like parts. '

In order to obtain maximum heat flux rates from a
vaporizer, it is necessary to allow heat and the vaporizable
liquid to reach the liquid-vapor interface at which vaporiza-
tion of the liquid takes place as easily as possible, and also
allow the vapor formed to escape easily. In a boiler or the like
where the surface is exposed to bulk liquid, the formation of a
continuous vapor film inhibits the flow of vaporizable liquid to
the heat transfer surface and the flow of heat to the liquid.
Previous arrangements for conductively heated capillary
vaporizers have been limited in either the ability of the heat to
reach the interface, or the liquid to reach the interface, or in
the ability of vapor to leave the interface.

In a typical conventional heat pipe, the capillary vaporizer
has a relatively thick layer of porous material adjacent the wall
through which heat enters the heat pipe in order to obtain an
adequate liquid flow. Both heat and liquid must flow through
this material. If the layer of porous material is too thin the re-
sistance to liquid flow is high. At high heat flux the liquid may
not reach across the entire porous vaporizer, and excessive
temperatures may be encountered in “dry” regions of the
vaporizer. If, on the other hand, the porous material is too
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thick, heat entering the heat pipe through the impermeable
wall heats the porous material and the liquid therein in the re-
gion adjacent the wall. When the heat flux becomes high, the
liquid adjacent the wall may vaporize, but the vapor is effec-
tively trapped by the liquid-filled porous material, and a situa-
tion somewhat analogous to film boiling is encountered. In this
situation, heat must be conducted through both the vapor-
filled porous material and the liquid-filled porous material to
evaporate liquid from the free surface. Thus, in either a free
boiling situation or in a heat pipe, it is desirable to have means
for conveying liquid and heat to the surface where vaporiza-
tion occurs with as litile resistance as possible, and also pro-
vide means for removing vapor from the vaporization region
with minimum resistance.

In order to thoroughly appreciate the principles and operat-
ing advantages of the heat transfer surface structure provided
in practice of this invention and to define and develop the art
sufficiently that practical use can be made of the invention,
the operating principles of conventional and improved capilla-
ry vaporizers are discussed herein. Emphasis is given to the
limitations on the operation of a capillary vaporizer, particu-
larly the maximum heat flux rates obtainable, in order to con-
firm the relative and absolute performance of the improved
capillary vaporizer and to provide the theoretical basis needed
for optimal engineering design. In one of the improved
vaporizers, “pumping” can be obtained wherein the vapor
leaving the capillary vaporizer is at a higher pressure than the
liquid reaching the vaporizer.

The flow of liquid through a porous material under the in-
fluence of surface tension forces is analyzed first and the
resulting equation applied to demonstrate the performance of
a radiantly heated vaporizer. The limiting heat flux of a simple
conductively heated vaporizer is then shown to be far lower,
on the order of about 1 percent of that of the radiantly heated
vaporizer, due to the small temperature differential that can
be maintained across the porous material without vapor dis-
placing the liquid from the pores. A generalized improved
vaporizer is then described that has numerous vapor passages
close to the heat source and close to each other so as to greatly
reduce the distance between the heat source and those sur-
faces of the porous material from which vapor can freely
escape. Scaling laws and formulas for the maximum heat flux
rate are presented which illustrate the extremely high heat flux
capability of the improved vaporizer which, for example, is
often over an order of magnitude better than previously
-available with conventional conductively heated capillary
vaporizers or even the maximum available from nucleate boil-
ing. Various geometries of the improved vaporizer are then
described and illustrated which allow the new heat transfer
surface to be used to advantage in such diverse applications as
boiler tubes, refrigerator evaporators, high heat flux heat
pipes, and advanced heat transfer systems such as described in
the aforementioned copending patent applications.

In the following discussion, an appreciable use of mathe-
matical equations is required for a full understanding of the
subject matter to calculate the performance of the improved
vaporizer. In the following discussion, symbols for the various
quantities and parameters as set forth in the following table
are employed. This table not only sets forth the symbols em-
ployed and their nature, but also typical units as employed in
examples herein.

TABLE OF SYMBOLS

Typical
Symbol Name or Description Units
n viscosity poise
a surface tension dyne/cm.

h heat of vaporization/unit volume
of liquid joute/cm.?
P, vapor pressure of liquid dyne/cm ®
r density gm./cm.?
L as subscript—liquid —
v as subszcript— vapor -
w as subscript—wick —
E as subscript—evaporator or vaporizer -
watts/fem. K

heat conductivity of capillary matrix
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TABLE OF SYMBOLS - Continued

Typical

Sy mbol Name or Descnption Units

heat conductivity of solid substance
forming capillary matrix
a fluid conductivity of capillary matrix
with unit viscosity fluid
8 effective matrix pore surface/volume
ratio
wick microstructure efficiency
vaporizer microstructure efficiency
G vaporizer geometrical factor
P pressure
pressure drop in pores of capillary due
to viscous drag
bubble pressure of liquid filled
capillary material
pressure differential available to
drive liquid through porous material
gravitational head at evaporator
other pressure differential to
overcome viscous drag of fluids
sum of pressure drops external to
capillary matrix
temperature
contact angle liquid to vaporizer
acceleration of gravity
fluid flow rate
heat flux
height of surface of vaporization above
bulk liquid surface
radius
pore radius in capillary matrix
area
total cross-sectional area of pores
width of single vaporizer slab
thickness of single vaporizer slab
length of heat pipe
length or distance
number of vapor passages/unit length
thickness of microslabs composing
vaporizer matrix
b thickness of microchannels in vaporizer
matrix
d distance between vaporizing surface
regions -
s length of vaporizer strip-unit area
of surface

ks
watts/em. K

cm.?

l/cm.

dyne/cm.?
dyne/cm.?
dyne/cm.?

dyne/cm.?
dyne/cm.?

dyne/cm.?

dyne/cm.?
°K.
radians
cm./sec.?
cm.?/ sec.
watts

NETme e

cm.
cm.
cm.
cm.?
cm.
cm.
cm.
cm.
cm.
no./cm.

SN S

cn

cm.

cm.

l/cm,

Certain simplifying assumptions are also made throughout
the following discussion, and generally speaking the assump-
tions do not change the results appreciably in practical situa-
tions, including the example set forth hereinafter. As with al-
most all simplifying mathematical assumptions, extreme ex-
amples can be found where gross error would result from the
assumptions. The typical conventional capillary vaporizers
and the improved heat transfer structures hereinafter
described are not such examples.

It is assumed that liquid within the porous matrix wets the
surface with a contact angle 6 equal to 0. This results only in a
mathematical simplicity since if the contact angle is other than
0 the surface tension o is merely replaced by o’ which is equal
to o cos 0 in all of the formulas.

The heat conductivity &y of the whole porous matrix is as-
sumed to be the same whether the pores are filled with liquid
or vapor. This is a good approximation leading only to minor
inaccuracies for water or organic fluids in a matrix of high
thermal conductivity metal such as silver, aluminum, copper
or gold. Where this approximation is poor, as in the case
where the fluid is a high-heat conductivity liquid metal, the
parametric constants obtained when solving equations for
limiting heat flux in a conductively heated vaporizer may
change, but the mathematical form of the -equations does
remain the same.

The porous material is assumed to have uniform pore size,
fluid conductivity, bubble pressure, heat conductivity and the
like throughout its defined boundaries, though in some cir-
cumstances, as pointed out hereinafter, two or more porous
materials with different parameters are employed for im-
proved performance. Practical, presently available porous
materials rarely have uniform pore size, but calculations based
on statistically varying pore size distributions are unnecessari-
ly complicated and in more circumstances would merely in-
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troduce a geometric factor that would not alter the compara-
tive merit of one structure as compared with another. If it is
desired to obtain a more exact solution, the fluid conductivity
a may be measured empirically as a function of the difference
between vapor pressure and the fluid pressure in the matrix
with the results employed directly in a numerical solution
rather than calculating the fluid conductivity from pore size
distributions. ‘

Two idealized geometrical structures are utilized in the
mathematical treatment, a wick matrix having a honeycomb
like structure that is essentially of a bundle of uniform parallel
tubes with very thin walls, and a vaporizer matrix comprising
closely spaced parallel plates of high thermal conductivity
which when optimized turn out to have a plate thickness the
same as the width of the gaps or channels between adjacent
plates. While most presently available capillary matrix struc-
tures for either wicks or vaporizers do not approach these
ideal structures closely, calculations based on the ideal struc-
tures determine the relationships between fluid conductivity
a, effective matrix pore surface to volume ratio 8, and the
ratio of the heat conductivity of the capillary matrix to the
heat conductivity of the solid substance forming the capillary
matrix (ky/ks), and also identify ideal performance figures
with which other real matrix structures can be compared in
order to rate their “efficiency”.

Analyzing first the flow through a porous material induced
by surface tension forces as applied to capillary vaporizers, the
flow rate per unit area F/A of a fluid of viscosity % through a
porous material having fluid conductivity a under a pressure
gradient dp/dx is

a dP

FIA=2

(1)
Also the maximum static pressure differential or bubble pres-
sure APy that can be supported across a liquid vapor interface
in a porous material having an effective pore surface to pore
volume ratio & and filled with a liquid wetting the porous
material with a zero contact angle, and having a surface ten-
sioncois

AP B=OC 8 (2)

The meaning of the bubble pressure AP; and the effective
pore surface to volume ratio 8 is appreciated by consideration
of FIGS. A and B depicting a liquid having a surface tension o
at pressure P, in a pore of radius R which is terminated, as at
the surface of a capillary material, in the illustration of FIG. A,
or which has a vapor bubble in the pore as in the illustration of
FIG. B. In both cases the pore is assumed to have been evacu-
ated prior to filling with liquid so that no gasses are present ex-
cept for the vapor from the liquid. The liquid is assumed to
wet the pore wall with a zero contact angle and the pore,
liquid, vapor and surroundings are all at temperature T. The
liquid has a vapor pressure P, at temperature T so that vapor
at this pressure fills all spaces not occupied by the liquid.

It is obvious that if the pressure in the liquid P, is greater
than the vapor pressure P,, the liquid will flow to the right in
- FIG. A and will collapse the vapor bubble in FIG. B, in both
"‘cases replacing the vapor and forcing it to condense. What is

less obvious is that the liquid will remain in the capillary tube
of FIG. A and the vapor bubble will collapse in FIG. B even
when the vapor pressure P, is greater than the liquid pressure
P. so long as the sum of the liquid pressure P, and the bubble
pressure Pj is greater than the vapor pressure P,. This is due to
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the pressure exerted by the surface tension o in the curved .

liquid-vapor interface, which acts like a stretched elastic
membrane. The pressure difference AP across the liquid-
vapor interface is

L 1 1
AP =g (—E;-*-E)

70

where R, and R, are the principal radii of the curvature of the -

interface. For a circular pore as illustrated in FIGS. A and B,
R=R~=R,, the radius of the spherical interface.

75

6

The bubble pressure P, is the maximum pressure that can
be supported across the interface

1 1

lein+ R2min)
In a pore of radius R, Ry.us=Rzmi==R, so that the bubble pres-
sure, P7=20/R. In an infinite plane slot between parallel sur-
faces spaced apart a distance b, Rp=b/2 and Ry, €quals in-
finity so that the bubble pressure Py=2c/b.

The surface to volume ratio 8 of the circular pore is 8=
2wR/mR*=2/R. The surface to volume ratio of the infinite slot
i8 83;07=2/b. Thus, in equation 2, Ppup~08upe and Ppoyor=0 8010
The relation of equation 2 is valid, in general, for most
uniform rounded cross sections without sharp corners or
reverse curved regions. Even in structures not fitting these as-
sumptions, an effective pore surface to volume ratio & defined
as &=Pp/o is useful. Both P and ¢ are easily measured and 6 is
dependent only on the shape and size of the pores, that is, cal-
culation of 8 from measurements of P using fluids of different
o will always result in the same value of & for a given capillary
material.

