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(54) HEAT PIPE WITH NON-UNIFORM CROSS-SECTION

(57) A heat pipe (101) comprises a tube (112) and
protrusions (114). The tube (112) has an internal surface
(116), an external surface (118), and a length (120) run-
ning from a first end (122) to a second end (124). The
protrusions (114) are on the internal surface (116). A first
cross-section (156) of the protrusions (114) at a first lo-

cation of the length (120) of the tube (112) is different
from a second cross-section (158) of the protrusions
(114) at a second location of the length (120) of the tube
(112). The tube (112) and the protrusions (114) are mon-
olithic (125).
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Description

BACKGROUND

[0001] The present disclosure relates generally to heat
pipes, and more specifically, to heat pipes with a non-
uniform cross-section. Still more particularly, the present
disclosure relates to heat pipes with protrusions having
at least one of a tailored spacing, size, or shape.
[0002] A heat pipe transfers heat between a heat sink
and a heat source. A liquid within the heat pipe vaporizes
due to heat from the heat source. The vapor travels to
the heat sink and condenses into a liquid. The condensed
liquid travels back to the heat source through grooves
formed by protrusions within the heat pipe.
[0003] Today’s communication satellites include more
than 100 heat pipes per spacecraft. Almost all of these
heat pipes are aluminum and ammonia heat pipes. Con-
ventionally, the aluminum bodies of the heat pipes are
made by extrusion processes. Extruded structures have
a uniform cross-section throughout the pipe length.
[0004] Extrusion shapes are designed to include inter-
nal capillary grooves, an external wall or tube, and in
some cases, mounting flanges. The mounting flanges
are selectively located for source and sink locations. The
mounting flanges are machined following extrusion. By
machining the mounting flanges, welds or other joints are
not present between the mounting flanges and the ex-
ternal wall. However, the machining process adds addi-
tional manufacturing steps and may add undesirable
amounts of manufacturing time.
[0005] Following extrusion, some heat pipes may re-
main in substantially straight shapes. However, a signif-
icant subset of heat pipes is bent to accommodate source
and sink locations.
[0006] Some of the heat pipes are bent in a planar ge-
ometry. However, the most challenging heat pipes are
bent into three-dimensional shapes. In some cases, be-
tween three and ten bends are needed to accommodate
the geometry. Complex three-dimensional geometries
occupy a significant volume and can be hard to integrate.
[0007] The length of the heat pipes is increased to ac-
commodate the complex three-dimensional geometry.
Increasing the length of a heat pipe decreases the
amount of heat the heat pipe is capable of transferring.
Increasing the length of a heat pipe also increases the
weight of the heat pipe.
[0008] Conventionally, to increase heat load of a heat
pipe, the cross-sectional area of the heat pipe is in-
creased, leading to a larger, heavier, extrusion. For at
least these reasons, lining up flanges for mounting heat
pipes can drive significant complexity, length, mass, cost,
and loss of heat transport capability. Therefore, it would
be desirable to have a method and apparatus that takes
into account at least some of the issues discussed above,
as well as other possible issues.

SUMMARY

[0009] In one illustrative example, a heat pipe is pre-
sented. The heat pipe comprises a tube and protrusions.
The tube has an internal surface, an external surface,
and a length running from a first end to a second end.
The protrusions extend along the internal surface in a
direction of the length of the tube. At least one of a spac-
ing, size, or shape of the protrusions changes between
the first end of the tube and the second end of the tube.
The tube and the protrusions are monolithic.
[0010] In another illustrative example, a heat pipe is
presented. The heat pipe comprises a tube and protru-
sions. The tube has an internal surface, an external sur-
face, and a length running from a first end to a second
end. The protrusions are on the internal surface. A first
cross-section of the protrusions at a first location of the
length of the tube is different from a second cross-section
of the protrusions at a second location of the length of
the tube. The tube and the protrusions are monolithic.
[0011] In yet another illustrative example, a method of
manufacturing a heat pipe is presented. Material is laid
down using additive manufacturing to form a heat pipe
comprising a tube and protrusions. The tube has an in-
ternal surface, an external surface, and a length running
from a first end to a second end. The protrusions are on
the internal surface. A first cross-section of the protru-
sions at a first location of the length of the tube is different
from a second cross-section of the protrusions at a sec-
ond location of the length of the tube. The heat pipe is
hot isotropic pressed to reduce porosity. The heat pipe
is heat treated to increase strength.
[0012] The features and functions can be achieved in-
dependently in various examples of the present disclo-
sure or may be combined in yet other examples in which
further details can be seen with reference to the following
description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The novel features believed characteristic of the
illustrative examples are set forth in the appended claims.
The illustrative examples, however, as well as a preferred
mode of use, further objectives and features thereof, will
best be understood by reference to the following detailed
description of an illustrative example of the present dis-
closure when read in conjunction with the accompanying
drawings, wherein:

Figure 1 is an illustration of a block diagram of a
manufacturing environment in accordance with an
illustrative example;
Figure 2 is an illustration of an isometric view of a
heat pipe with a non-uniform cross-section in accord-
ance with an illustrative example;
Figure 3 is an illustration of an isometric view of a
first end of a heat pipe with a non-uniform cross-
section in accordance with an illustrative example;

1 2 



EP 3 346 220 A1

3

5

10

15

20

25

30

35

40

45

50

55

Figure 4 is an illustration of an isometric view of a
second end of a heat pipe with a non-uniform cross-
section in accordance with an illustrative example;
Figure 5 is an illustration of a cross-sectional view
of a heat pipe with a non-uniform cross-section in
accordance with an illustrative example;
Figure 6 is an illustration of a cross-sectional view
of a heat pipe with a non-uniform cross-section in
accordance with an illustrative example;
Figure 7 is an illustration of a flowchart of a method
of manufacturing a heat pipe in accordance with an
illustrative example; and
Figure 8 is an illustration of a data processing system
in the form of a block diagram in accordance with an
illustrative example.

