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CHAPTER 1

INTRODUCTION :

1.1 HISTORY

In 1934, Gaugler (1) patenteﬁ a lightweight heat transfer device which was essent1a1iy
the present heat pipe. However, the technology of that period presented no clear need for such
a device and it lay dormant for two decades. The idea was resurrected in connection with the
space program, first as a suggestion by Trefethen (2) in 1962 and then in the form of a patent
application by Wyatt in 1963. It was not until Grover and his co-workers (3) of the Los Alamos
Scientific Laboratory independently invented the concept in 1963 and built prototypes that the
impetus was provided to this technology. Grover also coined the name "heat pipe" and stated,
“With certain 1imitations on the manner of use, a heat pipe may be regarded as a synergistic
engineering structure which is equivalent to a material having a thermal conductivity greatly
exceeding that of any known metal." |

The first heat pipe which Grover built used water as the working fluid and was followed
shortly by a sodium heat pipe which operated at 1100°K. Both the high temperature and
ambient temperature regimes were soon explored by many workeré in the field. It was not until
1966 that the first cryogenic heat pipe was developed by Haskin (4) of the Air Force Flight
Dynamic Laboratory at Wright-Patterson Air Force Base.

The concept of a Variable Conductance or Temperature Controlled Heat Pipe was first
described by Hall of RCA in a patent application dated October 1964. However, although the
effect of a non-condensing gas was shown in Grover's original publication, its significance
for achieving variable conductance was not immediatly recognized. In subsequent years the
theory and technology of gas controlled varfable conductance heat pipes was greatly advanced,
notably by Bienert and Brennan at Dynatherm (5 ) and Marcus at TRW (6 ).

On April 5, 1967, the first "0-g" demonstration of a heat pipe was conducted by a
group of engineers of the Los Alamos Scientific Laboratory. This first successful flight
experiment overcame the initial hesitation that many spacecraft designers had for using this
new technology to solve the ever-present temperature control problems on spacecraft. '
Subsequently, more and more spacecraft have relied on heat pipes either to control the
temperature of individual components or of the entire structure. Past examples of this trend
are the 0AO-C (7) and ATS-6 (8) spacecraft. Current applications include heat pipe
{sothermalizers for the I[.U.E. (9) and gas-controlled heat pipes on the CTS (10).
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A number of different types of fixed conductance and variable conductance heat pipes are being
developed or proposed for various shuttle missions including thermal canister (11}, LDEF (12),
and the Atmospheric Cloud Physics Lab (13), to mention a few. The Galileo Mission will use
copper/water heat pipes to cool the radiator fins of the Selenide Isotope Generators (s1G) (14)
which provide power for the Jupiter probe. In short, heat pipes have received broad acceptance
throughout the aerospace industry.

The early development of terrestrial applications of heat pipes progressed at a
E mugh slower pace. In 1968, RCA developed a heat pipe heat sink for transistors used in
afrcraft transmitters. This probably represented the first commercial application of heat
pipes. The early use of heat pipes for electronic cooling was prohibited by cost and the
improvéments were minimal because of the relatively low power densities of many of the
electronic components that were avai1abfe. Since that time, however, the "Energy Crisis®
was experienced and the production of Tow cost "gravity-assist" heat pipes followed. The
most notable single application is the stabilization of the permafrost in the Alyeska
Pipeline (15). Heat pipe heat recovery systems also represent a substantial market which is
continually growing. The demand for alternate energy sources had led to the development of
{nnovative intermediate and high temperature heat pipes fof solar collection (16, 17) and
coal gasification (18). In addition, considerable development has also been conducted to
utilize heat pipes for the deicing of highways (19), bridges (20), and airport runways (21).

In. addition to the advancements realized from the various applications, basic
research and development has aléo continued. Improved geometries have been developed or
proposed for axially grooved heat pipes (22, 23). Graded porosity wicks have also been
fabricated (24). Several priming techniques for arterial wick designs including venting
foils (25), Clausius-Claperon priming (261, and jet-pump assist (27), have evolved. Control
techniques including the blocking orifice diode (28), 1iquid trap diodes and thermal
switches (29), vapor modulated variable conductance (30), and soluble gas absorption
reservoirs (31), have also been developed. Finally, analytical techniques and computer
programs have been developed to predict performance and establish heat pipe designs for
many of the systems noted above.

Regarding the literature, the first Heat Pipe Design Handbock (32) was published

for NASA Manned Spacecraft Center, Houston in August 1972. Since that time, three
International Heat Pipe Conferences have been conducted, two books on heat pipes have been

authored, and numerous papers have been written on the subject.
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This Design Manual represents an update of the original Design Handbook. The
principal reference sources that were used are 1isted in Table 1-1. A brief discussion
of heat pipe operation is given in the next sections and then the arrangement of the

Manual is defined.

TABLE 1-1. MAJOR REFERENCES

AUTHOR TILE PUBLICATION DATE REFERENCE NO.
B. D. Marcus Theory and Design of April 1972 6
Variable Conductance .
Heat Pipes 7
W. B. Bienert and Heat Pipe Design Handbook August 1972 32
E. A. Skrabek . '
F. Edelstein and Heat Pipe Manufacturing Study August 1974 33
Haslett ' :
P. D. Dunn and Heat Pipes 1976 ' 34
D. A. Reay
S. W. Chi Heat Pipe Theory and Practice 1976 35

1.2 PRINCIPLES OF OPERATION

The basic heat pipe is a closed container which contains a capillary wick structure
and a smaﬁ1-amount of working f1qid which is saturated at operating conditions. The heat pipe
employs a boiling-condensing cycle and the capillary wick pumps the condensate to the evapor-
ator. This is shown schematically in Fig. 1-1.

The vapor pressure drop between the'evaporator and the condenser is very small; and,
therefore, the boiling-condensing cycle is essentially an isothermal process. Furthermore,
the temperature losses between the heat source and the vapor and between the vapor and the
heat sink can be made small by proper design. Therefore, one feature of the heat pipe is
that it can be designed to transport heat between the heat source and the heat sink with
very small temperature drop. ]

The amount of heat that caﬁ be transported as latent heat of Qaporization is usually
several orders of magnitude larger than can be transported as sensible heat in a conventional
convective system with an equivalent temperature difference. Therefore, a second feature of
the heat pipe is that relatively large amounts of heat can be transported with small light-

weight structures.
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Fig. 1-1. Schematic representation of heat pipe operatidn

The capillary pumping head is derived from a difference in the radii of curvature of
the fluid surfaces in the capillary pores in the evaporator and condenser wick sections. In
arder for the available capillary pumping head to be able to provide adequate circulation of
the working fluid, it must be sufficient to overcome the viscous and dynamic losses of the
system and it must compensate for adverse gravity effects. Capillary pumping heads are
normally small when compared to the pumping heads available in dynamic systems. Therefore,

certain restrictions must be imposed on the application of heat pipes in gravity envéronments.

1.3 TYPES OF HEAT PIPES

Heqt'pipes are classified into two general types--"Fixed Conductance" and "Variable

Conductance.” A fixed conductance heat pipe is a device of very high thermal conductance
with no fixed operating temperature. Its temperature rises or falls according to variations
in the heat source or heat sink.

It was recognized rather early in the history of the heat pipe research (36) that
techniques could be developed which yould provide for control of the effective thermal
conductance of the heat pipe. This was first envisfoned as blocking a portion of the
condenser by a non-condensible gas. More recently several other types of control have been
developed including liquid blockage and 11quid and vapor modulation. Such ‘techniques enable -

the device to be operated at a fixed temperature independent of source and sink conditipns. -
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1.4 HEAT PIPE OPERATING TEMPERATURE RANGES

In this manual, the operating temperature ranges of the heat pipes are referred to as
"cryogenic” (0° to 150°K) (-45° to -189°F), "Tow temperature (150° to 750°K) (-189° to +890°F),
and "“high temperature” (7500 to 3000°K) (8900 to 5432°F). These ranges have been defined
somewhat arbitrarily such that the currently known working fluids are generally of the same
type within each range, and each range is roughly four times as large as the preceding one.
Working fluids are usua11y elemental or simple organic compounds in the cryogenic range,
mainly polar mo]ecu1es or halocarbons in the lTow temperature range, and Tiquid metals in the

" high temperature range.

1.5 ARRANGEMENT OF THE MANUAL

The new manual consists of two volumes as defined by the Table of Contents. Volume 1
contains ten cnapters which are numbered consecutively and progress from analysis througn design
fabrication, test and the application of both fixed conductance and variable conductance
heat pipes. Chapters 6 and 8 on Manufacturing and Testing are major new additions. Each
of the chépters are independent and are arranéed to permit the addition of new material as
it becomes available. '

Volume II contains tabulated property data for most common working fluids and
summarizes the available heat pipe computer codes. It is intended to be used as a separate

reference for working data.
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NOMENCLATURE

- The following pages contain a listing of the symbols used throughout this Manual.