Since the liquid-vapor interface can support a pressure dif-
ferential up to the bubble pressure P7~c$8, a pore will remain
filled with liquid and any bubble formed in it will collapse so
long as P, +P,>P, or P, +38>P,. This is the prime condition
for stable existence of liquid in the pores.

The heat flow per unit area H/A through a porous matrix of
heat conductivity k,, with a temperature gradient dt/dx is

km
HlA= kM dz ( de (3)

where kg is the heat conductivity of the solid substance out of
which the capillary matrix is constructed.

The parameters 9, o and kg are properties of the materials
used in a particular embodiment, while the parameters «, &
and ky/ks are properties of the microstructure of the capillary
matrix. The first set of parameters is determined by the choice
of materials employed in a particular example. It is, however,
feasible to determine that matrix structure giving the best
possible combination of a, 8 and where necessary ky/ks for a
particular example chosen. In order to approach this analysis
on a stepwise basis, the matrix structure for a wick will be
analyzed first since it does not involve the additional com-
plicating factor of heat conduction as is present in a vaporizer.

The ideal wick matrix, as mentioned hereinabove, com-
prises a bundle of hexagonal tubes with infinitesimally thin
walls forming a honeycomb structure. The fluid conductivity
of each hexagonal tube is approximately the same as that of a
circular tube of the same area, so that for this analysis the
matrix will be treated as a bundle of circular tubes of radius R
having a total internal area A equal to the cross-sectional area
of the matrix. It might be noted that a hexagonal tube has only
about 5 percent more actual wall area and about 2 % percent
more effective wall area for determining the effective matrix
pore surface to volume ratio 3 so that this is not a damaging as-

sumption. The ratio of wall area to volume & of a circular pore
is

Py=¢

s 2Bo_ 2
TRz R, (4)
It should be noted that the ratio & for a bundle of N pores is the
same as that for a single pore since both the surface and
volume (actual cross-sectional area) are multiplied by N.
The fluid conductivity a of the matrix for a fluid of unit
viscosity is the fluid conduction of a single pore divided by the
area of the pore

— FD 1 4 2
TP () me
e ? dz (5)

Optimally both the fluid conductivity & and the effective pore

surface to volume & should be as great as possible; however,

there is a limitation independent of the radius of the pore that
2R 4

=982 =
€= 2ab 3 Rp

(6)
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For other microstructures than the thin-wall hexagonal tubes
€, is always less than 1. Thus, while the wick matrix micros-
tructure efficiency is independent of a change of scale or size,
that is ¢, will remain the same if the entire matrix is uniformly
expanded or shrunk, this is not true of the surface to volume
ratio & or the fluid conductivity . Thus, within the limit im-
posed by the wick matrix efficiency ¢, remaining constant, it is
possible to optimize the fluid conductivity a and surface to
volume ratio 8 for any given matrix microgeometry by simply
changing the scale since if x is an arbitrary dimension in an ar-
bitrary microgeometry, then § equal C,/x and & equal Cox2,
where C, and C; are constants dependent only on the shape
and independent of the size x.

To illustrate the usefulness of the wick matrix efficiency e,
and how the parameters introduced so far determine the
operation of a simple type of heat pipe, the maximum heat flux
capacity of such a heat pipe is determined. It is assumed that
this heat pipe comprises a cylinder of capillary material of
length L and cross section A with the bottom surface just
touching the surface of a pool of liquid of density p, surface
tension o, and viscosity » which wets the capillary material
with a zero contact angle. The top end of the cylinder lies a
distance z above the liquid surface (the cylinder is not neces-
sarily vertical), and the top end is radiantly heated so as to
evaporate liquid from this surface. All of this above structure
is enclosed and purged so as to be free from any residual gases
other than vapor of the liquid. The pressure differential AP,
necessary to drive a flow F of fluid through the capillary
material is

FLy

abr="72 %)

and the pressure differential AP, necessary to overcome the
gravitational head is

(8)

Thus, the pressure differential AP, that must be provided by
the capillary forces is

APg=pgz

FL
APp=00=APr+APy=""7+pgz (9)

or solving for the fluid flow rate F

(10)

The maximum heat flux capacity of the heat pipe given a fluid

heat of evaporation per unit volume of 4 is

adh
Ly

Assuming that the scale factor of the microgeometry of the

matrix, which has an efficiency factor of €., can be adjusted so
as to maximize the heat flux H, since

F=% (g6 —pg2)

H=hF= (g8 —pg2)

(11)

€y
V82

TS (12)
€x AR
H=g Ly (707 70%) (13)

The value of the effective matrix pore surface to volume ratio
& that maximizes the heat flux is found by setting 4H/d8 equal
0. Finding

2pgz
Smaxh = (13a)
and
__€e-ha’A Hpoo  &cha?
mar =g 9zl OF TA T SnpgzL (14)

Thus, when one sets the scale of the matrix microstructure
so as to maximize the heat flux H, it is the matrix wick efficien-
Cy €, that remains to determine the maximum heat flux capa-
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bility Hp.q, of the heat pipe. This is true not only in this par-
ticular example but in all cases where the capillary matrix acts
purely as a wick for liquid flow, that is where it does not also
transmit heat as part of its function. In the more general case
where a pressure differential AP, must also be present for the
circulation of vapor within the heat pipe and possibly for cir-
culating liquid in a portion external to the wick equation 14 is
readily modified by adding AP to the pgz term and letting
AP ~=APptpgz, that is AP, is set equal to all of the “external”
pressure differences in the total fluid flow system, that is, all
the pressure differences except that required to overcome the
viscous drag in driving the liquid through the capillary matrix
being considered. Then

€whatd Hepax  €xha?

8LaP, " A T & LaP, (15)
where 8,,,:57=2AP, /0. Since AP, is generally a function of the
vapor flow rate in the heat pipe and hence of the total heat
flux, (15) is generally at least cubic in terms of the heat flux H,
and the equation is most easily solved by numerical approxi-
mation rather than an analytic solution.

In the example just set forth, the liquid is vaporized from a
surface opposite to the surface from which liquid is introduced
to the wick. An almost identical set of formulas results when
the liquid is evaporated from a side adjacent to the side where
the liquid is introduced. FIG. 1 illustrates a rectangular slab of
capillary material with a width w and thickness ¢ with w much
greater than 7 and of indefinite length x. Liquid is introduced
to the capillary material at the side having a cross sectional
area tx and evaporated from the adjacent face having an area
wx, with the heat for vaporization being supplied to that face
by radiant heating, for example. Thus, the maximum heat flux
capability of the capillary material is
H e.ht
r quws?

Hmnx=

€xNiT
H= nuwd?
When the effective matrix pore surface to volume ratio 8 is
selected to maximize the heat flux H
exhlols Hpax_ €xhio?
dnwA Py z 4qwAP.

(e6—AP,) or (ae6—APy)

(16)

Hmax =

(17)

where once again 8,,,,4~=2AP,/c. Equations 16 and 17 are
only strictly accurate when w is very much greater than ¢ and
can, where more accuracy is required, incorporate a geometri-
cal shape factor G, which is always less than | but approaches
1 as ¢/w approaches zero. The shape factor G must in general
be calculated numerically for each particular case and when
included in the equations the heat flux is found by

H_ Gresht .
z= i (66— AP,) (18)
Hmax_Gwahtdz Gwil_o_'_?’— ha?
T 4qwAP, > 49AP,~ 4nAP; (19)

The function of the capillary matrix is considerably dif-
ferent and somewhat more complicated when it is used as a
conductively heated vaporizer rather than merely a simple
wick since it must conduct both liquid and heat to the surface
at which the liquid vaporizes so that the heat conductivity ky
of the matrix becomes important. The surface tension forces
between the liquid and matrix must also support an additional
pressure differential since portions of the matrix must be
hotter and therefore the liquid vapor pressure in that portion
greater than at a surface of vaporization. This is so for causing
heat to flow to the surface of vaporization from the hotter re-
gion.

The only exception to this situation in a conductively heated
vaporizer (that is, where the heat is transferred to the surface
of vaporization by conduction through the porous matrix and
not by radiation or convection) is when the surface of
vaporization lies within the capillary matrix between the heat
and liquid sources. Under these circumstances, the vapor must
escape from the capillary matrix by flowing through the pores
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in the matrix. This is a severe restriction on operation as can
be seen from the situation for water and water vapor at 160°C
where the mass flow rate of liquid water through a porous
material under a selected pressure differential is about seventy
times the mass flow rate of water vapor through the same
porous material under the same pressure differential. Thus is
due to the much lower density of the water vapor and thus the
much higher flow velocity required to give the same mass flow
rate. The higher velocity far outweighs the effect of the lower
viscosity of the vapor. Also, when the vaporization surface is
between the heat source and the liquid source, the vapor
produced may be largely blocked from escaping since it can-
not flow through the same capillaries occupied by the liquid.
Hence, such an arrangement is not practical structure for most
situations. The examples set forth herein are thus limited to
structures where the surface of vaporization coincides with a
surface of the porous matrix from which vapor may easily
escape.

The simplest structure of this type comprises a substantially
rectangular strip of capillary material of width w, thickness ¢
and length x which is fed with liquid through one face of area
tx and heated through one of the adjacent two faces having
area wx. So far this is exactly the same as the case of the radi-
antly heated vaporizer strip hercinabove described. In this
latter case, however, the face wx is heated conductively
through an impervious wall adjacent the face so that vapor can
no longer escape from that face but must escape from the op-
posite face as illustrated in FIG. 2.

A heat flux density H/4,~H/wx must pass through the strip
normal to the face wx requiring a temperature gradient dT, /dy

to cause heat flow, where
( )L

aT _ H _
dy - kvwz -
The increase in vapor pressure AP, of the liquid between
y=0 and y where y is the distance of the liquid-vapor interface
from the free or vaporizing surface, is

_ (4PN o H y(dP.JdT)
APV_(dT)AT_a: Tt (21)

The pressure gradient dP,/dz in the liquid necessary to force
the liquid through the matrix is

cﬁmz ——H(l—z/w)n= —2H8(1—z/w)

dz Thay Thegy (22)
. [?dPwm, —2H&y (2 (1—2z/w)
APM-— L —Jz—dz— xhew J; P dz
(23)

The pressure in the matrix Py, is assumed to be a function of
only z, that is the liquid flows only in the x direction. This is an
approximation that becomes exact as the thickness decreases
and width increases, that is t/w approaches zero.