DETAILED DESCRIPTION

[0014] The different illustrative examples recognize
and take into account one or more different considera-
tions. For example, the illustrative examples recognize
and take into account that extrusion creates uniform
cross-sections within manufacturing tolerances.
[0015] As another example, the illustrative examples
recognize and take into account that the heat transport
capacity of a heat pipe is affected by the length of the
heat pipe and the design of the grooves of the heat pipe.
The illustrative examples recognize and take into account
that available pressure head may be described as 

where ΔPc is a maximum capillary pressure head, ΔP1
is a liquid pressure drop, ΔPv is a vapor pressure drop,
ΔPg is a gravity pressure head, ΔPct is a centrifugal pres-
sure head. The illustrative examples recognize and take
into account that the liquid pressure drop dominates in
extruded aluminum and ammonia heat pipes. The illus-
trative examples recognize and take into account that a
reduced pressure drop at a condenser end of a heat pipe
would increase available pressure head. The illustrative
examples recognize and take into account that bigger
grooves at the condenser end of the heat pipe would
reduce the pressure drop at the condenser end.
[0016] The illustrative examples further recognize and
take into account that welds or other types of joints may
be weaker than a surrounding monolithic material. Ma-
terial within welds have different material properties than
a surrounding bulk material. The illustrative examples
also recognize that monolithic structures can be manu-
factured using processes other than machining. For ex-
ample, the illustrative examples recognize and take into
account that extrusion, molding, and other manufacturing
processes other than machining result in monolithic
structures.
[0017] Referring now to the figures and, in particular,

with reference to Figure 1, an illustration of a block dia-
gram of a manufacturing environment is depicted in ac-
cordance with an illustrative example. Manufacturing en-
vironment 100 includes equipment to form heat pipe 101.
As depicted, manufacturing environment 100 includes
additive manufacturing equipment 102.
[0018] Heat pipe 101 may be formed using additive
manufacturing equipment 102. Conventional machining
processes may form structures by shaping or removing
material. Additive manufacturing processes form struc-
tures by adding material. Specifically, additive manufac-
turing processes may form structures by adding consec-
utive layers of material. Additive manufacturing may al-
low on-demand manufacture of desired parts.
[0019] Additive manufacturing equipment 102 may
take the form of three-dimensional printer 104 or any oth-
er desirable additive manufacturing equipment. In one
illustrative example, additive manufacturing equipment
102 may form heat pipe 101 by sequentially forming a
plurality of layers. The thickness of each of the plurality
of layers may depend on the resolution of additive man-
ufacturing equipment 102. Additive manufacturing equip-
ment 102 may form heat pipe 101 from material 106.
Material 106 may take the form of at least one of a metal,
a metallic alloy, or other desirable type of material.
[0020] As used herein, the phrase "at least one of,"
when used with a list of items, means different combina-
tions of one or more of the listed items may be used, and
only one of each item in the list may be needed. In other
words, "at least one of" means any combination of items
and number of items may be used from the list but not
all of the items in the list are required. The item may be
a particular object, a thing, or a category.
[0021] For example, "at least one of item A, item B, or
item C" may include, without limitation, item A, item A
and item B, or item B. This example also may include
item A, item B, and item C or item B and item C. Of course,
any combinations of these items may be present. In other
examples, "at least one of" may be, for example, without
limitation, two of item A, one of item B, and ten of item
C; four of item B and seven of item C; or other suitable
combinations.
[0022] By forming heat pipe 101 using additive manu-
facturing equipment 102, layout 108 of heat pipe 101 may
be closely controlled. By forming heat pipe 101 using
additive manufacturing equipment 102, layout 108 of
heat pipe 101 does not need to be uniform along length
110 of heat pipe 101.
[0023] Heat pipe 101 includes tube 112 and protru-
sions 114. In some illustrative examples, protrusions 114
may also be referred to as "fins", "lands" or "fin-like struc-
tures." Although protrusions 114 may be referred to as
"fins," protrusions 114 do not have the primary purpose
of conducting heat. Tube 112 has internal surface 116,
external surface 118, and length 120 running from first
end 122 to second end 124. Protrusions 114 extend along
internal surface 116 in a direction of length 120 of tube
112.
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[0024] Although tube 112 and protrusions 114 are not
machined from a single block of material, there are no
joints or welds between tube 112 and protrusions 114.
Tube 112 and protrusions 114 are monolithic 125. At least
one of spacing 126, size 128, or shape 130 of protrusions
114 changes between first end 122 of tube 112 and sec-
ond end 124 of tube 112.
[0025] By changing at least one of spacing 126, size
128, or shape 130 of protrusions 114, protrusions 114
are tailored. By tailoring protrusions 114, functioning of
heat pipe 101 is affected. For example, heat transport
capacity of heat pipe 101 is affected by tailoring at least
one of spacing 126, size 128, or shape 130 of protrusions
114.
[0026] In some illustrative examples, a height of at
least one protrusion of protrusions 114 changes along
length 120 of tube 112. The height of a protrusion is the
distance the protrusion extends away from internal sur-
face 116 of tube 112 and towards the center of tube 112.
Protrusions 114 may change at least one of spacing 126,
size 128, or shape 130 continuously or in a discrete or
step-wise manner. In some illustrative examples, protru-
sions 114 taper from first end 122 to second end 124. In
other illustrative examples, at least one protrusion of pro-
trusions 114 terminates prior to second end 124.
[0027] Protrusions 114 and internal surface 116 form
grooves 131. Grooves 131 transport working fluid 132
within heat pipe 101. Grooves 131 transport working fluid
132 by at least one of capillary action or gravity. In zero-
g environments with no spinning forces, capillary forces
do all the work to move working fluid 132. In these envi-
ronments, grooves 131 may be referred to as "capillary
grooves." In "reflux" operation, there is a gravity assist.
[0028] Working fluid 132 vaporizes at first end 122 and
travels to second end 124. Working fluid 132 condenses
at second end 124 and travels back to first end 122 using
grooves 131. The location, shape, and size of grooves
131 is controlled by controlling spacing 126, size 128,
and shape 130 of protrusions 114.
[0029] In some illustrative examples, a design of pro-
trusions 114 improves a capillary pumping function of
grooves 131 acting upon working fluid 132 within heat
pipe 101. In some illustrative examples, first end 122 is
evaporator end 134, second end 124 is condenser end
136, and spacing 126 of protrusions 114 at evaporator
end 134 is less than spacing 126 of protrusions 114 at
condenser end 136.
[0030] In some illustrative examples, first end 122 is
evaporator end 134 and second end 124 is condenser
end 136. In these illustrative examples, a design of pro-
trusions 114 significantly restricts a heat load transferred
to the evaporator when heat is applied to condenser end
136.
[0031] In some illustrative examples, heat pipe 101 in-
cludes flanges 138 extending from external surface 118.
In these illustrative examples, tube 112, protrusions 114,
and flanges 138 are monolithic. By being monolithic,
identifiable joints are not present. Thus, flanges 138 are