The units for each quantity are given in both the SI system and the English Engineering Units.

Symbol

*

A
A,
8
c

(=]
te

A
B

o
o

= F m x T &6 o .m

(o}
[+

Area

Constants for Beattie-
Bridgman Equation

Molal Density

Heat Capacity

Diameter

Inside Diameter of Tube
Outside Diameter of Tube
Body Force

Pressure Drop Ratio
Thermal Conductance
Gibbs Free Energy
Wicking Height Factor
Permeability

Length

Molecular Weight

Number of Grooves

Liquid Transport Factor
Axfal Heat Flow Rate

Heat Transport Factor

Principal Radius of Curvature

Thermal Impedance
Reynolds Number

Gas Constant (RO/M)
Universal Gas Constant
Average Land Thickness
Crimping Factor
Temperature

Velocity

SI Unit

m

kg moles m™3

J kg 1k

-1
-1

WK
J kg

£12

b mole ft~3
Bty 1bm™) F~
“ft (in)

ft (in)

ft (in)

1bf

1 -1

Btu hr”
Bty Tom™)
12

ft2

F

ft (in)

bm mole™

W in~2

Btu hr”
W in
ft_(in)
Ful

1

1

English Units

£t 1bf Tom™) F7!

1

Btu mole™ F

in

F

£t 5!

-1
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a,b,c

»x J O O a o

Volume
Weber Number
Area Per Unit Length

Constants for Beattie-
Bridgman Equation

Tortuosity Factor

Wire Diameter

Acceleration

Heat Transfer Coefficient '

Elevation

Thermal Conductivity

Spring Constant of Bellows
Mass Flow Rate

Pressure

" Radial Heat Flu /Unit Length

Radius

Thickness

Molal Specific Volumg

Groqve Width
Axial Coordinate
Perpendicular Coordinate

Characteristic ﬁimension
(in We)

Aspect Ratio

Fraction of Impinging
Molecules Sticking to
Surface

Groove Half Angle

Ostwald Coefficient

Heat Pipe Orientation with

Respect to Gravity
Ratio of Specific Heats

Depth of Grooves

SI Unit

W cm'zl('1

Wem K

rad

rad

English Unit

£t

ft

in

ft s

Btu
ft
Btu

1bf
1bm
(psi
W in
ft
ft

2

£t heo! £

ft hrolft=2 fo

-] T T

ft
hr"1
-2

a) 1bf in
=2

f1:3mo'le'.l

in
ft
ft

in

deg

deg

in
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Symbol SI Unit English Unit

€ Porosity ) - -
n Gravity Factor - -
n Liquid Void Fraction in Gas

Absorption Reservoir - -
8 Contact Angle ' rad deg
A Heat of Vaporfzation J kg'1 Btu Tom™)
u V}scosity (dynamic) Nsm 16f s ft-2
u Mesh Number (of screens) L : in”)
v Kinematic Viscosity me s°1 £l ¢
o Density kg m3 Tom 73
o Surface Tension Nm! 1of £t7!
-
w Angular Velocity rad s deg s
Symbol
A Incremental
v Del QOperator
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Subscripts

a " Active Section of VCHP
a Adiabatic

b Bellows

c Condenser

cond Condensation

e " Evaporator
. en Envelope

ev Evaporation

ex Excess

ext External

h Hydraulic

i - Inactive Section of VCHP
int Internal

J Counter Index '
X Liquid

max Maximum

min Minimum

n Nucleation Cavity

0 Sink

p Pore

r Radial

r Reservoir

H Source

st Storage

t Total

v Vapor

vap Vaporization

L Wick

1] Parallel

1 perpendicular
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CHAPTER 2

FIXED CONDUCTANCE HEAT PIPE THEORY

The basic heat pipe theory as first presented by Cotter (1) has remained unchanged.
This Chapter presents the theory associated with the hydrodynamic and heat transfer .
characteristics of fixed conductance heat pipes. The hydrodynamics determines the heat
transport 1imits of heat pipes and the heat transfer theory relates to their temperature
control behavior. Basic operating principles are discussed in Section 2.1. The theory that
defines a heat pipe's transport capability within the capillary pumping 1imit {is presented
in Section 2.2 through Z.Q. Other heat transport limitations including sonic, entrainment,
and heat flux limits are discussed in Section 2.7. The heat transfer characteristics of a

heat pipe which is operating within the heat transport limits are given in Section 2.8.

2.1 HEAT PIPE OPERATION

The principle of operation of a heat pipe is best described by using the simple
cylindrical geometry shown in Fig. 2-1. The essential components of a heat pipe are the
sealed container, a wick and a suitable working fluid which is in equifibrium with its own
vapor. When heat is applied along one section of the pipe (evaporator), the local tempera-
ture is raised slightly and part of the working fluid évaporates. Because of the saturatioﬁ
conditiqn this temperature difference results in a difference in vapor pressure which,in
turn, causes vapor to flow from the heated section to a cooler part of the pipe (condenser).
The rate of vaporization is commensurate with heat absorbed in the form of latent heat of
evaporation. The excess vapor condenses at the cooler end and releases its latent heat.
During steady-state operation, conservation of energy requires that the amount of heat v
absorbed is identical to the heat released. Return of the 1iquid condensate occurs through
the wick. The wick provides a f1;w path for the 1iquid and i{s also responsible for the
pumping. During evaporation the 1iquid recedes somewhat into the pores of the wick thus
forming menisci at the liquid-vapor interface which are highly curved. On the other hand,
condensation occurs mainly on the surface of the wick with corresponding flat menisci. A
pressure difference which is related to the radius of curvature exists across any curved
liquid-vapor interface in thermodynamic equilibrium. Since the curvature is different at
the evaporator from that at the condenser, a net pressure difference exists within the
system. This capillary pumping pressure maintains circulation of the fluid against the

1iquid and vapor flow losses and sometimes against adverse body forces.
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Capillary Wick Liquid Flow

Heat Input Heat Output : ™

trrtty S NN

———— x, Pt Xg -t Xg .
Evaporator Adiabatic Transport Condenser
= x Container

Fig. 2-1. Schematic diagram of the principle of operation of a heat pipe

"“

’Idiiaﬂitibn to an evapbrator and condense}, the heat pipe ffequehtly'a1so has an
"adiabatic” section. It s characterized by zero heat exchange with the environment.

It shbuld also be noted that the heat pipe is not limited to having only one evaporator
and éondenser but may have several heat input and output areas interdispersed along its
Tength.

As generally conceived, heat pipe theory consists of the description of concurrent
hydrodynamic and heat transfer processes. Hydrodynamic theory is used to describe the
circulation process. Its most important function is to establish the maximum circulation
and, therefore, the maximum heat transport capability of the heat pipe. It also defines
and sets bounds upon various factors affecting maximum circulation.

Heat transfer theory deals essentially with the transfer of heat into and out of the
heat pipe. It 1s used primarily to predict overall conductance. Since the heat pipe
utilizes evaporation and condensation, it is subject to limitations, such as boiling,
which do not apply to solid conductors. Heat transfer theory is used to investigate

these limitations and also to provide a model for the overall conductance.
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Fundamentally, the internal heat transport process of a heat pipe is a thermodynamic
cycle subject to the First and Second Laws. A quantity of heat is applied to the
system at a temperature T], and the same quantity of heat is rejected at a lower temperature

T "Work" {s generated internally but it is completely cbnsumed in overcoming the

2
hydrodynamic losses of the system. The energy conversion process occurs in the ﬁhase change
across the curved liquid-vapor 1nté}face, where thermal energy is converted to mechanical
energy with the appearance of a pressure head. The curvature of this interface adjusts
automatically, such that the capillary pumping (the "work" of the system) is just adequate
to meet the flow requirement. As with every thermodynamic cycle a finite temperature
difference must exist between the heat source and heat sink; that is, heat rejection must
occur at a lower temperature than heat addition. In most heat pipes this AT associated with
the circulation of the working fluid is smal compared to other conductive temperature
gradients. Nevertheless, even an ideal heat pipe can never be completely isothermal because
this would violate the Second Law of Thermodynamics. '

Although its performance does have definite 1imits, the heat pipe generally has very
high heat transport capability. The limitations include maximum capillary pumping ability,
choking of the vapor flow when it approaches sonic velocity, entrainment of 1iquid droplets

in the vapor stream, and disruption of the 1iquid flow by the occurrence of boiling in the

wick.