The position y of the internal liquid-vapor interface for
maximum heat flux is determined from equations 20 and 22
since along the liquid-vapor interface AP,—AP,, equals a con-
stant. AT maximum heat flux H,... the liquid filled portion of
the capillary will just reach the end in a thin wedge. That is,
the thickness y=0 at a distance z=w. This can be seen since if
¥>0 at the far edge of the matrix, then the heat flux could be
increased and, on the other hand, if y<0 at the far edge, then
the heat flux density must be decreased until the liquid ex-
tends across the entire capillary matrix. Also dPy/dz=dP,/dz.
Therefore equating the derivitives and solving for dy/dz

gg= _28qky (w—2)

dz dP. vy
hew g7 (24)
thus, -
Sydy=2E1 p o oyae
he b,
T aT (25)
Integrating Equation 23, solving for y,
y2_ 2527]](‘3,( 22
z= ap \" g tC
hew a7 (2R

23 to find
10 dP,
B0 w8 ) ok 1/2( z)
aP,=—9%=__ [ Z2nhm \I2 () 2
zhkyw he apP, w
YdaT
15 i{)v 1/2
_H{ *ar (1-2)
Tz \ hegky w
(28)
AP\ V2 z
20 & v -
APy — — 2H¥ hew a7 z (1 w)dz
M T Theqws \ 2nky 0 (1_3)
w
AP\ 12
25 _ Hu(®ar
T zw \ hewkm
‘ (29)
) 9 dP,\ V2
30 Hs(“"dT z, 27
AP y—APyw="0 <hewkM [“‘E'ﬁ]
9 dpv 1/2
_as(2ar
35 Tz \ heskum
(30)
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When z=w, and 'wz—?):+C=O, so that C= ~u2/2,
s f _2nka \ 12 _i)
y—n6<h de> (1 »
€

“dT (27)

The thickness y is then substituted back into equations 21 and

In some situations, the liquid must be lifted into the
vaporizer region of the capillary matrix against a gravity head
AP;=pgz, and also against a pressure differential AP, necessa-
Ty to cause liquid and vapor flow around the remaining fluid
flow circuit of a heat pipe or the like. Then assuming that AP,
is the sum of the gravity head, driving pressure differential,
and other pressure drops external to the capillary matrix,
there is a pressure balance at maximum heat flux where

Pp=0é=AP;+AP,— APy

de 1/2
3T
heakm (32)

/
Hmax= héwkM 12 s —AP, MM e APy
z |, 4P 25 ) =l 5, dPy ) (1-25
T

AT

(31)

Hmaxa

dd— AP, =

(33)
Equation 31 is true when the maximum value of y is equal to

or less than the thickness ¢ so that
2nkn \ V2 ws Qnkar \ 12
2wy , dPv) or—| .  dP.} =1
a7 AT (34)

It should be recognized that equations 33 and 34 are ap-
proximations since the pressure in the matrix P,, is assumed to
be a function of z only, that is dPy/dy=0. This is strictly true
only when the liquid flow is normal to the heat flow at all
points, which is the case when the ratio of thickness to width
t/w is very small. For structures where #/w is relatively large,
geometrical correction factors G, and G, can be added to the
equations. These correction factors are dependent only on the
geometry and approach 1 when the liquid flow becomes
nearly perpendicular to the heat flow. Generally G, and G,
must be calculated numerically or by analog means.

Equations similar to Equations 33 and 34 can be derived for
any strip geometry (at least where the faces are not extremely
concave) that can be formed from the.rectangular geometry
hereinabove described by stretching or shrinking the strins in
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such a manner that they are stretched or shrunk in the same
amount in the y direction as in the z direction at each point.
The same limitation that the heat and liquid flows are substan-
tially normal to each other still exists. The resulting equations,
‘including the geometric factors, are

hé-]\\(
z (35)
211’\\4 1/2 1
i dt (36)
where
dz
(i ) . (7) (38.4)

replaces 1/;in equation 34.

A truncated wedge geometry formed from a sector of a flat
circular disk of radius R, and truncated at radius R, with liquid
applied to the arcuate face and the heating and vaporizing sur-
faces being the two radial faces forms a particularly useful ex-
ample of the generalized geometry. Here letting dy=d0 and

dx=dR/R so that
(-0

R
-/ & in (RiRY)

37A
and ( )

(37B)

where 1/t is the mean value of 1/t.
Thus equation 35 remains unchanged and equation 36
becomes

G25 ln ( I/RO] 277kM 1/321
) he _dP,
dT (38)

The general equation 35 for maximum heat flux as limited
in range by equation 36, is applicable to substantially all of the
structures of interest. Equation 36 limits the ratio of effective
matrix pore surface to volume ratio § which can be considered
and thus limits the pressure difference AP, external to the
vaporizer against which the vaporizer can operate since AP, <
ad. This is not a significant limitation in most vaporizer
designs, such as in heat pipes or surfaces exposed directly to
bulk liquid, since in these cases AP, is small.

A general equation similar to equation 36 for the situation

where
1 2nkm \ 12
ot >
Gzﬁw(t ) h dP P 1
&aT (39)
is
(I—AP’
E_G héw]lM od
z ) ( ad l AP,
c
od (40)
where
o sz( )AP 2'ﬂkM
o b 4P,
&aT (40A)
and when equation 40 is maximized with respect to 3,
H_zm:Gla(h%gi % ( )
poA e C+1FCe
AP, .
6max=d_c‘(C+\ 1'1'02) (42)

'Thc, geometrical factors G, and G; in these equations, while
both approaching ! as the liquid flow direction approaches

12

solely dependent upon the geometry but are also somewhat

dependent on C (equation 40A). This is true since the internal

liquid-vapor interface position for maximum heat flux varies

with C in this case, thus changing the localized flow geometry.

5 Thus is to be contrasted with equations 35 and 36 wherein the

flow geometry for maximum heat flux is independent of any
other variables.

When C is small the values for Hy,./x given by equation 41

closely approach those given by Equation 35. For the case

0 when C is very large, the maximum heat flux Hpor/ X ap-

proaches
Gio he“’k‘“ ) ewho?
s < > (ZC) (G2 4AP w( ) (43)
which is the same as Equation 19 for the radiantly heated

evaporator where G,/Gy=Gj; and (1/t) =1/t. This is to be ex-
pected since the liquid fills almost the entire porous matrix at
high values of C.

Due to its relative simplicity, Equation 35 for maximum
heat flux H,,,./x is employed hereinafter although equation 41
can be substituted in its place as desired in applications involv-
ing high values of AP, or C.

The temperature drop AT, across the vaporizer capillary
matrix between the heated surface and the surface where
liquid is vaporizing is

a1
$<k“‘w(§)> (44)

This temperature drop is generally quite small, being on the
order of only a fraction up to several degrees centigrade, with
the higher values corresponding to higher values of heat flux
H/x and external pressure drop AP,.

In order to provide comparisons of performance parameters
in a vaporizer surface structure, an efficiency factor ¢ for the
matrix structure is desirable. The efficiency ¢ of a selected
capillary matrix microstructure is defined as the ratio of the
maximum heat flux H,,../x for a vaporizer constructed with
the capillary matrix microstructure relative to that of a
vaporizer constructed with an ideal capillary matrix micros-
tructure. Both matrices are made of the same material and all
the other conditions are identical except for the microstruc-
ture. To implement this an ideal matrix microstructure
geometry must be selected.

In equation 35, the only parameters dependent on the capil-
lary matrix microstructure are €,, and k. Further ¢, is depen-
dent only on the microstructure, while ky is divisible into two
factors, the heat conductivity kg of the material the matrix is
constructed of, and the relative heat conductivity of the
matrix k,/ks which is dependent only on the matrix structure.
Thus, the ideal geometry is one that maximizes the factor e,

20

25

30

35

45

50

kylks which is proportional to ad%ku/ks. A suitable standard or
55 ‘“ideal” vaporizer microstructure is one composed of parallel
sheets of heat conducting material of thickness “a’ mutually
spaced apart to form channels therebetween of width “5.” For
this structure,
km__ @
60 ks atB (45)
5=2/b (46)
2 (_b_ )
65 12 \a+b (47)
B\ 12 a 1/2
o=(2) =2 zce o) (48)
70 The right-hand term in equation 48 is maximized when a=b
and then
kM)
oM =1/2
75 k S / maxH / (49 )
5m tH— 2 / b ( 50 )
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amaxf = 02/24 (31)
€n=2ad2=1/3 (52)
k.\v( l.’2— i‘ 172
5(“5) ‘(12) (53)

The evaporator matrix efficiency factor ¢ is then defined so
as to equal 1 for the “‘ideal™ vaporizer matrix microstructure

5 12akx)m_ 6e.kM)1/2
B e G (54)

Using equation 54, equations 35 and 36 for maximum heat

Eg—=

flux are rewritten in terms of the efficiency factor ¢; as
Y k 12
H——“:Gléga‘ hks ? 1 AI)‘) SG]GEO’ h 8
T 12 de 8o 12 de
TaT "dT
(55)
i
Gaduw y o 120kg l/2<1 <Cl¥2—€":¢_7kS th' s
=lores= 1 KT
EEks thv w(_) —_—
a7 { 127ks
(56)

1t is instructive to compare the maximum possible heat flux
per unit length of the radiantly heated vaporizer (equation 19)
with that of the conductively heated vaporizer, assuming ideal
situations where ¢,~¢p=1; Gc=1; Gypt/w=1

Heun dP\ 12
( z )ndi-ut_( X l 12 ar
(Hma,) - 47AP,] o hkg

z conducet

3hd—P—v 12
—22p\ 2T
TOAT T\ ks

(87)

Substituting the appropriate numerical values for water and
copper at 100°C. :

Hmn .
T Jragiant  __5.9X10 £3X2.16 X 108X 3.68X 104)‘/2
(Hm,,,) T 2(AP;:) 2.8X1073X3.8
z conduction

 4.4X108
T AP,
, (58)
In many cases, the total pressure head AP, is in the order of
from about 104 to 10* dynes per square centimeter, That is

equivalent to a pressure head of from about 10 to 100 cen-
timeters of water and

(=)
Tz&m__ 2440 to 44 respectively
( z )eonduction

(59)

Thus, except at unusually high gravity heads or other exter-
nal pressure drops, a conductively heated vaporizer strip is
limited to far lower heat flux density than a comparable radi-
antly heated vaparizer strip. Since in most cases of interest,
the object of the heat transfer surface is to remove heat from a
hot surface or body where the heat radiated is far less than the
heat it is necessary to remove, the heat usually must be trans-
ferred to the vaporizer conductively. Thus, any means for
overcoming the heat flux limitation of the conductively heated
vaporizer is desirable as leading to greatly increased utility for
the structure. : i .

The new type of conductively heated capillary vaporizer
surface,

described herein, avoids the heat flux limitation -

5
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caused by overheating of the porous matrix and the con-
sequent displacement of the liquid from it. This is accom-
plished by keeping the heat from having to be conducted very
far through the matrix and particularly from having to be con-
ducted across the principal width of the matrix supplying the
liquid. On the other hand, as pointed out hereinabove, it is
desirable to have the surface of vaporization coincide with a
surface of the porous matrix from which the vapor may escape
with minimum restriction.

It is, therefore, an important feature of the capillary
vaporizer surface structure described herein that passages are
provided in the vaporizer structure which form, or connect to,
cavities forming surfaces in the capillary matrix material near
the heat source where the liquid is vaporized and from which
the resulting vapor may escape from the capillary matrix. The
passages may lie in either or both the capillary matrix material
or the material between the heat source and the capillary
material so long as the passages €Xpose, or connect to cavities

0 exposing, surfaces of capillary material and provide for the

25

30

40

45

50

55

60

70

75

escape of vapor formed at these exposed surfaces.

In a preferred embodiment for large areas and high heat flux
densities, there are a hierarchy of vapor passages wherein very
numerous, very small passages feed vapor into larger, less nu-
merous passages which may, in turn, feed into a few rather
large passages. Capillary arrays of this type simultaneously
minimize the pressure differential necessary to cause vapor
flow from the array and also minimize the amount of capillary
material removed or deleted to form the passages and thus not
available for liquid transport. This array also allows a network
of very closely spaced passages which form, or are connected
to, regional areas of vaporization, to be placed adjacent the
heated surface of the capillary material.

Elaborate arrays having a multiple step hierarchy of
passages are not necessary in many heat transfer situations.
Thus, for example, an inexpensive very high heat flux “-
boiling” surface which is in contact with bulk liquid with
which vapor may freely mix, for example, simply provides a
layer of capillary material perforated by a large number of slits
or holes reaching from the bulk liquid surface through or al-
most through the capillary material to the heat source surface.
In such a heat transfer surface structure, the gross heat and
liquid flows are in opposed direction, although within the
capillary material, heat flow is substantially normal to liquid
flow.

FIG. 3 illustrates in perspective a capillary vaporizer surface
constructed according to principles of this invention. As illus-
trated in this embodiment, there is a heat source wall 11,
preferably of a relatively high thermal conductivity metal. The
heat source wall may, for example, be a wall separating heat
transfer fluids in a heat exchanger, or may be a surface portion
of a heat producing electronic component or the like.