not welded, or otherwise joined, to tube 112.
[0032] In some illustrative examples, flanges 138 are
out of plane relative to each other. Flanges 138 are
shaped and positioned to interface with heat source 140
and heat sink 142, that are not co-planar with each other.
As depicted, flanges 138 includes flange 144 and flange
146. Flange 144 joins heat pipe 101 to heat source 140.
Flange 146 joins heat pipe 101 to heat sink 142.
[0033] In some illustrative examples, flanges 146 are
shaped and positioned to reduce length 110 of heat pipe
101. Reducing length 110 of heat pipe 101 increases
heat transport capacity of heat pipe 101. In some illus-
trative examples, heat pipe 101 provides a shortest three-
dimensional path from heat source 140 to heat sink 142.
[0034] Tube 112 has shape 148. In some of these ex-
amples, tube 112 is substantially straight 150. When tube
112 is substantially straight 150, length 110 of heat pipe
101 may be minimized. In other illustrative examples,
tube 112 is contoured 152. Tube 112 may be contoured
152 to take into account geometries of components of
platform 154 having heat source 140 and heat sink 142.
[0035] Platform 154 may take any desirable form. Al-
though the illustrative examples for an illustrative exam-
ple are described with respect to a satellite, an illustrative
example may be applied to other types of platforms. Plat-
form 154 may be, for example, a mobile platform, a sta-
tionary platform, a land-based structure, an aquatic-
based structure, or a space-based structure. More spe-
cifically, platform 154 may be a surface ship, a tank, a
personnel carrier, a train, a spacecraft, a space station,
a satellite, a submarine, an automobile, a manufacturing
facility, a building, or other suitable types of platforms.
Further, platform 154 may be a small-scale or handheld
device such as a cell phone, tablet, computer, or other
suitable type of platform.
[0036] In some illustrative examples, heat pipe 101
comprises tube 112 and protrusions 114. Tube 112 has
internal surface 116, external surface 118, and length
120 running from first end 122 to second end 124. Pro-
trusions 114 are on internal surface 116. First cross-sec-
tion 156 of protrusions 114 at a first location of length
120 of tube 112 is different from second cross-section
158 of protrusions 114 at a second location of length 120
of tube 112, and tube 112 and protrusions 114 are mon-
olithic 125.
[0037] In some illustrative examples, a height of at
least one protrusion of protrusions 114 changes along
length 120 of tube 112. In some illustrative examples, at
least one protrusion of protrusions 114 terminates prior
to second end 124. In some illustrative examples, pro-
trusions 114 form grooves 131, in which grooves 131 are
a plurality of continuously variable grooves.
[0038] Additive manufacturing equipment 102 may be
a part of heat pipe forming system 160. Heat pipe forming
system 160 may also include database 162, computer-
aided design software 164, controller 166, and heat treat-
ment equipment 168.
[0039] Heat treatment equipment 168 includes any de-
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sirable equipment to modify the material characteristics
of material 106 of heat pipe 101 after material 106 is laid
down by additive manufacturing equipment 102. For ex-
ample, heat treatment equipment 168 may include a
number of furnaces, autoclaves, or other equipment to
perform hot isotropic pressing, tempering, or any other
desirable heat treatment processes.
[0040] As depicted, additive manufacturing equipment
102, such as three-dimensional printer 104, may be used
to form heat pipe 101 based on three-dimensional model
170 stored in database 162. In this illustrative example,
database 162 may be a storage device configured to
store models, such as three-dimensional model 170.
[0041] In some illustrative examples, three-dimension-
al model 170 may be used to form heat pipe 101. In some
illustrative examples, three-dimensional model 170 may
be a data file used to generate instructions 172 to form
heat pipe 101. In some illustrative examples, three-di-
mensional model 170 may be a data file formed using
data regarding platform 154. For example, three-dimen-
sional model 170 may take into account a desirable
amount of heat transfer between heat source 140 and
heat sink 142, a location of heat source 140 within plat-
form 154, a location of heat sink 142 within platform 154,
secondary structures of platform 154, or any other char-
acteristics of platform 154.
[0042] As illustrated, controller 166 may be a device
configured to generate instructions 172 for additive man-
ufacturing equipment 102 based on three-dimensional
model 170 such that additive manufacturing equipment
102 forms heat pipe 101 in a desired manner. In this
illustrative example, controller 166 may be implemented
in software, hardware, firmware, or a combination there-
of. When software is used, the operations performed by
controller 166 may be implemented using, for example,
without limitation, program code configured to run on a
processor unit. When firmware is used, the operations
performed by controller 166 may be implemented using,
for example, without limitation, program code and data,
and is stored in persistent memory to run on a processor
unit.
[0043] When hardware is employed, the hardware may
include one or more circuits that operate to perform the
operations performed by controller 166. Depending on
the implementation, the hardware may take the form of
a circuit system, an integrated circuit, an application-spe-
cific integrated circuit (ASIC), a programmable logic de-
vice, or some other suitable type of hardware device con-
figured to perform any number of operations.
[0044] A programmable logic device may be config-
ured to perform certain operations. The device may be
permanently configured to perform these operations or
may be reconfigurable. A programmable logic device
may take the form of, for example, without limitation, a
programmable logic array, a programmable array logic,
a field programmable logic array, a field programmable
gate array, or some other type of programmable hard-
ware device.