2.2 FUNDAMENTAL CONSIDERATIONS

The 1iquid and the vapor phases of the working fluid are in close contact with each
other along the entire length of the heat pipe. Because of the circulation, the pressures
in the liquid and vapor are not constant, but vary along the length of the pipe. Furthermore,
the pressure difference between the 1iquid and the vapor is also a function of the location.
In order to maintain the pressure balance between 1iquid and vapor, the interface separating
them must be curved. Any curved 1iquid-vapor interface creates a pressure difference which
can be expressed in terms of the surface tension and the principal radii of curvature R] and
Rz of the interface as given in Egs. 2-1 and 2-2 (2). The principal radii of the surface

are shown in Fig. 2-2.

apy (x) = p, (x) - p, (x) (2-1)

1 1
apy (x) = o (Rl ) + % (x)> (2-2)
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Fig. 2-2. Principal radii of curvature of liquid-vapor interface

4(x)

+ rhy,
(x)
+(VPv)" Py ¥ r (va)J_
WMMM/W
—

Fig. 2-3. Model of heat pipe hydrodynamics
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This interfacial pressure difference 4p; mafntains the pressure balance between vapor and
1iquid at any point along the length of the heat pipe. Since the interfacial pressure
difference varies with Tocation, the radii of curvature of the menisci also var} along the
heat pipe. If the interface is concave with respect to the vapor, the pressure in the
1iquid will be lower than the pressure in the vapor.

The function of the wick in a heat pipe is to provide a medium for establishing
curved interfaces between 1iquid and vapor. It must be emphasized that the interfacial
pressure difference Ap1 {s independent of the wick properties and is only determined by
the curvature of the interfacial surface. Wick properties such as pore size and contact
angle oniy determine the upper bound of the interfacial pressure difference. This upper
1imit is frequently referred to as "capillary pressure.”

In addition to pressure differences between 1iquid and vapor, there exist pressure
gradients within both phases of the working fluid. These gradients are the result of
viscous, momentum and body forces. It is convenient to group the gradients according to
their origin; that is, whether they are associated with the flow or due to independent

body forces,

-
. gF -
- The vector Eq. 2-3 applies to both liquid and vapor phases.
‘For a heat pipe with one-dimensional liquid and vapor flow, the gradients are given

in Eqs. 2-4 and 2-5 in terms of their axial and perpendicular components.

« 3P . EP.) ("F) Axial) (2-4)
(v P)!l _a" | <3X Flow + v " ( a | .
(v p)1 = %5- = (%G)l {Perpendicular) (2-5)

The components of the pressure gradients are shown schematically in Fig. 2-3. This figure
also establishes the sign convention adopted throughout this Handbook. The “"x" coordinate
is parallel to the heat pipe axis, and the "y" coordinate is perpendicular to the axis.
The origin of the coordinate system is located at the bottom and at the evaporator end.

A1l vector components, such as pressure gradients, mass flow rates and body forces shall

have a positive sign 1f they are directed in the positive "x" or “y" direction.
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In some cases, a different coordinate system may be more convenient. For example,
in a heat pipe with multiple evaporators and/or condensers, one might arbitrarily choose .
one end of the pipe as the origin of the coordinate system. A1l hydrodynamic equations are
actually 1ndependént of the choice of the coordinate system. Care must be exercised,
however, in selecting the proper sign for all vector components if a different system is
selected. '

Obviously the assumption of one-dimensional fluid flow does not hold in the areas
where evaporation and condensation occur, or in two-or-three dimensional heat pipes such
as flat plates, cavities, etc. But for most conventional heat pipes, the one-dimensional
model represents a very close approximation.

The body force term in Eqs. 2-3, 2-4, and 2-5 consists of those mass action forces
which are independent of flow; e.g., gravity, ;cce1eration, and electrostatic effects.
This form of the equation does not include flow dependent body forces such as arise due to
magnetic effects which are generally not applicable to heat pipes.

The pressure gradients give rise to mass transfer along the heat pipe. The two

axial mass-flow rates, hv and ﬁz are related through the Continuity Eq.

ﬁv,(x) + ﬁz (x) =0 (2-6)

N/

Eq. 2-6 simply states that during steady-state operaﬁion mass accumulation does not occur
and vapor and 1iquid flow rates must be equal in magnitude but opposite in direction.

F%na]Ty, the mass flow rates are related to the local heat exchange through the
Energy equation:

S -taw (27}

Eq. 2-7 is a simplified form of the First Law of Thermodynamics where q (x) is the rate of
heat addition {or removal) per unit length of the heat pipe. It {s defined as positive
in the case of heat addition (evaporator) and negative for heat removal (condenser). In
Eq. 2-7 the effects of conduction in the axial direction are neglected. It is also assumed
that sensible heat transport is negligible. In the following sections the varioﬂs terms

used in describing the performance of heat pipes are examined in more detail.
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2.3 CAPILLARY PRESSURE

The capillary pressure is defined as the maximum interfacial pressure difference

which a given wick/fluid combination can develop, or:
8Pcap ( 8P1)max (2-8)

The capillary pressure is related to the surface tension of the liquid, the contact

angle between liquid and vapor, and the effective pumping radius through (3):

- 2 g cos 6¢
8Pcap * o (2-9)

With few exceptions, the wicks employed in most heat pipes very often do not have a well
defined pore geometry. Therefore, i; is common practice to define an effective pumping
radius which is determined experimentally and which satisfies Eq. 2-9.

For some well defined wick systems analytical expressions for the effective pumping
radius can be found. For a circular pore the meniscus is spherical and the two

principal radii of curvature of the surface are equal. Referring to Fig. 2-4 we have:

- : r
(R)min = (R2)pin = cos 6c (2-10)

According to Eq. 2-2, the maximum interfacial pressure difference which the capillary

forces are capabIe'of handling is:

. . 1 1 . |20 cos &
(8P Ima - e (Rl,min ' Rz,min) o (2-11)

A compariéon of Egs. 2-9 and 2-11, along with thé identity 2-8, yields the results that
for circular pores the effective pumping radius rp is equal to the physical pore radius.
In long, open channels one of the principal radii is infinite. Using Fig. 2-5 the

minimum radii can readily be calculated:

. W2 -
Ry = @5 (Radpip ™ m (2-12)

The maximum interfacial pressure difference becomes:

?

. _ocos (a+8
(8P4 g e (2-13)
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Fig. 2-5.

Effective pumping radif in an open triangular groove

19

8¢

Rz Minimum Radius of Curvature

) Contact Angle
Half Angle of Groove

Groove Width

(Filled Groove)
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In the 1imit of grooves with parallel walls (a = 0) Eq: 2-13 reduces to: ]

max W

(ap,) . 290cos & (2-14)

If we compare Eds. 2-14 with 2-9 along with the Identity 2-8, we see that the effective_
pumping radius of a rectangular groove is equal to the groove width while for circular
pores it is equal to half the pore diameter. The reason for this difference is, of
course, the absence of curvature in the direciion of the groove length. Several methods
for determining the effective radius of various wick geometries are discussed in the
Design Section.

A volume of literature exists on the contact angle, and many inconsistencies in
experimental results are reported. However, it has been well established now that much
of the "inconsistent" behavior of the contact angle is due to very low level impurities in
the 11quid or on the surface being wetted. Thus, combinations of scrupulously clean
surfaces and very pure 1iquids will exhibit no difference in advancing and receding
contact angles; and water and other 1iquids with low surface tensions should exhibit a
contact angle of approximately zero (2) on all clean metal surfaces with which they do not
~ react chemically. The fact that much larger contact angles are often observed usually
{ndicates the presence of absorbed {mpurities on the surface, which is generally more
d1ff?cu1t to clean than the working fluid.

The capillary pressure, as defined in this section, refers to the maximum interfacial
pressure difference which a given wick/1iquid combination can sustain; but, as pointed
out earlier, the interfacial pressure varies along the heat pipe. The upper and Tower
Timit of the interfacial pressure difference must be known in order to determine the
maximum heat transport capability. The lower limit corresponds to the maximum value of
the radius of curvature of the meniscus. It can be determined that for wetting 1liquids
the pressure in the liquid cannot exceed that of the vapor. Equal pressures in liquid
and vapor correspond to an infinite radius of curvature which is equivalent to a flat
meniscus. For nonwetting 1iquids the pressure in the liquid always exceeds that of the
vapor.

The point of pressure equality in liquid and vapor rep?esents & well-defined boundary
condition for the integration of the flow equations. Frequently it is located at the

end of the condenser of the heat pipe. In the presence of body forces and with complicated
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heat pipe geometries or distributed heat loads, this will not necessarily be the case

and a careful analysis is required to determine its location.

This subject will be

discussed in more detail in conjunction with the integration of the flow equations.

2.4 PRESSURE GRADIENTS IN THE LIQUID

The 1iquid is subjected to a number of different forces, such as the shearing

forces associated with viscous flow, the forces associated with momentum in a dynamic

system, and the body force effects arising from external force fields. The actions of =

these forces upon the liquid result in pressure gradients along the heat pipe as was

{ndicated in Eq. 2-3.

The ratio of the dynamic-to-viscous flow pressure gradients in a capillary passage

i{s on the order of magnitude of the Reynold's number determined using the average flow

in a pore (4). Since this number will be small with respect to unity for heat pipes,

the inertial (dynamic) forces in the 1iquid will be neglected.