In intimate thermal contact with the heat source wall 11 is a
channeled layer of porous material having a high efficiency ;.
It is to be understood that, as used herein, the term “porous”
is meant to include capillary materials whether the capillary
liquid conduits are strictly “pores” or not. Thus, for example,
a solid surface with grooves or a folded foil might be used in-
stead of a porous matrix in some embodiments. Also, in
describing a capillary as having a larger or smaller pore size,
what is specifically meant is that the capillary structure has a
lower or higher value, respectively, of the effective pore sur-
face to volume ratio 5, rather than any particular dimension of
the capillary structure. The channeled layer adjacent the wall
11 can be considered to be a plurality of parallel spaced apart
strips 12 of porous material joined to the heat source wall 11.
Preferably, the strips 12 are flared in the portion adjacent the
heat source wall so that a substantially continuous layer of
porous material is provided on the heat source wall with the
thickness of the layer increasing from a very small thickness
intermediate the strips to an appreciable thickness in the prin-
cipal portion of the strip. Each of the strips 12 is overlaid by a
strip 13 of similar size having a larger pore size (that is, lower
8) than the porous material forming the strips 12. The larger
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pore size material 13 acts as a temporary reservoir of liquid
during operation of the capillary vaporizer surface.

In a typical embodiment, the surface illustrated in FIG. 3 is
employed as a so-called boiling heat transfer surface where
the surface is in contact with bulk liquid that is free to mix
with vapor produced at the surface, that is, the liquid reaching
the porous capillary vaporizer is not previously confined
within a capillary wick adjacent the vaporizer. It should be
noted that this capillary vaporizer surface is not employed ex-
clusively in a situation where the surface is immersed in a body
of liquid but may be employed in a situation where the surface
is intermittently wetted by a liquid and intermittently exposed
only to vapor as may occur in a high flow rate heat exchanger.
In this situation, the period of time that the surface is not
wetted by liquid is extremely short. Therefore, a relatively
small strip 13 of larger pore material can act as a temporary
liquid reservoir of sufficient capacity to provide liquid to the
vaporizer during the intervals that the local surface is not
wetted.

During operation of the heat transfer surface illustrated in
FIG. 3 heat flows through the wall 11 and into the porous
vaporizer strips 12 at their wide portions. Liquid contacts the
vaporizer strips primarily in the larger pore portion 13, and
due to surface tension forces flows through the coarser pored
material to the finer pored vaporizer strips 12. Heat also flows
through the vaporizer strips 12 and vaporization of liquid oc-
curs primarily at the very large number of regional areas
formed by the sloping bottom surfaces 14 in the channels
between the strips. These surfaces are nearest heat source
wall, so that the heat need flow only through a relatively short
path of vaporizer, and the surfaces are also adjacent the chan-
nels so that the vapor formed can freely escape from the capil-
lary vaporizer surface without passing through the pores.

It should be observed that the width and height of the strips
of porous material on the heat transfer surface are quite small,
and, for example, may be about 0.002 to about 0.04 inch. The
smaller sizes are preferable from the point of view of
enhanced heat transfer since a greater total length of strips
can be accommodated on a surface of given area. As pointed
out hereinabove, a greater heat transfer rate can be obtained
since the rate is dependent on a total length of strip and is not
affected by the size of the strip, and close packing of small
strips gives higher heat flux density than fewer longer strips.
The smaller strips are, however, somewhat more difficult to
fabricate, and in order to avoid expense, soime sacrifice may
be made in heat transfer characteristics and large strips may
be employed.

A porous capillary vaporizer, as illustrated in FIG. 3, isv

readily made by bonding a layer of high efficiency porous
material to the heat source wall, preferably by diffusion bond-
ing to avoid plugging pores, and in a similar manner a layer of
coarser pored material is bonded on the finer material. The
surface can then be grooved to produce the structure illus-
trated in FIG. 3. It will also be apparent that the two-layer
structure is not require in all situations, and a less expensive
structure can be prepared with a single channeled layer on the
heat source wall.

FIGS. 4 and § illustrate in two perpendicular cross sections
a compound capillary vaporizer surface incorporating princi-
ples of this invention. As illustrated in this embodiment there
is a heat source wall 21, which, as before, is preferably a high
thermal conductivity metal through which heat flows into the
capillary vaporizer from some heat source (not shown). Im-
mediately adjacent and in intimate thermal contact with the
heat source wall are a plurality of capillary vaporizer strips 22
formed of a porous material having a high efficiency ¢;. The
strips are placed in close proximity to each other so that there
are a plurality of channels therebetween, and the width and
height of the strips 22 is preferably in the same order as those
strips illustrated in F1G. 3

The strips 22 may have a cross section such as illustrated in
FIG. 3, or may merely be rectangular strips either in direct
contact with the heat source wall or with a thin layer (a few
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mils) of additional porous material uniformly covering the
heat source wall.

Liquid is delivered to the vaporizer strips 22 in the com-
pound vaporizer surface by somewhat larger strips 23 running
approximately perpendicular to the smaller strips 22 on the
heat transfer surface. The larger strips 23 are spaced apart to
leave channels 24 therebetween that are larger than the chan-
nels between the smallest strips 22. Overlying the larger strips
23 are bars 26 running approximately perpendicular to the
larger strips 23 and parallel to the heat source wall 21. The
bars 26 are mutually spaced apart to leave channels 27
therebetween that are appreciably larger than the channels 24
between the larger strips 23. The larger strips 23 and bars 26
are made of a porous material having a high wicking efficiency
€, and would normally have larger pores (that is, lower §) than
the smallest strips 22 immediately adjacent the heat source
wall.

As an example of the scale involved, the bars 26 may in one
example be about 0.016 inch wide and 0.032 inch high in a
direction normal to the heat source wall. The size of the bars
can, in general, range upwardly from these values, It might
also be noted that the strips 23 and bars 26 being made of the
same material, can be made in a single operation wherein one
ridged die is pressed towards another ridged die with the
ridges of the two dies perpendicular to each other. This com-
bination of bars and strips can also be made from a slab of
porous material by cutting the channels 24 in one direction
and the channels 27 in opposite direction sufficiently deeply
to intersect.

Overlying the bars 26 and in intimate contact therewith are
still larger bars 28 running parallel to the heat source wall, and
approximately perpendicular to the smaller bars 26. The
larger bars 28 are mutually spaced apart to form channels 29

therebetween that are larger than the channels 27 between the
smaller bars 26. These larger bars are preferably made with an
even larger pore diameter (that is, lower §) than the smaller
bars 26. These larger bars act as temporary liquid reservoirs
during operation of the capillary vaporizer.

In operation, liquid contacts the larger bars 28 either as
bulk liquid in intermittent contact with the exposed faces of
the bars or in some embodiments by an additional wick (not
shown) bringing liquid thereto. The liquid flows from the
larger bars 28 under surface tension forces, as hereinabove
described, into the smaller bars 26 and thence into the strips
23 closer to the heat source wall. These bars and strips do not
have any substantial heat flow therethrough and behave as
wicks for conducting liquid to the smallest strips 22 in contact
with the heat source wall 21. Thus, the larger strips and bars
service as a liquid distribution system for bringing liquid to the
smallest strips 22 where it flows to the interfaces between the
strips 22 and the channels between them, from which inter-
faces it evaporates into the chamnels. These interfaces are,
thus, regional areas of vaporization ‘“formed” by the channels.
In some embodiments a thin layer of porous material may be
provided over the entire heat source wall 21. Such a layer
makes little difference in the maximum heat flux capability of
the vaporizer but can appreciably reduce the temperature
across it. The regional area of vaporization as used herein in-
cludes the interfaces of adjacent strips (in this embodiment)
on opposite edges of the channel and the porous layer, if any,
adjacent the heat source surface.

The vapor that is formed in the channels between the smal-
lest strips 22 flows into the channels 24 between the larger
strips 23. The vapor either flows directly into the larger chan-
nels or may pass for a short distance parallel to the heat source
wall before reaching one of the larger channels 24. The
distance that the vapor need flow through the small channels
between the smallest strips 22 is quite short, so that there is as
little as possible flow resistance in that short passage.

The vapor within the passages 24 between the larger strips
then flows into the still larger channels 27 between the bars 2
6. The vapor flows through the larger channels into the still
larger channels 29 between the largest bars 28 and thence
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escapes from the capillary vaporizer. Thus, it will be seen that
there is a liquid flow path through the successively smaller and
more numerous bars 28 and 26 and the strips 23 to the smal-
lest and most numerous strips 22. The vapor flows countercur-
rent to the liquid in a parallel path from the smallest and most
numerous charnels through the successively larger and less
numerous channels 24, 27 and 29. The liquid flow path is thus
separated from the vapor flow path, and there is no inter-
ference between the counterflowing fluids.

The liquid flows through porous materials having succes-
sively smaller pore sizes (larger 8) so as to support the in-
creased pressure differentials due to viscous drag and due to
the increasing vapor pressure from the increasing tempera-
ture. As the cross sections become smaller, the number of flow
paths increases so that the total area available for liquid flow
remains substantially constant throughout the structure in any
plane parallel to the heat source wall and the length of the
path over which the liquid flows also decreases so as to
minimize the liquid pressure drop. In a similar manner, the
vapor flow through successively smaller numbers of succes-
sively larger channels to escape from the structure, and the
overall area available for vapor flow remains substantially
constant in all planes paralle] to the heart source wall. It is
generally preferred that the cross-sectional area available for
vapor flow and liquid flow be about equal since this yields a
near optimum overall heat transfer efficiency for the capillary
vaporizer over a broad range of operating conditions.

Both of the structures hereinabove described and illustrated
in FIG. 3, and in FIGS. 4 and § can be considered as vented
capillary vaporizers since holes or passages are provided for
escape or venting of vapor from the capillary matrix. Deter-
mination of the performance characteristics of a vented capil-
lary vaporizer divides into two parts (1) the vaporizing surface
structure, including the heated surface and the immediately
adjacent capillary material and passages, that is, the region
where heat conduction through the matrix and evaporation
from the passage walls take place, and (2) the liquid distribu-
tion and vapor collection manifolds wherein fluid flow occurs
and heat flow can be ignored.

Considering the second part first, the liquid may be dis-
tributed directly to the capillary material forming the vaporiz-
ing surface structure, that is, the layer of capillary material im-
mediately adjacent the heat source surface, as in the simple -
boiling™ surface structure hereinabove described and illus-
trated in FIG. 3, wherein the vapor is likewise directly col-
lected and discharged into the same region that supplies the
liquid so that the liquid and vapor are comingled. In this type
of structure, any heat flux limitations lie either in the vaporiz-
ing surface structure, or in “mechanical” interference
between the incoming liquid and outgoing vapor, which is best
determined empirically since the general mathematical solu-
tion of the dynamic situation without liquid or vapor
manifolds is exceedingly complex.

In a structure as hereinabove described and illustrated in
FIGS. 4 and 8, the liquid is distributed to the vaporizing sur-
face structure by capillary material which also contains
passages for the vapor to escape. The liquid flow is calculated
in the same manner as hereinabove described wherein equa-
tions 11 and 15, or18 and 19 were derived utilizing the fluid
parameters: density p, heat of vaporization per unit volume 4,
surface tension o, and viscosity %); and the matrix parameters:
fluid conductivity a, pore surface to volume ratio 8, and wick
matrix microstructure efficiency e,; and pressure differences
external to the vaporizer, such as AP, and AP,. -

Generally the same calculation procedure is employed. The
pressure drop across the matrix required to force the desired
fluid flow rate is calculated in terms of the fluid properties, the
external pressure differences, and a and 8. Then the equation
a=€,,/28 is used to eliminate « in favor of the efficiency factor
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€, which is not dependent on scale or size. The external pres- -

sure differences are added and the result set equal to ¢8 and
solved for the fluid flow rate. The expression for the flow rate
is then differentiated with respect to 5, set equal to zero , and
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solved for & so as to get the value of § giving the maximum
flow rate. A capillary matrix structure is then selected havinga
8 as close as possible to that calculated and efficiency factor ¢,
as high as possible and the actual values of § and ¢, entered in
the equation for the flow rate, thus giving the solution.