[0045] In some illustrative examples, the operations,
processes or both, performed by controller 166 may be
performed using organic components integrated with in-
organic components. In some cases, the operations,
processes, or both may be performed by entirely of or-
ganic components, excluding a human being. As one il-
lustrative example, circuits in organic semiconductors
may be used to perform these operations, processes, or
both. In this illustrative example, controller 166 may be
implemented in computer system 174. In other illustrative
examples, controller 166 may be remote to computer sys-
tem 174.
[0046] As depicted, instructions 172 may be com-
mands executable by additive manufacturing equipment
102. Controller 166 may generate instructions 172 in a
format usable for additive manufacturing equipment 102.
Instructions 172 may then be sent to additive manufac-
turing equipment 102 so that additive manufacturing
equipment 102 may form heat pipe 101 from material
106. Instructions 172 may be sent to additive manufac-
turing equipment 102 via wireless communications links,
wired communications links, another suitable type of
communications medium, or a combination thereof.
[0047] The illustration of manufacturing environment
100, and more specifically, of heat pipe 101 and heat
pipe forming system 160 and the components within heat
pipe forming system 160 in Figure 1, is not meant to
imply physical or architectural limitations to the manner
in which an illustrative example may be implemented.
Other components in addition to or in place of the ones
illustrated may be used. Some components may be op-
tional. Also, the blocks are presented to illustrate some
functional components. One or more of these blocks may
be combined, divided, or combined and divided into dif-
ferent blocks when implemented in an illustrative exam-
ple.
[0048] For example, material 106 need not be a single
material. In some illustrative examples, material 106 may
be more than one material.
[0049] Turning now to Figure 2, an illustration of an
isometric view of a heat pipe with a non-uniform cross-
section is depicted in accordance with an illustrative ex-
ample. Heat pipe 200 is a physical implementation of
heat pipe 101 of Figure 1. Heat pipe 200 includes tube
202 and flanges 204 extending from external surface 206
of tube 202. Tube 202 and flanges 204 are monolithic.
[0050] As depicted, tube 202 is substantially straight
and has length 208. As depicted, flange 210 and flange
212 of flanges 204 are out of plane relative to each other,
wherein the flanges are shaped and positioned to inter-
face with a heat source and a heat sink that are not co-
planar with each other.
[0051] As depicted, flanges 204 are shaped and posi-
tioned to reduce length 208 of heat pipe 200. Heat pipe
200 may have at least a length long enough to transfer
heat from a heat source and a heat sink. Length 208 is
sufficient to connect heat pipe 200 to the heat source and
the heat sink. For example, first end 214 may be con-
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nected to an evaporator of a platform and second end
216 may be connected to a condenser of a platform.
[0052] Turning now to Figure 3, an illustration of an
isometric view of a first end of a heat pipe with a non-
uniform cross-section is depicted in accordance with an
illustrative example. View 300 is a view of first end 214
of tube 202 of Figure 2. When installed, first end 214
may be attached to an evaporator of a platform. First end
214 may be called an "evaporator end".
[0053] As depicted, first end 214 has protrusions 302
visible. Protrusions 302 have spacing 304 and height 306
at first end 214. Protrusions 302 run into the page with
length 208 of heat pipe 200 shown in Figure 2. Some of
protrusions 302 may not extend the whole of length 208
of heat pipe 200. In some illustrative examples, at least
one protrusion of protrusions 302 changes at least one
of shape or size.
[0054] Turning now to Figure 4, an illustration of an
isometric view of a second end of a heat pipe with a non-
uniform cross-section is depicted in accordance with an
illustrative example. View 400 is a view of second end
216 of tube 202 of Figure 2. When installed, second end
216 may be attached to a condenser of a platform. Sec-
ond end 216 may be called condenser end.
[0055] As depicted, second end 216 has protrusions
302 visible. Protrusions 302 have spacing 402 and height
404 at second end 216. Protrusions 302 run into the page
with length 208 of heat pipe 200. Some of protrusions
302 may not extend the whole of length 208 of heat pipe
200. In some illustrative examples, at least one protrusion
of protrusions 302 changes at least one of shape or size.
[0056] As depicted, spacing 402 is less than spacing
304 of Figure 3. Spacing 402 is less than spacing 304
because additional protrusions are present at second
end 216 that are not present at first end 214. In this illus-
trative example, height 404 of protrusions at second end
216 is substantially the same as height 306 of protrusions
at first end 214.
[0057] As can be seen in Figures 3 and 4, cross-sec-
tion at first end 214 is not the same as the cross-section
at second end 216. Thus, the cross-section of heat pipe
200 is non-uniform and cannot be directly manufactured
using extrusion.
[0058] Turning now to Figure 5, an illustration of a
cross-sectional view of a heat pipe with a non-uniform
cross-section is depicted in accordance with an illustra-
tive example. Heat pipe 500 is a physical implementation
of heat pipe 101 of Figure 1. Heat pipe 500 may be a
physical implementation of the inside of heat pipe 200 of
Figure 2.
[0059] As depicted, and for simplicity of depiction only,
heat pipe 500 does not have multiple flanges in Figure
5. However, heat pipe 500 may desirably have any
number, position, or shape of flange to connect to a heat
source and a heat sink.
[0060] As depicted, heat pipe 500 has tube 502 having
internal surface 504, external surface 506, and length
508 running from first end 510 to second end 512. Pro-