2.4.1 Viscous Pressure Gradients in the Liquid

The pressure gradient resulting from viscous shear forces in an incompressible

1iquid with laminar flow through a porous media fs given directly by Darcy's Law (5):

dp, -y Ay (x)

& " KA, °,

(2-15)

For some geometries where the physical dimensions of the pores are known and are well

defined the permeability K may be expressed in terms of a hydraulic diameter Dh and the

porosity of the wick € (6):

€ th
K= —7

The hydraulic diameter Dh {s defined as:

L 4A
O * WP

(2-16)

(2-17)

The above definition represents a good approximation for many geometries. More refined

expressions for permeability are given in Chapter 4.

For cylindrical passages with diameter D, Eq. 2-17 yields for the hydraulic

diameter:

21

(2-18)
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and Eq. 2-15 reduces to a form of Poiseuille‘s Law:

dpy ] -32 4, m (x) (2-13)
I e Ay Py Dy -

For many wick geometries the hydraulic diameter cannot bé calculated, pa}ticu1ar1y
for those which involve porous materia1s; In these cases it is best to resort to
experimental measures to obtain a value for the permeability.

When the wicking system consists of uncovered channels a; in the case of axially
grooved heat pipes there is a shearing effect on the 1iquid which results from the
counterflow of the vapor. This induced 1iquid loss can be significant particularly at
low vapor pressures or at high axial heat loads (e.g. commercial applications). Hufschmidt,
et.al. (7) determined an empirical éxpression for a rectangular groove whose depth is
greater than the groove width, which accounts for this loss.

j‘i_ h my (x) (1+¢2 ¥
dx K(x)Ay (x) o, 3

This is basically the Hagon-Poiseuille Eq. modified by the term (%;-w) to account for

) (2-20)

the 1iquid-vapor shear loss, where ¢ is the groove aspect ratio.

6= Groove width at the liquid-vapor interface
- 2 (Groove depth)

For the groove geometry shown in Fig. 2-6

T
(Rv + Rt) 51n W'Rt
R1 - Rv

(2-21)

¢-

The parameter y 1is dependent on whether the vapor flow i§ laminar or turbulent (B8).

For laminar vapor flow (Re, < 2000)

4 (Ry-Ry) Vv Ay (2-22)

For turbulent vapor flow (Re, > 2000)

By0e28 Lo.7s .

Ri-Ry A
RO-2S AL-7S by oy ¥ (2-23)
v

v

v = 0.0328
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Fig. 2-6. Trapezoidal groove geometry

2.5.2' Body Forces in the Liquid

The pressure gradients'in the 11quid resulting from body forces can either augment or
diminish the gradients associated with viscous flow. The body forces result from external
fields which can be applied in any direction with respect to the heat pipe's axis. The

body force can be expressed as:

cmali .
dF . — (2-24)
In a gravity field the heat pipe will experience two components of body force.

The obvious body force component is the axial component which is parallel to the mass flow

along the heat pipe:

(%%)‘l- 9 = -'ng,sin 8 . (2-25)
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Depending on whether the condenser (8 > 0) or the evaporator (8 < 0) is elevated, the axfal
body force component of gravity will either augment or impede the 1iquid flow. Wherever
possible in terrestrial applications, the heat pipe or heat pipe system is oriented to

take advantage of.the gravity assist to the 1iquid return. This mode of operation is

often referred to as "refluxing." On the other hand as discussed in Chapter 8, heat pipes
for aerospace applications are generally tested at a slight adverse elevation to demonstrate

performance without any possible gravity assist.

Less frequently considered is the perpendicular body force component:

AR
(W)1 "P9 -8 gcosB (2-26)

Uniike the axial body force component, this componentvw111 always act to the detriment of
heat pipe opqration. It generates a pressure gradient which 1s perpendicular to the liquid
flow (Eq. 2-5). When integrating the flow equations, it is found that this perpendicular
gradient always detracts from the capillary pumping (Section 2.6).

Body forces originate not only from gravity but from any acceleration vector,ii A
typical, and frequently encountered non-gravitational body force is that resulting from
acceleration due to rotation. Its vector is directed in a radial direction from the axis

of rotation and its magnitude is:
9.+ ™ Tw? (2-27)
rot .
where T is the distance between the axis of rotation and the point where the body force

{s encountered.

2.5 PRESSURE GRADIENTS IN THE VAPOR

The pressure gradients in the vapor will also result from a combination of flow
dependent (viscous and dynamic) effects, and flow independent external force fields or
body forces. However, the effécts on heat pipe performance of the varfous preséure
gradients in the vapor phase are not as easfly determined as those of the liquid. Much
of this difficulty is attributable to the higher flow velocitfes in the vapor which make
it more susceptible to the effects of mass addition and removal along the length of the

heat pipe, to the frequently non-negligible dynamic effects, to the existence of turbulent
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flow, and to the compressibility of the vapor. All of these factors combine to produce a
condition which does not permit simple, all encompassing, analytical expressions for the

vapor pressure losses.

2.5.1 Viscous Pressure Gradients in the Vépor

Under conditions of low axial heat flow and high vapor density, the vapor velocity
will be low and viscous forces will predominate. If laminar, non-compressible flow occurs
the vapor pressure gradient can also be expressed by Darcy's Law:

dp, -u,'m, (x)

a;. - -ﬂ—a—-e—v . (2'28)

v

Since the vapor passages are generally of a relatively simple geometry compared to those
of the Tiquid, the concept of the "hyéraulic diameter” is especially useful. Substituting
the hydraulic diameter for the permeability in Eq. 2-16 the pressure gradient in the vapor

becomes:

" dpy, 32 u, my (x) (
.- 2-29)
dx v Ay Dyy .

By the definition of the porosity e--i.e., the ratio of void volume to total volume, the vapor

space porosity {s unity.

2.5.2 Qﬁnamic Pressyre Gradients in the Vapor

Separation of viscous and dynamic effects in the vapor flow is not really possible.

If the dynamic effects cannot be neglected, Eq. 2-29 should be replaced by Eq. 2-30 (1):
dpy 32 u, ‘;‘v 3 11 2 »
T — |l1*tT7 Re.-gmpRe +.... (2-30)

where the radial Reynolds number, Rer, {s defined by:

1 d'i‘v 2-
Rep * 773 & : (2-31)

v
The expansion in Eg. 2-30 accounts for momentum changes due to evaporation or condensation.
It obviously holds only for small rates of evaporation and condensation, {.e., for Rer << 1,
The momentum effects cause the pressure gradient in the evaporator to be higher than for

viscous shear alone and the pressure gradient in the condenser to be Tower due to decelera-
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tion of the vapor flow. In the absence of mass addition or subtraction, as for example in

the adiapatic section of a heat pipe, Eq. 2-30 reduces to that of purely viscous flow. ‘
For high evaporation and condensation rates the pressure distribution in the vapor

is considerably more complex. Analytical solutions exist only for the limiting case, where

the radial Reynolds number approaches infinity. For this 1imit the pressure gradient is_

given in (9)

dpy Swm dmy,

.. — (2-32)
dx Py A, thv dx

The value for the numerical constant S is 1 for evaporation and 4/1r2 for condensation.

Eq. 2-32 predicts approximately 40% recovery of the dynamic head in the condenser.

2.5.3 Tyrbulent Flow and Compressibility Effects

Little 1s known about the onset of turbulence in vapor flow with high radial Reynolds
numbers. In the adiabatic section, where the radial Reynolds number is zero, fully
developed turbulent flow will occur if the axial Reynolds number exceeds 2000. The axial

Reynolds number is defined in the usual manner as:

Re, = (%v , | | (2-33)

For turbulent flow the viscous pressure gradient is given by the empirical Blasius Law (5)

dp 0.156 y 2 ’
v v 7/4
& "R, e (2-34)

In the transition region, i.e., at an axial Reynolds number of approximately 2000, Blasius'
Equation holds only approximately and gives slightly different numerical values than
the expression for laminar flow.

Compressibility effects can horma11y be ignored if the Mach number of the flow is
less than approximately 0.2. This criterion applies for most heat pipes with the notable
exception of 1iquid metal heat pipes during start-up. If compressibility effects are taken
into account, the pressure recovery for high axial fluxes may be as high as 90% (10) instead
of the 40% predicted by £q. 2-32. Compressibility can certainly not be neglected when the
vapor flow approaches sonic conditions. This has been considered by Levy (11) (12) and is

discussed in Section 2.7.
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2.5.4 Body Forces in the Vapér .

-~

The theory of body forces acting upon the vapor {s identical to that of the 1iquid.
However, because of the large difference in density between 1iquid and vapor (usuallyon

the order of 103) the effect of body forces in the vapor i§ generally negligible.