The pressure drop due to vapor flow in the passages is cal-
culated using standard techniques for fluid flow. Care must be
taken in these calculations since the vapor flow often shifts
from laminar in the smaller passages to turbulent flow in the
larger passages. The pressure drop thus calculated is included
as one of the “external” pressure drops in the liquid flow cal-
culations. In finding the vaporizing surface characteristics, it is
important to note that the use of muitiple passages to vent a
capillary vaporizer does not alter the basic equations 55 and
56 giving the maximurn heat flux per unit length, and the max-
imum values of 08 of P, for a conductively heated capillary
vaporizer strip. Multiple vapor passages in the vaporizing sur-
face structure, however, permits the use of as large a number
of vaporizer strips per unit length as is necessary to obtain the
desired heat flux density. Thus, for example, a passage
through a porous material adjacent and parallel to the heat
source surface creates two vaporizer strips, one on each side
thereof, each capable of the heat flux per unit length given in
equation 55. Thus, increasing the number of passages adjacent
the heat source surface, increases the maximum available heat
flux proportionately until a limit is reached wherein the re-
sistance to vapor flow becomes excessive due to the small size
of passages.

The increase in heat flux occurs since the flux is not depen-
dent on scale, i.e., size, but only on shape.

In the same manner as for parallel strips, a hole normal to
the heat source surface penetrating through or nearly through
the capillary matrix produces a circular vaporizer “‘strip”
around the hole where it approaches the heat source suiface
and such a hole also serves to increase the heat flux capability
of the surface, although due to the unusual shape of the “-
strip”, quantitative determination of the increase is mathe-
matically more difficult.

Calculation of the maximum heat flux per unit heat source
area Hp,./A, for any selected vaporizer surface structure is
straightforward when the evaporator strip shape efficiency

factor G, and the fluid and matrix parameters are known,
since

Hm‘ax__ Hmax — hlﬂs 2
7T

_ AP,
oo

(60)

where § is the total length of the vaporizer strips per unit heat

source area. Thus, for example, if there are n, passages per

unit distance, forming an equal number of regional areas of

vaporization, each of which is composed of two vaporizer

strips, side by side and parallel and adjacent to the heat source
hk

surface, then $=2n, and
Hmax . Hmsx — 8 2
—.—Av ——2np z )—anG;EEU 12 _dﬁg (I_Aix)
7 dT ai

-~ (61)

Thus, the heat flux density is directly proportional to the den-
sity of passages.

The geometrical shape efficiency factors G, and G, may
pose appreciable difficulty in mathematical determination ex-
cept for a few very simple shapes, such as a thin rectangular
slab or a wedge. For other shapes, either rough estimates can
be made based on similarities to the thin slab or wedge shapes
or analog or numerical solutions must be resorted to. This,
however, does not interpose any substantial difficulties since,
as pointed out hereinabove, each shape has a single numerical
value for the factors G, and G, independent of any other fac- )
tor. Thus, all scaling and size laws are implicit in equation 55
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and do not require a knowledge of the geometrical factors G,
and G; which are required only when the numerical value of
the maximum heat flux must be calculated and not when the
effect of various parametric changes is required. Generally, it
is preferred to use structures having as high a value of the
geometrical shape factor G, as possible to maximize the heat
flux per unit area Hy,./A.. Therefore, structures described
herein are selected to have an estimated value for the geomet-
rical factor in the range of about 0.5 to 1.0.

In order to illustrate the magnitude of the heat flux densities
involved in the improved vented capillary vaporizer, constants
appropriate to water in a copper matrix at 100° C. are em-
ployed in equation 61. First, the product of surface tension o
and effective pore surface to volume ratio 8 is found from
equation 56

2.1610%X3.68 X104

Gaesks > )
12X 10%2.8X10-53.8

Yo

a8 < X59(

_Guerks \dynes
T 2

w(l)km cm.
y

Further assuming reasonable values for the geometric con-
stant Gg&~1, efficiency of the vaporizer matrix €z=0.2 thermal
conductivity ratio ks/k,=4 and a geometry w {T/!}=I then the
product ¢86=1.18x10° dynes/cm.? which is slightly over one at-
mosphere. It might be noted that for the ““ideal” case, where
¢g=1, and ky/k,/=2, then the product 6=2.94x10° dynes/cm.?
Usual operating conditions for a vaporizer have “external”
pressure gradients AP, values ranging from about 10* to about
2X10° dynes/cm.?, that is about 10 centimeters to 2 meters
equivalent water head. Higher values of AP, can be dealt with
as indicated in equations 39 through 42.

Now finding the maximum heat flux per unit area H,p../A,
for water in a copper matrix at 100°C.

=1.47X108
(62)
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Further assuming that G;=0.8, €5~0.2, and AP_~c6/4, then
H oy rl A7=34.5n, watts/cm.? and AP,=3.0X10° dynes/cm.2.

Theoretically, the number of vapor passages, or regional
areas of vaporization, per unit length n, can be made as large
as desired, and only limit on H..-/A, lies in the fact that the
external pressure AP, contains a term equal to the pressure
drop due to the vapor flow out of the vaporizer and through
the rest of the system, if any. This term is usually one to 10
times the maximum vapor velocity pressure p, **/2 for most
vaporizer designs with the simple structures of FIGS. 3, 4 and
5 being close to one. Thus the external pressure drop AP, in-
creases with increasing heat flux Hg,q./A,, thereby decreasing
the term (06—AP,). As a practical matter there are also other
considerations with very large values of n, since construction
of the vented vaporizer becomes increasingly difficult as the
passages or channels become smaller, and also higher values
of the effective surface to volume ratio mean smaller pores
which are clogged more easily by deposits left when the liquid
evaporates.

Thus, for example, a vaporizing surface structure suitable
for many applications would have a number of channels n, of
about 40 per centimeter, that is, about 0.010 inch between
channels. This gives a maximum heat flux per unit area of
about 1,380 watts per square centimeter for water in a porous
copper matrix at 100° C. A vaporizer surface structure for
spot cooling a small area, such as an electronic device, may
have as many as 200 channels per centimeter so that the max-
imum heat flux Hpex/A. is in the order of 6,900 watts per
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square centimeter for water in a copper matrix at 100° C.
These heat flux densities are more than an order magnitude
above those that are usually available with pool boiling, for ex-
ample, which has a maximum heat flux of about 100 watts per
square centimeter for water at atmospheric pressure. MOst
other vaporization or convective cooling systems have even
lower heat flux densities than pool boiling.

FIG. 6 illustrates in cross section a single vaporizer strip
structure similar to that illustrated in FIG. 3. The structure in-
cludes a heat source wall 31, which is impervious to liquid and
vapor and through which heat flows to the larger parallel face
of a trapezoidal cross section vaporizer strip 32 formed of
relatively small pore, high thermal conductivity porous
material. On the smaller parallel face of the trapezoidal
vaporizer strip 32 is a feeder strip 33 of relatively larger pore
material in intimate contact with the smaller pore material of
the vaporizer. The liquid (not shown) is at least intermittently
in contact with the feeder strip 33, and the liquid flows
through the porous matrix to the sloping faces 34 of the trape-
zoidal strip as indicated by the solid arrows. Vaporization of
the liquid occurs principally at the surfaces 34, and vapor
escapes from the region between the strip and an adjacent
similar strip as indicated by the dashed arrows.

The vaporizer strip structure illustrated in FIG. 6 essentially
forms two vaporizer strips in the sense that S is used in equa-
tion 60, or it can be considered that the space on either side of
the porous material is combined to be equivalent to one
passage. Equation 61 may therefore be used to calculate the
maximum heat flux density, with n, being the frequency of
vaporizer strip structures on the surface. The vaporizer strip
structure illustrated in FIG. 6 can be considered to be formed
of two truncated sectors having liquid entering from one face,
heat entering from a second face, and vapor escaping from a
third face, with the direction of heat flow and liquid flow being
substantially perpendicular. Approximate calculations for
such a structure indicate a geometrical shape factor G, of
about 0.8 to 0.9 for this geometry.

FIG. 6 also shows by a dashed line 36 an internal liquid-
vapor interface within the porous matrix of the vaporizer. This
interface 36 arises since the heat source wall is at a higher
temperature than the vaporizing surface 34 in order for heat
to flow from the wall to the surface. When operating at high
heat flux densities there is a region near the heat source, as in-
dicated by the interface line, where the temperature in the
matrix is sufficiently high to drive liquid from the pores and
replace it with vapor. At low heat flux, the difference in tem-
perature across the vaporizer will be relatively low, and the in-
terface 36 will be relatively nearer the heat source wall or may
disappear when the matrix is completely liquid filled. When
the heat flux is high, the temperature gradient will be higher,
and the interface will be relatively nearer the vaporizer sur-
faces. Eventually there is a maximum continuous heat flux
which cannot be exceeded without the internal liquid-vapor
interface moving so near the surface as to so “choke” the
liquid flow that insufficient liquid is supplied to replace that
vaporized, leading to a “drived-out™ condition and possibly
damage to the structure. The heat transfer surface structure
will accommodate any heat flux less than the maximum availa-
ble.

FIG. 7 comprises a capillary vaporizer surface structure
which can be considered to be a detail of a larger structure
such as illustrated in FIGS. 4 and 5. As illustrated in FIG. 7,
the heat source wall 21 has a smaller strip 22 in intimate ther-
mal contact therewith, and the strip 22 is also in contact with a
larger feeder strip 23 of larger pored material. As seen in this
detail, liquid flows from the larger strip 23 through the small-
vaporizer strip 22, which can for purposes of calculation be
considered to be two connected vaporizer strips. The liquid
flow is indicated by solid arrows in FIG. 7 and vapor flow from
the side faces 38 of the vaporizer strip 22 is indicated by
dashed arrows.

As in FIG. 6, a vapor-liquid interface 39 occurs within the
vaporizer strip bounding the region where the temperature is
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high enough that only vapor is stable, and the lower tempera-
ture region where liquid is stable within the porous matrix.
The three dimensional shape of the interface 39 is com-
plicated by the fact that liquid also flows through the vaporizer
strip 22 in a direction along its length, that is, normal to the
plane of the paper in FIG. 7, and the interface is further from
the heat source wall in the portion of the smaller strip 22
between the larger feeder strip 23 and the wall, then it is
beneath a channel 24 (FIG. §) between a pair of feeder strips
23.
FIGS. 8, 9 and 10 illustrate alternative detailed structures of
a capillary vaporizer surface structure incorporating princi-
ples of this invention. In each of these figures, A single
vaporizer strip structure and one-half of a channel on each
side thereof is illustrated, and it will be understood that similar
parallel structures occur repetitively on the heat transfer sur-
face.

As illustrated in FIG. 8, a heat source wall 41 is coated with
a continuous layer 42 of fine pored, relatively high thermal
conductivity vaporizer material, from the opposite surface of
which vaporization occurs as indicated by the dashed arrows.
A larger pore size feeder strip 43 seen in cross section has a
narrowed portion with a small face 44 in contact with the
vaporizer strip 42. Liquid flows from the feeder strip 43 to the
vaporizer 42 as indicated by the solid arrows. An internal
liquid vapor interface 46 occurs within the vaporizer 42 at
high heat fluxes and the maximum heat flux is obtained when
the interface just contacts the surface from which vaporization
occurs at the midpoint of the channel between adjacent
feeders 43.