trusions 514 are monolithic with tube 502. Protrusions
514 extend along internal surface 504 in a direction of
length 508 of tube 502. As depicted, each of protrusions
514 extends from first end 510 to second end 512.
[0061] As depicted, each of protrusions 514 decreases
in height from second end 512 to first end 510. Decreas-
ing the height of protrusions 514 creates a non-uniform
cross-section for heat pipe 500. The shape of protrusions
514 affects thermal resistance of heat pipe 500.
[0062] Grooves 516 are formed by protrusions 514 and
internal surface 504. By changing the height of protru-
sions 514, the shape of grooves 516 changes from first
end 510 to second end 512. Tailoring grooves 516 may
increase transport capacity of heat pipe 500. By tailoring
grooves 516 to a desired shape along length 508, trans-
port capacity may be increased by twice or more. By tai-
loring grooves 516, smaller heat pipe 500 sizes may re-
sult. Decreasing size of heat pipe 500 includes reducing
at least one of length 508 or the diameter of heat pipe
500. By decreasing the size of heat pipe 500, the weight
of heat pipe 500 is also reduced.
[0063] Turning now to Figure 6, an illustration of a
cross-sectional view of a heat pipe with a non-uniform
cross-section is depicted in accordance with an illustra-
tive example. Heat pipe 600 is a physical implementation
of heat pipe 101 of Figure 1. Heat pipe 600 may be a
physical implementation of the inside of heat pipe 200 of
Figure 2.
[0064] As depicted, and for simplicity of depiction only,
heat pipe 600 does not have multiple flanges in Figure
6. However, heat pipe 600 may desirably have any
number, position, or shape of flange to connect to a heat
source and a heat sink.
[0065] As depicted, heat pipe 600 has tube 602 having
internal surface 604, external surface 606, and length
608 running from first end 610 to second end 612. Pro-
trusions 614 are monolithic with tube 602. Protrusions
614 extend along internal surface 604 in a direction of
length 608 of tube 602. As depicted, some of protrusions
614 do not fully extend from second end 612 to first end
610. Thus, a quantity of protrusions 614 is reduced from
second end 612 to first end 610.
[0066] As depicted, first set 616 of protrusions 614 ex-
tend from second end 612 towards first end 610 and ter-
minates at location 617. Terminating first set 616 of pro-
trusions 614 prior to first end 610 creates a non-uniform
cross-section for heat pipe 600.
[0067] Grooves 618 are formed by protrusions 614 and
internal surface 604. By reducing the quantity of protru-
sions 614 from first end 610 to second end 612, the shape
of grooves 618 changes from first end 610 to second end
612. Tailoring grooves 618 may increase transport ca-
pacity of heat pipe 600. By tailoring grooves 618 to a
desired shape along length 608, transport capacity may
be increased by twice or more. By tailoring grooves 618,
smaller heat pipe sizes may result.
[0068] Turning now to Figure 7, an illustration of a flow-
chart of a method of manufacturing a heat pipe is depicted
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in accordance with an illustrative example. Method 700
may be used to form heat pipe 101 of Figure 1. Method
700 may be used to form any of heat pipe 200, heat pipe
500, or heat pipe 600 in Figures 2, 5 and 6, respectively.
[0069] Method 700 lays down material using additive
manufacturing to form a heat pipe comprising a tube and
protrusions, wherein the tube has an internal surface, an
external surface, and a length running from a first end to
a second end, wherein the protrusions are on the internal
surface, and wherein a first cross-section of the protru-
sions at a first location of the length of the tube is different
from a second cross-section of the protrusions at a sec-
ond location of the length of the tube (operation 702).
Method 700 hot isotropic presses the heat pipe to reduce
porosity and increase strength (operation 704). Method
700 heat treats the heat pipe to increase strength (oper-
ation 706). Afterwards, the process terminates.
[0070] The flowcharts and block diagrams in the differ-
ent depicted examples illustrate the architecture, func-
tionality, and operation of some possible implementa-
tions of apparatus and methods in an illustrative example.
In this regard, each block in the flowcharts or block dia-
grams may represent a module, a segment, a function,
and/or a portion of an operation or step.
[0071] In some alternative implementations of an illus-
trative example, the function or functions noted in the
blocks may occur out of the order noted in the figures.
For example, in some cases, two blocks shown in suc-
cession may be executed substantially concurrently, or
the blocks may sometimes be performed in the reverse
order, depending upon the functionality involved. Also,
other blocks may be added in addition to the illustrated
blocks in a flowchart or block diagram.
[0072] For example, in method 700, laying down the
material using additive manufacturing may further com-
prise forming flanges extending from the external sur-
face, wherein the flanges are at arbitrary angles with re-
spect to each other. As another example, in method 700,
the tube is contoured to produce a shortest path from a
heat source to a heat sink of a platform, taking into ac-
count surrounding structures of the platform.
[0073] Turning now to Figure 8, an illustration of a data
processing system in the form of a block diagram is de-
picted in accordance with an illustrative example. Data
processing system 800 may be used to implement com-
puter system 174 of Figure 1. As depicted, data process-
ing system 800 includes communications framework
802, which provides communications between processor
unit 804, storage devices 806, communications unit 808,
input/output unit 810, and display 812. In some cases,
communications framework 802 may be implemented as
a bus system.
[0074] Processor unit 804 is configured to execute in-
structions for software to perform a number of operations.
Processor unit 804 may comprise a number of proces-
sors, a multi-processor core, and/or some other suitable
type of processor, depending on the implementation. In
some cases, processor unit 804 may take the form of a