2.6 CAPILLARY HEAT TRANSPORT LIMIT

2.6.1 General Approach

The rate of circulation of the working fluid i{s determined by a balance of
capillary pumping, body forces, and viscous and dynamic flow losses. During
normal operation the pumping adjusts itself to meet the circulation requirements. But
since capillary pumping is limited to.a maximum capillary pressure (see Section 2.3) a
1imit also exists for the rate of circulation and therefore for the heat transport
capability.

The capillary 1imit 1s the most commonly encountered limit and it relates to the
hydrodynamics previously discussed. When the required interfacial pressure exceeds the
capillary pressure that the wick can sustain, the pumping rate is no longer sufficjent
to supply enough Tiquid to the evaporation sites. Consequently, more liquid is evaporatéd .
tﬁan replenished and local dryout of the wick occurs.

.For high velocity vapor flows, other hydrodynamic limits may restrict the heat
transpofi even before the capillary limit is reached. The sonic limit occurs when
the vapor velocity reaches the sonic point. A further increase in the mass flow is
not possible without raising the saturation vapor pressure and therefore the vapor
temperature. High velocity vapor flow may also interfere with the recirculating
11quid causing liquid droplets to be entrained in the vapor and preventing sufficient

1i{quid from returning to the evaporator (entrainment 1imit). Finally, high Tocal

heat fluxes can Tead to nucleation within the liquid and result in with dryout
(boiling 1imit). Each one of these limitations will be discussed separately in
subsequent sections.

In the preceding sections the pressures and‘forces affecting the circulation of the
warking fluid of a one-dimensional heat pipe have been presented in differential form. No
restriction has been placed on the dist;ibution of heat fluxes into and out of the heat
pipe, its orientation with respect to body forces, and the geometry of the wick. In order

to arrive at the capillary limit, {.e., the maximum heat transport capability of a heat
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pipe, the hydrodynamic equations must be integrated; In the general case, numerical
methods have to be employed and the integration constants must be chosen judiciously,
partfcu1ar1y when body forces and more than one evaporator and condenser are involved.
The following app;oach will always lead to the correct capillary limit and can readily
be reduced to a closed form solution for uniform geometries.

The pressure distribution in 1iquid and vapor is obtained by integrating the axial

pressure gradients.

X

P, (x) = f (v Pv)"dx +p,(0) (2-35)
[«

> 4
x) = dx + 0 ’ ) -
P, (x) _/; (v Py_)"dx pe (0) (2-36)

The integration is extended from one end of the heat pipe (x = 0) to the specific location
X. The two integration constants must be determined before the absolute values of each
pressure can be calculated. The two pressures are related at every point x through the
interface Eq. 2-1.

8Py (x)=py (x)-p (x) . (2-1)

Inserting the values for Py {x) and Pe {x) from Eqs. 2-35 and 2-36 yields:

_—— . - . R

8 py (x) = j; [(v Py (7 p")ll] dx + py (0) - p, (0)  (2-37)

Equation 2-37 gives the reﬁuired interfacial pressure differenéé 4py at any axial location
x to within the additive constant [pv (0) - P, (0)] .

In general, apy will vary aiong the length of the heat pipe and at some point x'
will reach its Towest, or minimum value. It s generally assumed that this minimum
interfacial pressure difference is zero (equal pressure in liquid and vapor, corresponding
to a "flat" meniscus). The integration constant in Eq. 2-37 may then be evaluated as

follows:

8py (x') =0 (2-38)
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p, (0) - p, (0) =‘-jo' [(v Py, - (F p,_)"] dx (2-39)

The interfacial pressure difference becomes:

> 4
89, (x) = f [1700, - 7o), ] ox (2-40)
This last equation describes the interfacial pressure difference at any location, x, of
the heat pipe with respect to the reference value at x' which, conveniently, is equal to
zero.

There always exists at least one axial location xf at which the interfacial pressure
difference 4p, (x) reaches a highest, or maximum value. Once this point has been found
{either by numerical or closed form solution) the maximum interfacial pressure difference
can be expressed as:

(8 py)pae = APy (x) '[.‘ [(V Py - (¥ pl)l'] dx  (2-41)

x

In the hydrodynamic 1imit the pumping requirement (4p.) is equal to the maximum

i ‘max )
capillary pressure, Apcap’ which the wick can develop. Prcper circulation of the working
fluid s assured if the pumping requirement {s less than the maximum capillary pressure

difference:
(8 Pydpax < & Peap (2-42)

For a specified wick geomefry and heat flux distribution, the above equation will in

general be an inequality. In the kourse of a numerical analysis it establishes the criterion
for a selected heat pipe and wick geometry to satisfy the heat transport requirement.
Alternately, Eq. 2-42 may be used as an equality to determine the capillary pumping require-
ment. For most wicks, capillary pumping (pore ﬁize) and hydrodynamic¢ pressure gradients

are closely relatéd. The approach is therefore to select a particular wick, compute the
hydrodynamic requirements according to Eq. 2-41 and then compare the resulting (Api)max

with the capillary pumping capability Ap If the inequality is met, the selected

cap’
wick will be adequate for the given heat transport requirement.
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The preceding equations express the capillary pumping requirement in terms of
integrated pressure gradients within 1iquid and vapor. These préssure gradients are
related to the corresponding mass flow ratés and the body forces. The mass flow
rates, in turn, are determined by the heat transport requirement.

For a specified distribution of heat input and output, q (x), the mass flow

rates of vapor and liquid are obtained by integrating Eq. 2-7.

giaéal - Law (2-7)

Integration yields:

- y o
* 1 : .
m, (x) = ./: 59 (x) dx + m, (0) (2-43)
The above equation gives the mass flow rate of the vapor for every axial location, x,
when the integration is extended from one end of the heat pipe, (x = 0), to the point x.
Conservation of mass requires that the integration constant, ﬁv {0), goes identically to

zero since no vapor enters or leaves the heat pipe. Thus:
@, (0) =0 (2-44)

The mass flow rate of the vapor is thus uniquely determined by the heat exchange with
the environment. Because of the requirement of mass continuity (Eq. 2-6), the mass flow
rate of the liquid is equal in magnitude and opposite in direction to the mass flow rate

of the vapor.

ﬁ'ﬁ (x) B - I'i\v (X) (2‘45)

The net axial heat flow rate, Q, is related to ﬁv and ﬁz through
Q(x)= Am (x)=-2 m (x) (2-46)

The theory as presented so far does not include the effects of perpendicular
components of the body forces. Since the hydrodynamic model is one-dimensional,
perpendicular body forces do not affect the axial pressure gradient. The perpendicular

body forces, however, create a pressure gradient within the 1iquid which {s perpendicular
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to the flow direction. Referring to Eq. 2-26, this pressure gradient is

(%%) =0 g‘L *-p gcosB (2-26)
1 )

The total pressure difference in the 1iquid across the heat pipe becomes:

&V 3p£
(a p").l. = A T, dy = - 2,90 cos 8 (2-47)

where the integration is extended from the bottom (y = 0) to the top (y = Dw) of the

wick. Equation 2-47 holds for any axial location x. This pressure difference creates

an additional capillary pumping requirement. The wick must be capable of supporting the
interfacial pressure difference between any two locations within the heat pipe (including
those at different vertical positions). The datum point of equal pressure in 1iquid and
vapor will always be Tocated at the Tower 11quid/vapcr interface of the heat pipe
(xsx',y=0+ tw)’ Conservatively, we Tocate it at the bottom of the heat pipe (y = 0).
The point of maximum interfacial pressure difference exists at x = x*, y = Dw. The

_ additional interfacial pressure difference p11 due to the perpendicular pressure gradient

is given by:

APy * (Pyltop = (Pplpottom = Pz 9 D,C08 8 (2-48)
The amount of capillary pumping available for axfal flow is therefore reduced and Eq. 2-42

must be modified as follows:

(a pf)max b pc;p -8y (2-49)
, -49

[

Ap - Oz g0, cos 8

cap

Most aerospace heat pipes are operated very nearly in the horizontal position. In this
case the value of the cosine is close to unity and the additional pumping requirement is

approximately

%4y ~ Py g 0, (2-50)
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Although this term can be significant when operation at an adverse elevation is required,
in comme~cial applications where a gravity assist is employed this term will generally have :

a negligible effect.

2.6.2 Heat Transport Requirement and Heat Transport Capability

Two very useful parameters in heat pipe design are the "Heat Transport Requirement"
(QL)R, and the "Heat Transport Capability" (6L)max. A meaningful definition of these
parameters requires that:

(1) Both liquid and vapor regimes are laminar and momentum effects are

negligible.

(2) A1l geometric properties of the wick and heat pipe and the fluid

properties are constant along its Tength.

(3) At least one of the following conditions are met:
(a) Body forces are absent, and/or
(b) The location of minimum (x') and maximum {x") interfacial

pressure are independent of Q (x).