FIG. 9 illustrates a heat transfer surface structure that is
mathematically substantially identical to the structure illus-
trated in FIG. 8. As illustrated in this embodiment, a heat
source wall 47 is provided with V-shaped grooves, the sides of
which are lined with a fine pored capillary material 48. A por-
tion of the vaporizer at the crest of ridges in the heat source
wall 47 is in contact with a relatively coarse pore feeder strip
49 running approximately perpendicular to the ridges. Liquid
flows from the feeder 49 through the capillary material 48, as
indicated by the solid arrows. Vapor escapes from the surface
of the capillary material into the V.shaped channels as shown
by the dashed arrows. A vapor liquid interface 51 forms
between the heat source wall 47 and the surface of the capilla-
ry material from which vaporization occurs, in substantiaily
the same manner as hereinabove illustrated in FIG. 8.

FIG. 10 illustrates a heat transfer surface structure particu-
larly useful when the external pressure drop AP, against which
fluid flow must be provided is relatively high. In this structure
a heat source wall 53 is provided with raised rectangular
ridges 54 so as to define a plurality of rectangular channels 56
therebetween. The tops of the raised portions 54 of the wall
are in intimate thermal contact with a porous matrix 57 that is
supplied with a vaporizable liquid. The liquid flows through
the porous matrix as indicated by the solid arrows, and
vaporization occurs at the face 58 of the matrix adjacent the
channels 56 as heat flows from the wall into the matrix. At
high heat fluxes a liquid vapor interface 59 forms in the porous
matrix as before. The regions of porous matrix forming the
vaporizer strips for purposes of calculating the maxzimum heat
flux have unusually large thickness to width ratios 1/w(1/
t)>1, and therefore will allow more area for fluid flow, which
proves useful when the external pressure AP, is high so that &
must be high to support the pressure differential, thus forcing
the fluid conductivity a to be low.
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number of different configurations since the vapor passages
only have to penetrate through or nearly through the capillary
matrix material between the heat source wall and the region
occupied by combined liquid and vapor. Also, the passages in
any capillary vaporizer may be of almost any shape, for exam-
ple, grooves, slots or holes of any shape, and even random
structure such as a large pore matrix in which the large pores
are the vapor passages, and the matrix is composed of material
that is itself a fine pore matrix that carries the liquid. Layers of
such material, with the size of the larger pores, and possibly
the smaller pores, increasing with increasing distance from the
heat source surface may aiso be used as an inexpensive al-
ternate to structures such as illustrated in FIGS. 4 and 5.

Fabrication techniques are equally varied since the passages
may be formed by bonding closely spaced strips, cylinders,
grids, or even irregular lumps of porous material to the heat
source surface and to each other. Another fabrication
technique for a capillary vaporizer surface is to first coat the
impervious heat source surface with a continuous layer of
porous material and then multiply crack the porous matrix, for
example, by stretching or bending the composite layers, or by
further sintering of the porous material to induce additional
shrinkage.

Except for the simplest types of capillary vaporizer surfaces
for contact with bulk liquid, the vented capillary vaporizers
comprise at least a heat source surface, a vaporizer surface
structure and a liquid feed structure. Both of the latter being
of capillary material for inducing liquid flow due to surface
tension forces. It is important to distinguish these two struc-
tures since during operation of the vaporizer the capillary
material forming the surface structure transmits both heat and
liquid while the capillary material forming the feed structure
need transmit only liquid, and in many situations it is desirable
that it be a good thermal insulator. These functional dif-
ferences between the two structures are reflected in the effi-
ciency factors for the two materials; that for the feed structure
or wick being ¢,=2a8"% while the efficiency factor for the
vaporizing surface structure is ez=28(3a(ky/ks))"2. In some
situations, both the surface vaporizer structure and the feed
structure may be fabricated of the same porous material for
lower cost; however, there may be some sacrifice in per-
formance.

The vented capillary vaporizers provided in the practice of
this invention may be categorized in steps of increasing com-
plexity of structure and as to the extent to which the liquid and
vapor flow are thereby isolated.

A “‘simple” heat transfer surface is hereinabove described
and illustrated in FIG. 3, and comprises a layer of porous
material bonded to a heat source surface and perforated with
passages penetrating directly into the porous material to, or al-
most to, the heat source surface. The vapor produced is thus
vented directly into the same region carrying the liquid.

A “compound” heat transfer surface is hereinabove illus-
trated in FIGS. 4 and 3, and is similar to the simple structure
but with passages carrying at least a portion of the vapor a
short distance parallel to the heat transfer surface before vent-
ing it into the region of mixed liquid and vapor. Thus, in a por-
tion of the region adjacent the surface, the outgoing vapor and
incoming liquid have separate flow paths. The compound sur-
face can be considered to be a sumple heat transfer surface
capped with feeder strips of porous material perpendicular to -
the vaporizer strips on the heat transfer surface forming liquid
and vapor manifolds for separated countercurrent flow of the

. two fluids.

The capillary vapor strip designs illustrated in FIGS. 6 to 10

are merely exemplary of good vaporizer designs, and it should
be apparent to one skilled in‘the art that many -more shapes
and combinations of shapes of porous materials can be used to
form the porous matrix and the passages to vent vapor from
the surfaces where vaporization occurs,

A “simple” capillary vaporizer surface structure as illus-

trated in FIG. 3 (as coatrasted to a *‘compound” boiling sur- .

face as illustrated in FIG. 4 and 5) permits a particularly large
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A third type of vented capillary vaporizer is one where the
liquid is fed thereto by a wick such as, for example, in a heat
pipe. In this structure, the liquid is always-in some capillary
structure, either the wick, an intermediate feeder, or the
vaporizer, and the flow paths of the liquid and vapor are
thereby separated. There is no need, however, to thermally or
mechanically isolate the liquid filled wick from the vapor since
the capillary forces in the wick support the pressure difference
between the liquid and vapor. If, for some reason, the vapor
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impinging on the wick is superheated, liquid will merely
evaporate from the surface of the wick to keep it cool. Thus,
the actual vaporizer surface structure can be quite similar to
the compound boiling surface, with the feed structure in con-
tact with a wick. Such a wick-fed vaporizer structure is illus-
trated in FIGS. 11 through 16, hereinafter described in greater
detail.

A fourth type of vaporizer can be characterized as a *“capil-
lary pump” vaporizer that is employed when the incoming
liquid to the vaporizer is in bulk, and it is desired that the out-
going vapor be at a higher pressure than the incoming liquid.
By bulk liquid is meant that the liguid is not flowing through a
capillary structure sufficiently fine pored to support the
desired pressure difference. In a capillary pump vaporizer, the
incoming liquid must be both mechanically and thermally iso-
lated from the outgoing vapor until the liquid flows into a suf-
ficiently fine pored matrix within or adjacent the vaporizer to
support the required pressure differential. If the incoming
liquid is not thermally isolated and, if necessary, cooled, its
temperature and thus its vapor pressure will approach that of
the outgoing vapor which may cause bubbles and eventual
vapor lock in the incoming liquid passage. Cenerally, at least
part of both mechanical and thermal isolation is achieved by
separating the bulk liquid input manifold from the complex
vaporizer structure by a wicking layer of low thermal conduc-
tivity porous material with sufficiently fine pores to support
the pressure difference between the liquid and vapor. A capil-
lary pump type of vaporizer is illustrated in FIGS. 17 to 19 and
described hereinafter in greater detail.

FIGS. 11 to 14 show in cross-sectional views one of the third
type of vented capillary vaporizer wherein liquid is fed thereto
by a wick. FIG. 15 shows one element of this rather complex
structure in perspective to help clarify the shape of the parts
- and FIG. 16 magnifies a small portion of FIG. 14 for greater
clarity. Such a wick-fed, vented vaporizer design is suitable for
use in a multiply segmented heat pipe such as described and il-
lustrated in the aforementioned copending patent application
entitled SEGMENTED HEAT PIPE. Such a vaporizer design
is also useful in ordinary heat pipes or the like where it is
desired to maximize the heat flux density while minimizing the
temperature drop across the capillary vaporizer by having a
very short heat conduction path.

As illustrated in this embodiment, a cylindrical impervious
wall 61 bounds the structure on the sides. A heat source wall
or partition 62 separates the vented capillary vaporizer from a
heat source 63 which is not illustrated in great detail but which
can be a somewhat similar surface structure or some other sur-
face adapted for vapor condensation as in a segmented heat
pipe or may be a primary heat source. Immediately adjacent
the heat source wall 62 is a thin evaporator surface layer 64 of
porous material having a high efficiency 5 (FIG. 16).

It is convenient in discussing the vented vaporizer illustrated
in FIGS. 11 through 16 to define orthogonal x and y coor-
dinates lying in a plane parallel to the feat source wall 22,
Thus, the cross sections of FIGS. 11 and 13 are taken in planes
parallel to the xy plane. The cross section of FIG. 12 is taken
in a plane parallel to the plane containing the y-axis and the
axis of the tube, and FIGS. 14 and 16 are cross sections taken
in a plane parallel to the plane containing the x-axis and the
axis of the tube.

Parallel to the heat source wall 62 and extending in the y
direction are a plurality of parallel strips 6 of porous materi-
al, each having a cross section substantially as illustrated in
FIG. 8 with a narrow edge in contact with the porous layer 64
on the heat source wall and dividing the free surface of the
porous layer 64 into a number of regional areas of vaporiza-
tion. The plurality of strips 66 defines a plurality of inter-
mediate channels 67 lying parallel to the heat source wall and
extending in the y direction. The parallel strips 66 serve to
deliver liquid to the porous material 64 on the heat source
wall, and the channels 67 serve to carry vapor away from the
porous material as liquid is vaporized in the manner
hereinabove described for FiG. 8.
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Extending transversely to the strips 66 in contact with the
porous layer are a plurality of larger strips 68 of rectangular
cross section and extending parallel to the heat source wall in
the x direction. The spaces between the larger strips 68 form
larger x direction channels 69, each of which is in fluid com-
munication with a plurality of the smaller y direction channels
67 so that vapor from a plurality of the smaller channels feeds
into the larger channels 69 during operation of the vaporizer.
The larger strips 68 are in contact with the smaller strips 66
and can even be formed integrally therewith of the same
material. Both sets of strips are formed of a porous material
having a high wicking efficiency ¢,. In a typical embodiment
for a heat pipe about one-half inch diameter the smaller chan-
nels 67 may be present with a frequency in excess of about
100 channels per inch, and the larger channels 69 may be pro-
vided in the order of about 36 channels per inch. .

In order to feed liquid to the larger strips 68, a capillary
wicking structure is provided which can be conveniently di-
vided into a conventional cylindrical fluid source wick 71 of
porous material extending along the tubular wall 61 from
some cooler region (not shown towards the other end of the
heat pipe, and a somewhat more complex wicking structure
between the fluid source wick 71 and the larger strips 68. The
interior surface of the wick 71 defines a passage denominated
herein as a vapor way.

This intermediate wicking structure includes a ring 72 of
porous material and having an outside diameter approximate-
ly that of the tubular wall 61 of the heat pipe, At the end of the
ring in contact with the porous wick 71, the inside surface 74
of the ring 72 is in the form of an elliptical cylinder having the
major axis of the ellipse in the x direction and the minor axis in
the y direction as seen in the cross section of FIG. 11. In order
to mate with this elliptical inside shape, the inside of the wick
71 is provided with a pair of beveled portions 73 so as to pro-
vide an elliptical cross section at the end of the wick in contact
with the end of the ring 72.