hardware unit, such as a circuit system, an application
specific integrated circuit (ASIC), a programmable logic
device, or some other suitable type of hardware unit.
[0075] Instructions for the operating system, applica-
tions, and/or programs run by processor unit 804 may be
located in storage devices 806. Storage devices 806 may
be in communication with processor unit 804 through
communications framework 802. As used herein, a stor-
age device, also referred to as a computer-readable stor-
age device, is any piece of hardware capable of storing
information on a temporary and/or permanent basis. This
information may include, but is not limited to, data, a pro-
gram code, and/or other information.
[0076] Memory 814 and persistent storage 816 are ex-
amples of storage devices 806. Memory 814 may take
the form of, for example, a random access memory or
some type of volatile or non-volatile storage device. Per-
sistent storage 816 may comprise any number of com-
ponents or devices. For example, persistent storage 816
may comprise a hard drive, a flash memory drive, a re-
writable optical disk, a rewritable magnetic tape, or some
combination of the above. The media used by persistent
storage 816 may or may not be removable.
[0077] Communications unit 808 allows data process-
ing system 800 to communicate with other data process-
ing systems and/or devices. Communications unit 808
may provide communications using physical and/or wire-
less communications links.
[0078] Input/output unit 810 allows input to be received
from, and output to be sent to other devices connected
to data processing system 800. For example, input/out-
put unit 810 may allow user input to be received through
a keyboard, a mouse, and/or some other type of input
device. As another example, input/output unit 810 may
allow output to be sent to a printer connected to data
processing system 800.
[0079] Display 812 is configured to display information
to a user. Display 812 may comprise, for example, without
limitation, a monitor, a touch screen, a laser display, a
holographic display, a virtual display device, and/or some
other type of display device.
[0080] In this illustrative example, the processes of the
different illustrative examples may be performed by proc-
essor unit 804 using computer-implemented instructions.
These instructions may be referred to as a program code,
a computer-usable program code, or a computer-reada-
ble program code, and may be read and executed by one
or more processors in processor unit 804.
[0081] In these examples, program code 818 is located
in a functional form on computer-readable media 820,
which is selectively removable, and may be loaded onto
or transferred to data processing system 800 for execu-
tion by processor unit 804. Program code 818 and com-
puter-readable media 820 together form computer pro-
gram product 822. In this illustrative example, computer-
readable media 820 may be computer-readable storage
media 824 or computer-readable signal media 826.
[0082] Computer-readable storage media 824 is a
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physical or tangible storage device used to store program
code 818, rather than a medium that propagates or trans-
mits program code 818. Computer-readable storage me-
dia 824 may be, for example, without limitation, an optical
or magnetic disk, or a persistent storage device that is
connected to data processing system 800.
[0083] Alternatively, program code 818 may be trans-
ferred to data processing system 800 using computer-
readable signal media 826. Computer-readable signal
media 826 may be, for example, a propagated data signal
containing program code 818. This data signal may be
an electromagnetic signal, an optical signal, and/or some
other type of signal that can be transmitted over physical
and/or wireless communications links.
[0084] The illustration of data processing system 800
in Figure 8 is not meant to provide architectural limita-
tions to the manner in which the illustrative examples
may be implemented. The different illustrative examples
may be implemented in a data processing system that
includes components in addition to or in place of those
illustrated for data processing system 800. Further, com-
ponents shown in Figure 8 may be varied from the illus-
trative examples shown.
[0085] The illustrative examples provide a method and
apparatus for forming a heat pipe having a non-uniform
cross-section. More specifically, the illustrative examples
provide a method and apparatus for forming a heat pipe
having tailored grooves for heat transportation of a plat-
form.
[0086] Additive machining allows reduced pressure
drops at the condenser end by using bigger grooves
where pumping is not as challenged. Groove shape may
be optimized to provide the desired pumping. In one ex-
ample, groove shape changes in multiple steps along the
passage. In another example, groove shape changes in
a continuous manner rather than a step-wise manner.
[0087] Today’s heat pipes use internally-grooved cap-
illary wall structure manufactured by extrusion. The ge-
ometric cross section of these pipes, including flanges,
is uniform throughout the length. These illustrative ex-
amples use additive machining to create the wall struc-
ture. This approach allows for tailoring of the shape and
number of grooves along the length, yielding improved
heat transport. Heat pipe contour can then be shaped to
yield the shortest three-dimensional path from source to
sink. External flanges required to interface with the heat
source and heat sink are added with the optimum shape
and location to allow for the shortest path with the easiest
installation.
[0088] Transporting heat efficiently from the heat
source to heat sink within spacecraft and other platforms
in geometries where the heat source and the heat sink
transfer surfaces are at random compound angles rela-
tive to each other, i.e. not aligned, in plane or orthogonal
to each other.
[0089] With today’s extruded heat pipes, operators
may be faced with imposing seven or eight bends along
the length of a heat pipe to get the uniform extruded flang-