The Heat Transport Requirement and the Heat Transport Capability shall be defined by
referring to the pressure balance (Eq. 2-42) witﬁin the heat pipe. Using the applicable
expressions (Egs. 2-4, 2-20, 2-25, and 2-29) for the pressure gradients in liquid and
vapor and Eq. 2-41 for the maximum interfacial presshre difference, the pressure balance

(Eq. 2-42) can be written as follows:

& '>J‘" (3w ) __J___)
cap =), p ADZ K(x) A(x) o /,
(1 {::.iw) } Qiﬂ +p!'gs1nﬁ] dx

Using the above assumptions, Eq. 2.51 can then be rearranged to the following simplified

(2-51)

form:

X X
- C d 2-52
Peap 2 cfl de+£' ngsinB?t ( )

X
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where the constant C combines the wick and working fluid properties and is given by:

cal 32p )\ [ __u (1+ Qiq,] (2-53)
A p A Dhz v KA »p . . 3

In both Egs. 2-51 and 2-52, the integration is extended from the point of minimum (x')

to maximum (x") interfacial pressure difference. Further rearrangement of Eq. 2-52 yields:
x'
/X"

The left side of Eq. 2-54 represents the heat transport requirement; {.e., the heat trans-

Py g 51n ]

q (x) dx < —E / dx (2-54)

port that is determined by the axial distribution of heat flow rates. The right side of
Eq. 2-54 describes the capability of the heat pipe to meet these requirements for a

specified orientation.
The Heat Transport Réquirement is defined as the integral on the Teft side of Eq. 2-54:

]

x
(QL)g sf Q (x) dx (2-55)

X"

It is completely described by the distribution of heat flow rates which is a function of
the app1iqation only; it is independent of the heat pipe parameters and its orientation.

If Eq. 2-54 1s examined, it is seen that the right side is independent of the heat
transport requirement. It contains only physical heat pipe properties; 1.e., wick vapor
space and fluid properties and the orientation with respect to gravity. This term sets
the upper 1imit for the Heat Transport Factor. It is therefore convenient to define the
capability of the heat pipe in a fOpn that permits a direct comparison with the require-
ments, namely, the heat pipes Heat Transport Capability is defined as:

xl
. e} si
(@ . = 2P f Bosn? (2-56)
max 4 o [

From the definition of (éL)max’ it is observed that it is necessary to impose the restriction
that either body forces are absent or x' and x" are independent of 6 (x). If at Teast
one of these conditions {s not met, (éL)max will be dependent on the heat transport require-

ment, and Eq. 2-56 will not describe the capability of the heat pipe.
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Using the two definitions, Eqs. 2-55 and 2-56, the pressure balance assumes a

simple form:
(t')L)R < (C'lL)max (2-57)

It must be emphasized again that (QL)R represents the heat transport requirement as
prescribed by the application and (6L)max represents the heat pipe's transport capability
to meet these requirementé. The symbol 6L for both parameters has not been chosen

are given in watt-meter or, more commonly, in watt-

arbitrarily, both (6L)R and (6L)max

inches.
The significance of the Heat Transpor; Requirement and the Heat Transport Capability
can best be realized by examining two special but very important cases.
(1) The first case involves a heat pipe operating in a 0-g environ-
ment. No restrictions shall be placed on the shape of the
heat pipe* or the distribution of evaporators and condensers.
Once this distribution has been specified, the net axial heat flow
rate ﬁ (x) can be obtained from Eqs. 2-43 and 2-46. Beeause of
the assumption of uniform wick properties and the absence of dynamic
effects and body forces, the interfacial pressure difference Api‘(x)
is proportional to 6 (x). Thus the locations x' and x" of the lowest
and highest value of Ap1 are completely determined by the distribution
of 6 (x) and are independent of the heat pipe's geometry. The Heat
Transport Requirement (ﬁL)R is found from Eq. 2-55 and is also specified
by the distribution of heat loads.

The Heat Transport Capability (6L) is given by: -
max

. ’ A ’
(QL)max = __E%é& (2-58)

*As long as the one-dimensional flow model applias.

Fluke Corporation Ex. 1014
3 . Page 55 of 392



(2)

Closed form solutions for (6(.)max which apply to this special case may

be found in Chapter 4. Any distribution of heat input and output
which results in a (fJL)R that is less than (f]L)max for a given heat

pipe will be compatible with that heat pipe design.

Ancother special, but frequently encountered case is that of a straight

heat pipe which is operating in a gravity field and in the "heat pipe
mode." The latter shall be defined by the following two conditions:
(a} The anglé between the positive x axis and the horizontal is

less, than zero, 1.e., evaporator above the condenser (8 < 0).
(b} The net axial heat flow rate 6 is positive (or zero) at all

axial locations x.

The above conditions state that the net axial heat flow rate should
everywhere have a component in the direction of gravity. For this
special case it can be shown that the points of maximum and minimum

interfacial pressure are always located at the ends of the heat

pipe, i.e.,
X" =0, x' =L (2-53)
For this case, the Heat Transport Requirement becomes
L
(QL), = f Q (x) dx (2-60)
o

The Heat Transport Capability Factor (QL)max can be found by carrying
out the integration in Eq. 2-56:

(6L)mx = % (a Peap ¥ P 9L sin 8) : (2-61)
The first term on the right side of Eq. 2-61 represents the Heat
Transport Capability Factor in the absence of gravity. Eq. 2-61 can
therefore be expressed as:

ot (2-62)

(6L)max - (6L)max.0-g * o sin 8
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As expected, operation at an adverse elevation reduces the heat transport
capability in 1-g. Equation 2-62 describes the reduction of the "0-g" Heat

Transbort Capability Factor due to a gravitational hydrostatic head.

2.6.3 (Closed Form Solution

Closed form solutions of the hydrodynamic transport equations may be found for seve;al
heat pipe cases. One of the most useful is for the conventional heat pipe shown in
Fig. 2-7 which has uniform heat addition and removal near the two ends, uniform wick
properties along the length, and is operated in the "heat pipe mode" (B < 0, evaporator
above condenser). Additional requirements necessary to obtain explicit closed form
solutions are laminar flow in the 1iquid and the vapor and negligible momentum pressure
gradients. Although the requirements of laminar flow and the abseﬁce of momentum effects
. appear restrictive, good design practices usually avoid these regimes altogether. Special
modes of operation such as the start-up transients of liquid metal heat pipes are exceptions.
The Heat Transport Capability for this conventional heat pipe is given by Eq. 2-61.
Using the appropriate expressions for the constant C (Eq. 2-53) and for Apcap (Eq. 2-9 in
conjunction with Eq. 2-49), (QL)max becomes:

2K 5!7(1 +n) cos ac Fz

(QL)max * rp N£

(2-63)

The following abbreviations have been used in Eq. 2-63
(1)  The parameter n is defined as the ratio of the sum of all pressure ‘454””'——

differences resulting from body forces to the available capillary

pressure, 1.e.,

| D cos L §1n'
ne | P ° (2-64)
2R cos 8 2 Hycos 8

where Hy is the Wicking Height Factor, and is a property of the

working fluid only:

H, = g (2-65)
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Total Heat Qutput

t
Total Heat Inpu

9 Leletlyti,

Uniform Heat Flux at
Evaporator and Condenser

Fig. 2-7. Conventional heat pipe with uniform heat loads

(2) The parameter F, represents the ratio of the viscous pressure drop

in the liquid to the sum of all the pressure drops in the 1iquid and

vapor.
. F 2R (2-66)
L Ap +ap, *ap, ,
F = ! (2-67)
L 23_ \)v 32 K Aw
1+ ¥+ =
3 Ve D h,v K;
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As mentioned previously,fqs. 2-63 and 2-67 assume uniform wick
properties. In the case of the axially grooved geometry the effect
of meniscus recession can have a significant impact on the magnitude
of the permeability K and the wick area Aw' However, as shown in
Ref. 8 a closed form approximation of these parameters can be
obtained. Hence the values of K, Aw’ ¢ and ¥ in Egs. 2-63 and 2-67
can be taken as average values. Specific relations which define the

value for a given groove geometry are presented in Chapter 4.

(3)‘ The Liquid Transport Factor Ny is a property of the working fluid

and is defined as: .

M= \'\%:-> ' (2-68)

Equation 2-63 defines the maximum heat transport capability of a conventional heat pipe
provided that capillary pumping is the limiting factor. Since in most applications the
capillary 1imit is the controlling one, Eq. 2-63 is one of the host useful expressions for
the design of heat pipes.