The elliptical internal surface 74 of the ring 72 extends the
full length of the ring at the major axis, that is, in a plane in the
x direction as seen in FIG. 14. The inside surface of the ring is
also provided with a beveled region 76 which can be con-
sidered as the surface of an elliptical cone, that is, a cone hav-
ing an elliptical base and an axis normal to and centered on
the elliptical base. The major axis of the elliptical cone is in
the y direction, and the minor axis is in the x direction, and in
the plane where the ring 72 comes in contact with the larger
strips 68 the minor axis of the elliptical cone is equal to the
major axis of the elliptical inside surface 74 on the ring. That
is, at the median plane parallel to the x axis there is no bevel
on the inside of the ring and there is a maximum bevel at the y
median plane. The major axis of the elliptical cone in the
plane in contact with the larger strips is greater than the
diameter of the tubular wall 61 so that the only end surface
portion of the ring 72 in contact with the larger strips 68 com-
prises a pair of opposed crescent-shaped sectors each having a
circular outside edge and an elliptical inside edge as seen in
the cross section of FIG. 13. The crescent-shaped portions of
the ring 72 in the plane of the cross section of FIG. 13 are in
contact with a plurality of the larger strips 68 near their ends
so that liquid passes from the wick 71 through the ring 72 into
the ends of the larger strips.

Delivering liquid solely to the ends of the larger strips 68 by
the crescent-shaped portions of the ring 72 in this embodi-
ment is not sufficient for supplying liquid across the full face
of the vented capillary vaporizer at maximum heat flux; there-
fore, in order to supply liquid to the larger strips at a region in-
termediate their ends, a pair of similar parallel crossbar struc-
tures 77 having their greatest extent in the y direction are pro-
vided across the ring. A portion of the crossbars 77 is illus-
trated in perspective in FIG. 15 for the purpose of clarifying .
the shape of the crossbar and slope of a pair of outer faces 78.
Each of the crossbars 77 has a flat face 79 (seen in the cross
section of FIG. 13) in contact with the larger strips 68 for
transferring liquid thereto. The ends 81 of the bars 77 are in
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contact with, the ring 72 for accepting liquid therefrom (one
of the curved ends 81 is hidden at the far end of the bar 77 il-
lustrated in FIG. 15).

The two sloping outer faces 78 of the bars are opposite the
flat face 79 in contact with the larger strips 68. The two faces
78 slope so that the crossbar is relatively thicker on one side
82 nearer the axis of the heat pipe, and relatively thinner on
the opposite side 83 more remote from the axis of the heat
pipe. The two faces 78 also slope from their intersection with
the ring 72 where they are relatively further from the flat face
79 toward a central intersection of the two faces where they
are relatively nearer the flat face 79. These two directions of
slope of the faces 78 result in their intersecting along a straight
line interconnecting a point 84 on the higher side 82, and a
second point 86 on the lower side 83. The point 86, more
remote from the axis of the heat pipe, is at, or nearly at, the
flat face 79 of the crossbar, and the point 84, nearer the axis of
the heat pipe, is appreciably more remote from the flat face 79
than is the other point 86.

The sloping structure of the crossbars 77 is provided for
maintaining a cross section in the bars proportioned to the
quantity of liquid that flows through the cross section as af-
fected by 'he distance over which the liquid must flow through
the bar 0 reach the desired strips 68 while also keeping the
cross-sectional area open for venting the vapor from each re-
gion proportioned to the vapor flow from that region. The
same principle is responsible for the bevel 73 on the wick 71
and the bevel 76 on the ring 72. The rationale behind the
shape of the crossbar can be further recognized by noting the
dashed lires 87 on FIG. 13 which represent the bounds of the
area of surface structure to which liquid is delivered by one of
the crossbars 77. Liquid is delivered to regions outside the
bounds of the lines 87 by the other crossbar or the crescent-
shaped portions of the ring 72. From these bounds it will be
seen that the area to which liquid is delivered nearer the
center of the heat pipe is larger than the area more remote
from the center. It will also be noted that the distance liquid
need flow in the crossbar from its intersection with the ring to
the center is greater on the side 82 nearer the center of the
heat pipe, and shorter on the side 83 more remote from the
center of the heat pipe.

The sloping faces 78 on the crossbars and the bevels 73 and
76 on the wick and ring, respectively, are provided for enlarg-
ing the area through which vapor passes as it leaves the region
bounded by the channels 69. The slopes and bevels provide
the largest possible cross-sectional area and shortest path
length for the vapor without significant hindering of liquid
flow cross section. It should be recognized that the regions
bounded by the two crossbars 77, and between the crosshars
and ring form a manifold with and condensing relatively large
passages in serial flow connection with the more numerous
smaller channels 69 which are further in fluid communication
with the smallest most numerous channels 67 adjacent the
heat source surface, thus assuring that all the vapor formed at
the regional areas of vaporization on the surface of the porous
layer 64 flows into the vapor way within the central passage of
the wick. In this way, the vented capillary vaporizer illustrated
in FIGS. 11 through 16 for a wick-fed heat pipe is analogous to
the compound vented capillary vaporizer hereinabove
described and illustrating in FIGS. 4 and 5 except that instead
of feeding liquid to the vaporizer from a source of bulk liquid,
as in FIGS. 4 and §, the liquid reaches the heat pipe vaporizer
by way of a wick 71 and the vapor is delivered to a vapor way
instead of being directly returned to mix with the bulk liquid.

FIGS. 17 through 19 illustrate the fourth type of vented
capillary vaporizer which can be considered to be a capillary
pump wherein the output vapor pressure can be higher than
the input bulk liquid pressure. FIGS. 17 and 18 are cross sec-
tions through a single region of heat transfer surface structure
and it should be understood that a plurality of side-by-side
structures such as illustrated in FIG. 17 may be repeated in-
definitely to cover a large surface area. A single repetition of
the structure such as illustrated in FIG. 17 may, for example,
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be provided every one-half inch or more along the surface,
and such a structure may have an indefinite length in a
direction along that of FIG. 18 as may be limited only by the
flow capacity of the liquid flow conduits, and cooling means
provided as hereinafter described. The structure illustrated is,
of course, only part of the heat transfer system and elsewhere
means are provided for containing and condensing or releas-
ing the vapor formed.

FIG. 19 is an enlarged detail of the structure adjacent a heat
source wall 89. Immediately adjacent the wall, and in thermal
contact therewith, are a multiplicity of rectangular strips 90
forming a multiplicity of channels 91 and an equal number of
regional areas of vaporization. Running transversely to the
fine strips 90 are larger strips 92, having channels 93
therebetween, and these larger strips 92 are in contact with
still larger strips 94, having channels 95 therebetween. Thus,
the structure nearest the heat source provides a hierarchy of
strips 94, 92 and 99 of decreasing size and increasing number
for conducting liquid toward the heat source wall, and a
hierarchy of channels 91, 93 and 95 of increasing size and for
conducting vapor away from the heat source wall and direct-
ing it into the gaps between adjacent delivery structures for
flow into the vapor way common to several structures such as
illustrated in FIG. 17 making up the heat transfer surface
structure.

The arrangement provided in FIGS. 17 to 19 differs from
the related structure hereinabove illustrated in FIGS. 4 and 5
in that liquid is delivered to the larger strips 94 by a thermal
isolation matrix 96 in contact therewith. The thermal isolation
matrix is a porous material having a high wicking efficiency ¢,,
and as low a thermal conductivity as possible. The structure jl-
lustrated in FIGS. 17 and 18 also differs from that hereinabove
illustrated in FIGS. 4 and § in that the vapor generated ad-
jacent the heat source surface is collected in a vapor way ex-
ternal to the liquid delivery structures while remaining well
isolated from the incoming bulk liquid.

The thermal isolation matrix 96 is in intimate thermal con-
tact with a matrix cooler plate 97 formed of a high thermal
conductivity metal. Transverse grooves 98 in the cooler plate
97 transmit liquid from approximately triangular conduits 99
to the cooler surface of the thermal isolation matrix 96. One
wall of each of the liquid conduits 99 is formed by the wall 101
of a conventional heat pipe. The heat pipe also comprises a
conventional wick 102 and an open vapor passage 103 for ex-
tracting heat from liquid in the conduits 99 and from the
matrix cooler plate 97 for delivery to a cooler heat sink (not
shown). A layer of thermal insulation 184 surrounds the heat
pipe and liquid conduits and a metal sheath 105 and channel
wall 106 prevent liquid in the conduits and vapor surrounding
the structure for contacting the insulation. The liquid channel
wall 166 also conducts heat to the heat pipe to help keep the
liquid in the channel cool.

In operation, the capillary pump-type of vented vaporizer,
illustrated in FIGS. 17 and 18, takes bulk liquid that is not in a
capillary structure into the conduits 99 for delivery to the
porous thermal isolation matrix 96 by way of the transverse
grooves 98,

The bulk liquid entering the conduits 99 is at a relatively
lower pressure than the vapor escaping from the channels 95
nearer the heat source surface, and the liquid pressure con-
tinues to drop as it flows through the conduits 99, grooves 98,
and the various capillary matrix structures. In order to prevent

the occurrence of vapor in the liquid flow path, the tempera-

ture of the liquid must be sufficiently low at any point that its
vapor pressure at that temperature is less than the sum of the
liquid pressure and the bubble pressure at that point. As previ-
ously pointed out, the bubble pressure is @ or o(1/R+1/R,)
where R, and R, are the major radii of curvature of the liquid
vapor interface of the largest bubble that can form in the pore
or channel. When the liquid wets the pore or channel walls,
then R, and R, are approximately half the width and half the
thickness of the pore or channel, respectively. Thus, for a cir-
cular pore of radius R, the bubble pressure is 20/R,. In the
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microscopic structures, such as the conduits 99 and grooves
98, R, and R, are generally so large that the bubble pressure is
negligible, and the liquid in them must remain cool enough
that the vapor pressure of the bulk liquid is less than the liquid
pressure. In the very small pores of the capillary matrix, how-
ever, the radii R, and R, are also very small or, which is
equivalent, the effective pore surface to volume ratio § is
large, so that the bubble pressure can be quite high, and the
vapor pressure may be considerably greater than the liquid
pressure without any bubbles forming. Thus, the temperature
within such a capillary matrix may be slightly greater than the
temperature of the vapor formed at a free surface of the capil-
lary matrix without forming vapor bubbles in the matrix, while
the temperature of the bulk liquid must be kept enough cooler
than the temperature of the vapor formed at the free surface
of the capillary matrix to balance the liquid-vapor pressure
difference.

In order to keep the bulk liquid sufficiently cool to prevent
its vaporization, the thermal isolation matrix is selected with
as low a thermal conductivity as possible for minimizing the
quantity of heat transferred from the vapor within the chan-
nels 95 through the matrix to the face in contact with the bulk
liquid. Such thermal isolation by means of a low thermal con-

_ductivity material is sufficient in some circumstances such as,
for example, as in an apparatus as described and illustrated in
the aforementioned copending patent application entitled *‘-
Heat Transfer Device With Isolated Fluid Flow Paths.” If the
thermal isolation is not sufficient, a heat pipe such as illus-
trated in FIGS. 17 and 18 is provided in thermal contact with
the bulk liquid for extracting surplus heat therefrom for
preventing vaporization. A heat pipe is preferred in such an
application because of the high rate of heat transfer available
with relatively small temperature difference; however, it is to

. be understood that other active or passive cooling means than
the heat pipe can be employed as desired, such as, for exam-
ple, a fluid flow cooling tube. or a heat radiating or conducting
rod or fin, or a thermoelectric cooling device.

In each of the above-described vented capillary vaporizers,
it is preferred that the vapor passages in the portion im-
mediately adjacent the heat transfer surface be spaced apart
by less than about 0.1 inch. If the passages are spaced apart by
appreciably more than about 0.1 inch, the additional expense
of preparing the structure is not justified by the increase ob-
tained in heat flux density The vented capillary vaporizer
structure is more expensive to fabricate than most simple heat
transfer structures. Its major advantage is that it is capable of
handling much higher heat flux densities than any but the most
expensive and complex systems, which must use high pressure
pumps and under-cooled liquids in order to obtain compara-
ble heat flux densities. This is true of those devices that exploit
in full the highly advantageous characteristics of the vented
capillary vaporizer.