es to line up with the heat input and output (source and
sink) surfaces. This makes the heat pipes expensive to
manufacture, longer, less capable of moving heat (due
to the length) and heavier. These heat pipes are also
very difficult to design, leading to expensive development
efforts. These three-dimensional bent heat pipes also oc-
cupy significant volume and are thus restrictive to other
spacecraft hardware and difficult to integrate. With uni-
form groove shape along the length of today’s extruded
heat pipes, a designer balances the desire to make the
grooves small to provide high capillary pumping with the
goal to promote easy flow of the liquid from the condenser
to the evaporator to reduce pressure drops. This balance
inevitably leads to a compromise position, with the
grooves small enough to pump as much fluid as possible,
through grooves big enough to let the fluid pass through.
With additive manufacturing, the groove dimensions can
be tailored along the heat pipe length to provide two times
or more increase in the heat transport capability of the
heat pipe.
[0090] With additive machining, the heat pipe can be
designed to take the shortest or most convenient path
from the heat source to heat sink with flanges optimally-
shaped to conform to the heat transfer surfaces of the
heat source and heat sink. Similarly, the internal groove
structure of the heat pipe can be optimized along the
length of the heat pipe to provide the maximum pumping
head at the evaporator (smallest grooves) and the min-
imum viscous pressure drop in the transport and con-
denser ends of the heat pipe. Additive manufacturing
would also allow heat pipes of non-cylindrical shape to
be manufactured with flatter cross-sections to better pro-
mote heat transfer from flat heat input and output surfac-
es, thus reducing the temperature differences in the met-
al flanges of today’s heat pipes. Flatter heat pipes are
less capable of reacting the internal pressure and result-
ant forces within the heat pipe and are more likely to
deform or bow out under this pressure. Flatter configu-
rations may include strengthening features either inter-
nally or externally to support the flatter external walls.
For example, stiffeners or braces may be present to sup-
port flatter external walls.
[0091] Tailoring grooves for a heat pipe allows the heat
pipe to take shortest or most convenient path from the
heat source to heat sink. The heat pipes of the illustrative
examples may have an increased heat load capacity.
Further, the heat pipes of the illustrative examples may
also have reduced mass. Tailoring grooves for a heat
pipe may result in a less complex shape for the heat pipe.
A less complex heat pipe is easier to integrate in a plat-
form.
[0092] The illustrative examples do not need to bend
the heat pipe, resulting in one less step in the process.
The illustrative examples may have the flanges inde-
pendently positioned on circumference where needed.
Flanges with optimum shape include features to reduce
thermal resistance. For example, a gusset may be posi-
tioned to improve conduction heat flow between the heat
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pipe and the flange.
[0093] Tailored heat pipes may result in fewer and/or
smaller heat pipes. Tailored heat pipes may result in re-
duced mass and cost.
[0094] Groove structures can be tailored along the
length of the heat pipe. Partial thermal diode effect can
be built in for resiliency. An end cap of the heat pipe can
be included to reduce the number of parts and operations.
[0095] Roughness may result from additive manufac-
turing. Roughness in a heat pipe may reduce Q3Leff,
which may lead to boiling. However, the roughness is
good for reflux. Roughness in the heat pipe due to addi-
tive manufacturing may be reduced by heat treatments,
such as hot isotopic processing.
[0096] The illustrative examples provide a method and
apparatus for a heat pipe in which the internal fins change
either density, or height (or both) as they extend down
the inside of the tube so the cross-sectional area of the
wicking material changed through the length of the tube.
These illustrative examples improve the pumping func-
tion.
[0097] One illustrative example of the heat pipe will
have variable capillary wall structures. In some illustrative
examples, the heat pipe has continuously variable cap-
illary wall structures where the fins taper across the heat
pipe cross section.
[0098] The apparatus for grooved heat pipe having a
variable cross section produced is produced using addi-
tive machining. This structural form cannot be produced
out of axially grooved extruded heat pipes.
[0099] The design allows tailoring of the shape and
number of grooves along the length yielding improved
heat transport. This variable cross section allows cus-
tomization for the heat transfer needs.
[0100] The heat pipe contour can be shaped to yield
the shortest three-dimensional path from heat source to
heat sink. External flanges used to interface with the heat
source and heat sink are added with the optimum shape
and location to allow for the shortest path with the easiest
installation. This allows much shorter heat pipes to be
designed. Further, applying flanges at offset angles al-
lows the heat pipe to move heat from two arbitrarily ori-
ented locations without manufacturing impacts due to
bending heat pipes.
[0101] The design permits a greater density of grooves
near the evaporator versus the condenser. This greater
density of grooves near the evaporator enables heat
pipes to transport more heat.
[0102] Moving heat efficiently from heat source to heat
sink is difficult within spacecraft and other platforms in
geometries where the source and sink heat transfer sur-
faces are at random angles relative to each other.
[0103] One of the features of the illustrative examples
is the ability of additive machining to deliver structural
forms that cannot be formed for axially grooved extruded
heat pipes. Some examples of the heat pipe have the
internal fins that change either density, or height (or both)
as they extend down the inside of the tube so the cross-

sectional area changes along heat pipe. Three-dimen-
sional printing provides features, such as the ability to
apply flanges in the position and shape desired. This abil-
ity to apply flanges allows much shorter heat pipes.
[0104] The complex three-dimensional shape of a con-
ventional heat pipe described is forced by the need to
bend the extrusion (not twist) to get the flanges to line up
with the heat sink and heat source locations. The concept
of additive manufacturing allows this to be done with a
much shorter, more capable, lighter additive manufac-
tured heat pipe. Other advantages can be gained by
changing the groove structure as the grooves progress
from the evaporator to the condenser.
[0105] The description of the different illustrative ex-
amples has been presented for purposes of illustration
and description, and is not intended to be exhaustive or
limited to the examples in the form disclosed. Many mod-
ifications and variations will be apparent to those of or-
dinary skill in the art. Further, different illustrative exam-
ples may provide different features as compared to other
illustrative examples. The example or examples selected
are chosen and described in order to best explain the
principles of the examples, the practical application, and
to enable others of ordinary skill in the art to understand
the disclosure for various examples with various modifi-
cations as are suited to the particular use contemplated.
[0106] Additional embodiments and features of the
present disclosure are presented below without limita-
tion. Features of each of these embodiments may be
combined with one or more other embodiments from
elsewhere in this disclosure, in any suitable manner.
[0107] According to one embodiment, there is provided
a heat pipe comprising: a tube having an internal surface,
an external surface, and a length running from a first end
to a second end; and protrusions extending along the
internal surface in a direction of the length of the tube,
wherein at least one of a spacing, a size, or a shape of
the protrusions changes between the first end of the tube
and the second end of the tube, wherein the tube and
the protrusions are monolithic.
[0108] Optionally, a height of at least one protrusion of
the protrusions changes along the length of the tube.
[0109] Optionally, at least one protrusion of the protru-
sions terminates prior to the second end.
[0110] Optionally, the first end is an evaporator end,
wherein the second end is a condenser end, and wherein
a spacing of protrusions at the evaporator end is less
than a spacing of protrusions at the condenser end.
[0111] Optionally, the protrusions taper from the first
end to the second end.
[0112] Optionally, the heat pipe further comprises:

flanges extending from the external surface, wherein
the tube, the protrusions, and the flanges are mon-
olithic.