In order to obtain an expression for the maximum amount of heat which the pipe can

transport, the Heat Transport Requirement is equated with the Heat Transport Capability

Factor:
J('L - . . '
o Q dx = (QL')max (2-69) N

Referring to Fig. 2-7, the axial heat flow rate 6 (x) can be expressed in terms of the

total heat input ét for each of the following regions:

Evaporator 0<x< Le Q(x) = Q. x/Ly
Transport Section Le<x<ly+l, Q (x) = 6t (2-70)
Condenser L-L <x<lL Q (x) = Qt{L - YL

If the integration in Eq. 2-69 is carried out, an explicit expression {s obtained for the

total heat transport or heat flow rate 6t:

() = O (% L+l *+ Lc) (2-71)
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It 1s often convenient to define an "effective length" of the heat pipe as follows:

1 1 :
Lerr ™ ZLle + La + 3L (2-72)

Eq. 2-69 then becomes:
Q lerr * (0 ) pax (2-73)

Using Egs. 2-63 and 2-73, the following expressions for the maximum heat flow rate 6t

{s obtained:
6 -27KAW (»1+n) cosech
t rp Leff

N, - (2-74)

It is important to note that the definition for the effective heat pipe length (Eq. 2-72)
applies only for the special case of uniform heat input and heat output at two separate
locations. For non-uniform heat distributions the integral of (é dx) in Eq. 2-69 must be
solved in order to obtain an applicable effective length to be used in Egqs. 2-73 and 2-74,

. Since in the 1imit the maximum transport capability must equa{ the maximum transport
requirement, Eq. 2-74 states that a given heat pipe geometry will satisfy any combination
of total heat load 6t and effective length Less which results {n the same product (i.e.

(QL)g)-

2.7 OTHER HEAT TRANSPORT LIMITATIONS
In addition to the capillary pumping Timit discussed above, the c{rculation of the

working fluid is restricted by several other limitations.

2.7.1 Sonic Limit

The evaporator section of a heat pipe represents a constant area vapor flow duct
with mass addition through the evaporation process. The vapor velocity increases steadily
along the length of the evaporator section due to the progressively increasing mass flow
and reaches a maximum at thé evaporator exit. It gﬁn be sﬁown (12) that the Timitations
of such a flow regime are comparable to that of a converging nozzle with constant mass
flow. The evaporator exit corresponds to the throat of the nozzle. The maximum vapor
velocity which can exist at the evaporator exit corresponds to Mach 1., This choked flow

condition {s a fundamental limit on the axial vapor flow in a heat pipe. This limit does
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not exclude the possibility of supersonic flow in other sections of the heat pipe. In
fact, Kemme (4) (13) has reported supersonic flow conditions in the condenser section
of liquid metal hegt pipes.

The axial heat flux for the sonic 1imit is obtained by calculating the mass flow

rate at Mach 1:

= oyavs (2-75)
v
where the sonic velocity Vs is given by the familiar equation:

YR T
(*)

vs = —M-— (2‘75 )

At the gonic limit, therefore, the mass flow rate per unit area and the corresponding
axial heét flux depend only on the properties of the working fluid and in turn the
operating temperature. The 1imiting axial heat flux has, therefore, been included as a
derived fluid property in Volume II.

The axial heat flux at sonic conditions must be evaluated using the local temperature
at a choking point. This temperature is considerably lower than the stagnation temperature
which is measured at the entrance of the evaporator. Stagnation and local static tempera-
ture at Mach 1 are related through the expression:

Tetagn ™ T (1 +1_5_1.) (2-77)

For 1iquid metals with a ratio of specific heats of 5/3 the static temperature is only

75% of the stagnation temperature at M = 1. Levy (12) presents an equation which gives the
Timiting axial heat flux at sonic conditions in terms of the stagnation temperature

(the temperature at the beginning of the evaporator) which is often more convenient to

use:

%,; Py X Vs (2-78)

vz (r+7)

In Eq. 2-78, the fluid properties, e.g., oy A and Vs (Eq. 2-76), are evaluated at the

stagnation temperature.
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When the sonic limit is exceeded, it does not represent a failure as catastrophi¢ as
exceeding the capillary limit. When the sonic 1imit is reached, further increase in the
mass flow rate and therefore the heat transfer rate can be realized only by increasing the
stagnation pressure upstream of the choking point. To some extent this will occur
automatically since the evaporation temperature will rise (and with it the saturation
temperature and therefore the stagnation pressurs) as soon as the total heat input and
total heat output begin to diverge. Operation at or near the sonic 1imit results in large

axial temperature differences along the heat pipe.

2.7.2 Enfrainment Limit

Like the sonic 1imit the entrainment limit 1s also a character{stic of high axial
vapor velocities. Since liquid and vapor are in direct contact along the heat pipe,
separated only by the meniscus at the wick, a mutual shear force exists between them. At
low relative velocities, this shear force will only add to the viscous drag in both phases.
Because the vapor velocity is usually much higher than that of the liquid, the effects will
be most noticeable in the 1iquid phase. If the felative velocity becomes too great, the
1nfer%ace becomes unstable and 1iquid droplets are torn from the wick and "entrained"
in the vapor. The first observation of this phenomenon was made at Los Alamos Scientific
Laboratory through the sound made by droplets striking the condenser end of the heat
pipe (14).

éntrainment may be described by the Weber number which {s a rat{o of the fnertial
forces in the vapor to the tension forces in the liquid surface. The Weber number is
defined as:

oy
We = —577

—

(2-79)

where V is the average vapor velocity and z is a characteristic dimension for the surface.
A Weber number of unity is generally believed to indicate the onset of entrainment. The

corresponding axial heat flux is given by:

; ovﬂz)” | ’
2;- o (2-80)
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There is some uncertainty as to the proper choice of the characteristic dimension z. It
is related to the wavelength of the perturbation on the Tiquid surface. Experimental data
seems to indicate Fhat a Weber number of unity corresponds to the onset of enfrainment if
z 1s approximately equal to the mesh size of screen material. Insufficient quantitative
data is available to resolve the question of whether the characterisfic dimension is
related to the wire diameter (15) or the wire spacing (16). In the case of an axial groove,
the groove's width has been used.

The phenomenon of entrainment reduces the amount of 1iquid pumped back to the
evaporator by prematurely returning it to the condenser. It thus Tncreases the circulation
1os§es (it might be considered an internal "leak") and therein 1imits the amount of heat

flow through the heat pipe.

2.7.3 Heat Flux Limit

In addition to the capillary, the sonic, and the entrainment limits the heatip{pe
performance is also 1imited by the evaporator heat flux. Heat is transferred into and out
of the heat pipe through the pipe wall and through at least part of the wick. If the radial
heat flux becomes excessive, the circulation of the working fluid can be severely affected
and the heat transport capability may be controlled by the radial heat flux rather than
by the axial heat transport. _

The limitation of the axial heat flux is not nearly as well understood as the
condenéer-f]ooding hydrodynamic Timits. There appears to be no limit to the heat flux
at the condenser. High condenser heat fluxes contribute, of course, directly to the heat
pipe conductance but they do not affect circulation of the working fluid. The evaporator
heat flux, on the other hand, has definite upper bounds which 1imit the axial heat
transport. Unlike the previously described limits, which spectfy a maximum axial heat
transport 6t’ the heat flux 1imit specifies the maximum radial evaporator heat flux ae‘

The two quantities are related through the evaporator area Ae:
Qt = qe Ae (2'81)

Thus, for a given evaporator geometry, the heat flux limit also speciffes the maximum

axial heat transport.
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The heat flux 1imit is generally considered to coincide with the onset of nucleate
boiling in the wick. Heat is conducted from the heat pipe wall through the wic¢k, and
evaporﬁtion {s assumed to occur at the liquid-vapor interface. This model has been
substantiated by thensive experimental evidence (17, 18, 19). When boiling occurs within
the wick the presence of the vapor bubbles that are generated reduce the Tiquid flow area.
and consequently decrease the transport capability. '

With the onset of nucleate boiling, the hydrodynamic equations previously developed
are no longer applicable since they were based on one-dimensional, laminar, liquid flow
in a fully saturated wick. Breakdown of the mathematical model does not necessarily
indicate a heat transfer 1imit. Since the hydrodynamic theory does not account for
boiling in the wick, it s good design practice to define the heat flux 1imit as the onset
of nucleate boiling.

The boiling heat flux 1imit corresponds to the conduction heat flux which yields a
“eritical" super heat ATcr in the 1iquid. The boiling heat flux 1imit {s therefore:

K
- eff AT

Yoax 4T (2-82)

where Keff is the effective thermal conductivity of the wick-11quid matrix. Models for
the effective conductivity will be discussed in Section 2.8.
Marcus (20) has derived an expression for the critical super heat which is based

on criteria similar to those which apply to nucleate boiling from planar surfaces.