As shown in equation 60 and 61 hereinabove, the maximum
heat flux density H,.,./A, is proportional tc the total length of
vaporizer strip per unit heat source area, which, in turn, is pro-
portional to the number of passages or regional areas per unit
length n,, for passages parallel to the heat source wall. That is,
H naz/ Ar~-np. This can also be expressed in terms of the near-
est neighbor distance d between ‘passages or regional areas
adjacent the heat source surface. Hmar/Ar~1/d, or Hmar~
A./d. In this form, the proportionality holds, not only for pas-
sages parallel to the heat source wall, but also for any shape of
vented capillary vaporizer so long as the shape remains
unchanged while all dimensions are scaled proportionately. A
particularly interesting example is a square array of round
passages of diameter D perpendicular to the heat scurce sur-
face. Here, the maximum heat flux density is approximately
the same as for the passages parallel to the heat flux surface so
long as D/d=2/mr since the total effective length of *‘vaporizer
strip” per unit heat source area is the same for both examples.
In the terminology used herein a passage close and parallel to
the heat source surface creates a single regional area of
vaporization along it, which for purposes of calculation is di-
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vided into two vaporizer strips.

In order to evaluate how small the passage spacing d must
be made for the vented capillary vaporizer to be economically
competitive, one can best compare its maximum heat flux
density with the maximum obtainable with the liquid vaporiz-
ing situation of pool boiling. Since the heat flux densities ob-
tained are a function of the liquid employed, water is specified
in both examples. Such an example has been set forth
hereinabove for the vented capillary vaporizer as equation 63
wherein it was pointed out that H,,,,/4,~34.5n, watts/cm.?, or
substituting &=1/n,, the maximum heat flux density is H,,,,/4,
=34.5/ watts/cm.2.

The maximum heat flux density available for water in pool
boiling is about 100 watts/cm.?. Thus, in order to obtain com-
parable performance 34.5/d=100 watts/cm.2, or 4=0.345 cm.,
or 0.136 inch. In order to be economically practical, the spac-
ing d should afford some heat flux advantage over a simple and
inexpensive pool boiling situation. Thus, a spacing d between
channels less than about 0.1 inch is preferred. Usually, the
spacing between passages or regional areas will be much
sinaller than 0.1 inch since manufacturing costs of the heat
transfer surface structure go up less rapidly than the number
of channels produced until very high values of n, are reached,
that is, the channels become a very short distance apart. With
a heat transfer surface structure having chaanels closer than
about 0.1 inch spacing, it is usually less expensive to fabricate
a smaller area of higher maximum heat flux density than a
lower area of lower maximum heat flux density having the
same total heat flux capacity. '

Several embediments of heat transfer surface structures in-
corporating principles of this invention have been described
and illustrated herein. It will be apparent, however, that many
modifications can be made in these structures. Thus, for ex-
ample, such structures can be employed in heat transfer en-
vironments other than in a heat pipe or in a boiler or refrigera-
tion evaporating tubes as discussed hereinabove. The struc-
tures have been described for vaporization of liquid, however,
many of the structures described and illustrated are also suita-
ble for condensing vapor, such as, for example, at the cooler
end of a heat pipe, when the condensed liquid is removed with
a wick or as bulk liquid at sufficient temperature and pressure
to prevent bubble formation. The structure is in most cases
identical, that is the channel pattern is the same. The material
may be different for providing different thermal conductivity
and effective pore surface to volume ratio. Otherwise, the only
reversed within and near the structure. A number of geometri-
cal shapes have been identified for structures providing liquid
to a heat transfer surface in one area and permitting vapor to
escape in another area. Other structures performing this func-
tion will be apparent to one skilled in the art.

What I claim is:

1. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as 2 multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled;

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication
between the regional areas of vaporization of the third
surface portion and a region external to the capillary
matrix away from which vapor can flow, and wherein a
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multiplicity of said vapor passages are embedded substan-
tially into the capillary matrix material.
2. A structure as defined in claim 1 wherein said regional
areas of vaporization are spaced apart by less than 0.1 inch.
3. A structure as defined in claim 1 wherein the first surface
portion is substantially uniformly separated throughout its ex-
tent from the second surface portion.
4. A heat transfer surface structure comprising:
a heat source surface;
a quantity of vaporizable liquid and its vapor;
a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source

" surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled;

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication from
the regional areas of vaporization of the third surface por-
tion through the capillary matrix to a region external to
the capillary matrix away from which vapor can flow.

5. A structure as defined in claim 4 wherein said regional

areas of vaporization are spaced apart by less than 0.1 inch.

6. A structure as defined in claim 4 wherein the capillary
matrix comprises a plurality of bodies of capillary material
separated at least in part by intervening vapor passages.

7. A structure as defined in claim 4 wherein the first surface
- portion is substantially uniformly separated throughout its ex-
tent from the second surface portion.

8. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion is thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced apart less than 0.1 inch and sufficiently close to
the first surface portion that the volume of the capillary
matrix through which the liquid must pass between the
second surface portion and the third surface portion
remain liquid filled; and :

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication
between the regional areas of the third surface portion
and a region external to the capillary matrix away from
which vapor can flow.

9. A structure as defined in claim 8 wherein said capillary

matrix comprises:

a first volumetric portion relatively nearer the first surface
portion and having a relatively higher thermal conductivi-
ty; and

a second volumetric portion relatively further from the first
surface portion and having a relatively lower thermal con-
ductivity.

10. A heat transfer surface structure comprising;

a heat source surface; :

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source
surface, a second surface portion in contact wit the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
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matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled;

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages further comprising:

a first multiplicity of passages spaced relatively more
closely together and situated for receiving vapor from
the regional areas of vaporization; and

a second multiplicity of passages spaced relatively less
closely together and in vapor communication between
the first multiplicity of passages and a region external
to the capillary matrix away from which the vapor can
flow.

11. A structure as defined in claim 10 wherein said regional

areas of vaporization are spaced apart by less than 0.1 inch.

12. A structure as defined in claim 10 wherein the capillary

matrix further comprises:

a first volumetric portion relatively nearer the first surface
portion and having a relatively larger effective capillary
surface to volume ratio 8, and

a second volumetric portion relatively further from the first
surface portion and having a relatively smaller effective
capillary surface to volume ratio 8.

13. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, nd a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled, and further comprising a first volumetric
portion relatively nearer the first surface portion and hav-
ing a relatively larger effective capillary surface to
volume ratio 8 and a second volumetric portion relatively
further from the first surface portion and having a rela-
tively smaller effective capillary surface to volume ratio 8,
and

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication
between the regional areas of vaporization of the third
surface portion and a region external to the capillary
matrix away from which vapor can flow.

14. A structure as defined in claim 13 wherein said capillary

matrix further comprises:

' a first volumetric portion relatively nearer the first surface
portion and having a relatively higher thermal conductivi-
ty; and

a second volumetric portion relatively further from the first
surface portion and having a relatively lower thermal con-
ductivity.

15. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizabie liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
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spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled, and further comprising a first volumetric
portion relatively nearer the first surface portion having a
relatively higher thermal conductivity and a second volu-
metric portion relatively further from the first surface
portion and having a relatively lower thermal conductivi-
ty; and

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication
between the regional areas of vaporization of the third
surface portion and a region external to the capillary
matrix away from which vapor can flow.

16. A structure as defined in claim 15 wherein the first sur-
face portion is substantially uniformly separated throughout
its extent from the second surface portion.

17. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled; a multiplicity of vapor passages sufficiently
larger than the capillary size of the capillary matrix to be
vapor filled, said vapor passages being in vapor communi-
cation between the regional areas of vaporization of the
third surface portion and a region external to the capillary
matrix away from which vapor can flow;

means for thermally insulating the fluid adjacent the second
surface portion of the capillary matrix from portions of
the external ambient environment having a higher tem-
perature than said fluid.

18. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled;

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication
between the regional areas of vaporization of the third
surface portion and a region external to the capillary
matrix away from which vapor can flow;

means for removing heat from the fluid adjacent the second
surface portion of the capillary matrix, said means being
capable of removing said heat even when, without said
means, the region surrounding said fluid would have at
least as high a temperature as the fluid.

19. A heat transfer surface structure comprising:

a heat source surface;

a quantity of vaporizable liquid and its vapor;

a capillary matrix wet by the liquid and having at least a first
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surface portion in thermal contact with the heat source
surface, a second surface portion in contact with the
vaporizable liquid, and a third surface portion from which
the principal vaporization of liquid from the capillary
matrix takes place, said third surface portion being ar-
ranged as a multiplicity of regional areas of vaporization
spaced sufficiently closely to each other and to the first
surface portion that the volume of the capillary matrix
through which the liquid must pass between the second
surface portion and the third surface portion remains
liquid filled;

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled,
said vapor passages being in vapor communication
between the regional areas of vaporization of the third
surface portion and a region external to the capillary
matrix away from which vapor can flow;

active means for removing heat from the fluid adjacent the
second surface portion of the capillary matrix.

20. A structure as defined in claim 19 wherein the active

means for removing heat comprises a heat pipe.

21. A structure as defined in claim 19 wherein the active
means for removing heat comprises a thermoelectric cooling
device.

22. A heat transfer surface structure comprising;

a heat sink surface;

a quantity of fluid consisting of a vaporizable liquid and its

vapor;

a capillary matrix wet by the liquid and having at least a first
surface portion in thermal contact with the heat sink sur-
face, a second surface portion through which the fluid is
withdrawn from the capillary matrix, and a third surface
portion at which the principal condensation of vapor
takes place; said third surface portion being arranged as a
multiplicity of regional areas of condensation;

a multiplicity of vapor passages sufficiently larger than the
capillary size of the capillary matrix to be vapor filled;
said vapor passages being in vapor communication
between the regional areas of condensation of the third
surface portion and a region external to the capillary
matrix from which the vapor passages receive vapor.

23. A structure as defined in claim 22 wherein a multiplicity
of said vapor passages are embedded substantially into the
capillary matrix material.

24. A structure as defined in claim 22 wherein a multiplicity
of said vapor passages are in vapor communication from the
regional areas of condensation through the capillary matrix to
the region external to the capillary matrix from which the
vapor passages receive vapor.

25. A structure as defined in claim 22 wherein said regional
areas of condensation are spaced apart by less than 0.1 inch,

26. A structure as defined in claim 22 wherein said vapor
passages further comprise:

a first multiplicity of passages spaced relatively more closely
together and 5o as to deliver vapor to the regional areas of
condensation; and

a second multiplicity of passages spaced relatively less
closely together and in vapor communication between
the first multiplicity of passages and the region external to
the capillary matrix from which the vapor passages
receive vapor.

27. A structure as defined in claim 22 further comprising
means for maintaining the pressure of the liquid in the capilla-
ries of the capillary matrix lower than the pressure of the
vapor adjacent the third surface portion of the capillary
matrix.

28. A structure as defined in claim 22 wherein said capillary
matrix comprises:

a first volumetric portion relatively nearer the first surface
portion and having a relatively higher thermal conductivi-
ty; and

a second volumetric portion relatively further from the first
surface portion and having a relatively lower thermal con-
ductivity.
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number forming a vapor manifold--;

line 51, "for" should be --from--,
Column 27, line 1, "microscopic" should be --macroscopic--

line 59, should be --Hmax/Av\np—-

Column 28, line 12, should be --34,5/d watts/cmz--;
line 29, "lower" should be --larger--.
Column 29, line 41, "is" should be --in--;‘
| line 52, "remain" should be --remains--;
line 73, "wit" should be --with--,

Column 30, line 36, '"nd" should be --and--.

Signed and sealed this 2lst day of November 1972.

( SEAL) i

Attest:

EDWARD M.FLETCHER,JR. | ROEERT GOTTSCHALK
Attesting Officer Commissioner of Patents