[0113] Optionally, the flanges are out of plane relative
to each other.
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[0114] Optionally, the flanges are shaped and posi-
tioned to interface with a heat source and a heat sink that
are not co-planar with each other.
[0115] Optionally, the flanges are shaped and posi-
tioned to reduce the length of the heat pipe.
[0116] Optionally, a design of the protrusions improves
a capillary pumping function of a working fluid within the
heat pipe.
[0117] Optionally, the tube is contoured to produce a
shortest path from a heat source to a heat sink of a plat-
form taking into account surrounding structures of the
platform.
[0118] Optionally, the first end is an evaporator end,
wherein the second end is a condenser end, and wherein
a design of the protrusions significantly restricts a heat
load transferred to an evaporator when heat is applied
to the condenser end.
[0119] According to a further embodiment, there is pro-
vided a heat pipe comprising: a tube having an internal
surface, an external surface, and a length running from
a first end to a second end; and protrusions on the internal
surface, wherein a first cross-section of the protrusions
at a first location of the length of the tube is different from
a second cross-section of the protrusions at a second
location of the length of the tube, and wherein the tube
and the protrusions are monolithic.
[0120] Optionally, a height of at least one protrusion of
the protrusions changes along the length of the tube.
[0121] Optionally, at least one protrusion of the protru-
sions terminates prior to the second end.
[0122] Optionally, the heat pipe provides a shortest
three-dimensional path from a heat source to a heat sink.
[0123] Optionally, the protrusions form a plurality of
continuously variable grooves.
[0124] According to a further embodiment, there is pro-
vided a method comprising: laying down material using
additive manufacturing to form a heat pipe comprising a
tube and protrusions, wherein the tube has an internal
surface, an external surface, and a length running from
a first end to a second end, wherein the protrusions are
on the internal surface, and wherein a first cross-section
of the protrusions at a first location of the length of the
tube is different from a second cross-section of the pro-
trusions at a second location of the length of the tube;
hot isotropic pressing the heat pipe to reduce porosity;
and heat treating the heat pipe to increase strength.
[0125] Optionally, laying down the material using ad-
ditive manufacturing further comprises forming flanges
extending from the external surface, wherein the flanges
are at arbitrary angles with respect to each other.
[0126] Optionally, the tube is contoured to produce a
shortest path from a heat source to a heat sink of a plat-
form taking into account surrounding structures of the
platform.

Claims

1. A heat pipe (101) comprising:

a tube (112) having an internal surface (116),
an external surface (118), and a length (120)
running from a first end (122) to a second end
(124); and
protrusions (114) extending along the internal
surface (116) in a direction of the length (120)
of the tube (112), wherein at least one of a spac-
ing (126), a size (128), or a shape (130) of the
protrusions (114) changes between the first end
(122) of the tube (112) and the second end (124)
of the tube (112), wherein the tube (112) and
the protrusions (114) are monolithic (125).

2. The heat pipe (101) of claim 1, wherein a height of
at least one protrusion of the protrusions (114)
changes along the length (120) of the tube (112).

3. The heat pipe (101) of claim 1 or 2, wherein at least
one protrusion of the protrusions (114) terminates
prior to the second end (124).

4. The heat pipe (101) of any one of claims 1-3, wherein
the first end (122) is an evaporator end (134), where-
in the second end (124) is a condenser end (136),
and wherein a spacing (126) of protrusions (114) at
the evaporator end (134) is less than a spacing (126)
of protrusions (114) at the condenser end (136).

5. The heat pipe (101) of any one of claims 1-4, wherein
the protrusions (114) taper from the first end (122)
to the second end (124).

6. The heat pipe (101) of any one of claims 1-5 further
comprising:

flanges (138) extending from the external sur-
face (118), wherein the tube (112), the protru-
sions (114), and the flanges (138) are monolithic
(125).

7. The heat pipe (101) of claim 6, wherein the flanges
(138) are out of plane relative to each other.

8. The heat pipe (101) of claim 6 or claim 7, wherein
the flanges (138) are shaped and positioned to in-
terface with a heat source (140) and a heat sink (142)
that are not co-planar with each other.

9. The heat pipe (101) of claim 8, wherein the flanges
(138) are shaped and positioned to reduce the length
(120) of the heat pipe (101).

10. The heat pipe (101) of any one of claims 1-9, wherein
the tube (112) is contoured (152) to produce a short-
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est path from a heat source (140) to a heat sink (142)
of a platform (154) taking into account surrounding
structures of the platform (154).

11. The heat pipe (101) of any one of claims 1-10, where-
in the first end (122) is an evaporator end (134),
wherein the second end (124) is a condenser end
(136), and wherein a design of the protrusions (114)
significantly restricts a heat load transferred to an
evaporator when heat is applied to the condenser
end (136).

12. The heat pipe (101) of any one of claims 1-11, where-
in a first cross-section (156) of the protrusions (114)
at a first location of the length (120) of the tube (112)
is different from a second cross-section (158) of the
protrusions (114) at a second location of the length
(120) of the tube (112).

13. A method comprising:

laying down material (106) using additive man-
ufacturing to form a heat pipe (101) comprising
a tube (112) and protrusions (114), wherein the
tube (112) has an internal surface (116), an ex-
ternal surface (118), and a length (120) running
from a first end (122) to a second end (124),
wherein the protrusions (114) are on the internal
surface (116), and wherein a first cross-section
(156) of the protrusions (114) at a first location
of the length (120) of the tube (112) is different
from a second cross-section (158) of the protru-
sions (114) at a second location of the length
(120) of the tube (112);
hot isotropic pressing the heat pipe (101) to re-
duce porosity; and
heat treating the heat pipe (101) to increase
strength.

14. The method of claim 13, wherein laying down the
material (106) using additive manufacturing further
comprises forming flanges (138) extending from the
external surface (118), wherein the flanges (138) are
at arbitrary angles with respect to each other.

15. The method of claim 13 or claim 14, wherein the tube
(112) is contoured (152) to produce a shortest path
from a heat source (140) to a heat sink (142) of a
platform (154) taking into account surrounding struc-
tures of the platform (154).
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