. - _
. sat (20 _
AT<:r1'c Apv (rn (Api)max) ) (2-83)
where Tsat is the saturation temperature of the fluid and n is the effective radius of

the critical nucieation cavity. This equation is based on the assumption that a bubble

of a certain size will grow if its internal vapor pressure associated with the local super-
heat exceeds the restraining forces of saturation and capillary pressure. The radius

of nucleation cavities, T is a function of the bgiling surface. Typical values for
smooth surfaces are between 10°% and 1073 em. For wicked surfaces, 1ittle ts known about
the critical radii of nucleation cavities but an upper bound is certainly the pore size

of the wick.
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The model predicts very conservative superheat tolerances. Even if the lower bound
for the critical radius is used, the calculated critical superheat is sometimes one
order of magnitude lower than that actually measured. Marcus (17) attributes this to the
absence of a gaseous phase at the nucleation sites because heat pipes contain a highly
degassed working fluid. However, incipient boiling is difficult to detect through tempera-
ture measurements alone and many wicks which provide for adequate venting of internally
generated vapor can tolerate some nucleate boiling without affecting the hydrodynamic
Timit.

A definite upper heat flux Timit exists for every wick, and it {s reached when the
vapor generated within the wick is at such a high rate that it cannot escape fast enough
from the heated surface. This is equivalent to the inability of the capillary forces to
replenish 1iquid at a sufficient rate.’ Boiling in the wick and the associated heat flux
has been the subject of many investigations. Because of the present lack of a consistent
theory that has been tested experimentally, it is premature to include this information

in a Handbook.

2.8 HEAT TRANSFER

The preceding sections have dealt with the maximum heat transfer capability of the

heat pipe. In this section the thermal conductance of a heat pipe which is operating at
heat 1oad§ which are below the hydrodynamic or heat flux 1imits is discussed. When

operated below any of its limits, the heat pipe is a thermal conductor of extremely high
conductance. As mentioned previously, heat pipes are frequently referred to as isothermal
devices. In reality their conductance is finite but very high. In defining the conductance
of a heat pipe, one has to distinguish between its internal conductance and that of the
interfaces between the heat pipe anq the environment. Furthermore, the internal conductance
1s a composite of the radial heat transfer (at the evaporator and the condenser) and of

the axial vapor mass transport. In most cases the conductance associated with the heat,
input and output mechanisms. (external and internal) {s much lower than the one associated
with axial vapor and liquid transport. The overall conductance is thereforeVTimTte& by

input/output conductances--a fact which is very important in heat pipe desfgn.
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The thermal model of a fixed conductance heat pipe is shown in Fig. 2-8. The total
thermal resistance, R, is composed of a series of individual resistances:
R = Reyt,e * * Ru,e t Rey + Ry + R+
(2-84)

Frequently, it is more convenient to describe the heat transfer characteristics by a

conductance, C, rather than a resistance, R.

Rw.c + Ren,c * Rext,c

The two are related through:

1

In terms of conductance, Eq. 2-84 becomes:

] =
Tt

C-R- (2-85)
] + ] + L + ] + ) +
cext,e Cen,e cw,e C; C;
(2-86)
r';L‘*c1 *T —+ c1
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Fig. 2-8. Thermal model of a fixed conductance heat pipe
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Each of the individual conductances, which are introduced by Eq. 2-86, are discussed in

the following paragraphs.

(1)

(2)

(3)

c is the conductance between the heat source and the exterior

ext,e-
of the evaporator. Its magnitude will, in general, depend on the
application of the heat pipe. When it is closely coupled to the
heat source, which is most frequently the case, this conductance {s

directly proportional to the external evaporator area

cext, e hext,e Aext,e (2787)

The external heat transfer coefficient, hext e is a function of
the type of thermal interface. Representative values can be

found in Ref.(21).

cen'e is the conductance of the heat pipe envelope (wall) at the
?

evaporator. For cylindrical geometrfes

c . 2k A ( |
en,e D, } 2-88
Do Tn Uﬂ

i en,e

If the wall thickness 1; small compared to the diameter of the heat

pipe this conductance reduces to:
k A
cen,e = ( < ) (2-89)
en,e

Cw,e is the conductance of the wick at the evaporator. This term is
usually the most diffiqyit one to evaluate and is frequently a very

significant contributor to the overall conductance. In the absence

of nucleate boiling, heat s transmitted by conduction from the

heat pipe wall, through the wick, and to the liquid-vapor interface

which is the site of evaporation. This conduction can be expressed

in terms of an internal heat transfer coefficient, hint e

' . (2-90)
¢ = ()

int,e
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For some wick geometries, analytical expressions or at least
approximations can be found for the internal conductance. In _ ~
the case of a porous wick located at the wall of the heat pipe, '

the internal evaporator conductance becomes:

cw,e E (2-91)

i
1n
ﬁ;- en,e

For thin wick structures, Eq. 2-91 reduces to a form similar to

Eq. 2-89.

The effective wick conductivity kw has been the subject of many
studies (18, 19, 22). For a porous wick saturated with 1iquid,
the effective conductivity is bracketed by the two extremes of

parallel or series conduction paths:

kg Ky _
€K, +(l-e)k£ < kys (Poedkgrek (2-92)

(series) {parallel) . ‘ ~>

For metallic wicks and 1nsuia£fng 1iquids, the range of kw
covered by Eq. 2-92 is extremely broad. Conservative design
would use the serjes conduction model. If the 1iquid
conductivity kg {s much lower than that of the solid, the series
model essentially represents the conductivity of a 1iquid layer
whose thickness is weighted by the porosity of the matrix. For
the case of an annular wick, Eq. 2-92 gives the correct result

if ¢ = 1 is used.

In many high performance heat pipes, the bulk of the wick is

removed from the wall in or?er to minimize the Eonductive

temperature gradient. A secondary wick is then employed for

circumferential distribution which consists of efther a very

thin layer of porous material, circumferential grooves, or a

combination of screen covered screw thread grooves as in the .

case of the inverted meniscus design (23). Screw thread - ) /)
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(4)

circumferential grooves have been used in most of the recently
developed high performance heat pipes. References (24) and (25)

provide thermal analyses of circumferential grooves.

However, these models are relatively comp1icatéd and tend to over-
predict the film coefficients, particularly in the evaporator. The
best design approach is to use measured values wherever possible.
Film coefficients that have been obtained with various fluid/wick
combinations are presented in Chapter 4. Generally, tﬁese values
are for equivalent film coefficieﬁts which account for the wick
conductance and the evaporation or condensation process as discussed

in subsequent paragraphs.

Cev {s the conductance associated with the vaporization process
at the liquid-vapor interface. This conductance is usually very

Targe and contributes 1ittle to the overall conductance. Cotter 1)

derived an expression, based on gas kinetics, for the pressure

difference between the sites of vaporization and the bulk of the

vapor. This expression, in terms of a heat transfer coefficient {s:

(2-93)

The numerical factor (a) {s of the order of 1. It accounts for the
probability of condensation of an impinging vapor molecule. The
vaporization conductance Cev is obtained from Eq; 2-93 using a

relation similar to Eq. 2-90 but based on the area of the 1{quid-

vapor interface. In the case of axially grooved heat pipes,

Kamotani (26, 27] has recently developed an expression for an equivalent

evaporator film coefficient as

h L) 1

eq,e Zn Rv kz
k. +
fky

(2-94)

wnijo

where:

kp = 0.0701 for the evaporator, and 0.0221 for the condenser
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(5) ¢, {s the thermal conductance associated with the axial vapor
flow. This fs the only term which, because it is generally
proportjonal to the vapor's viscous pressure drop, is also
proportional to the length of the heat pipe. The temperature
drop associated with this conductance is proportional to the
axial heat flow whereas all other drops are proportional to

the radial heat flux.

For a given vapor pressure drop, the corresponding temperature
difference can be found. Based on the definition of Cv and
using the Clausius-Clapeyron Equation, the following expression

{s obtatned:

XOV

CV = —T-_ 2 p (2-95)

v

If the vapor flow is predominantly viscous, Apv is proportional

to 6 and to thg length of the heat pipe. Cv then becomes a true,
axial conductance which may be compared directly to that of a
solid conductor. Sinée this term represents the minimum tempera-
ture drop that can be experienced, heat pipes have frequently
been compared on this basis to other conductors. It must be
noted, however, that cv is only a small contributor to the overall
heat pipe conductance and that the comparisons are therefore not

very meaningful.

C C are the conductances at the condenser end

6) C Cw,c' en,c’ “ext,c_
of the heat pipe and their expressions are identical to those
at the evaporator. If the condenser geometry differs from that of
the evaporator, the numerical values will be affected but the

preceding Eqs. 2-87 through 2-94 will apply.
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A comhination of the individual coqtfibutions yields the overall conductance as
expressed in Eq. 2-86. This expression can be simplified; since the external interfaces
are not part of the heat pipe and they should be treated separately. Hence, by excluding
the interface conductances and combining the contributions of wall and wick and vaporiza-
tion or condensation at'fhe evaporator or at the condenser as applicable, a simplified

expression for the overall heat pipe conductance can be obtained as

‘:(‘)+(‘) s ) (2-96)
T A_‘heq e A—heq c C,
where Ae and Ac are the external areas of the evaporator(s) and condenser(s) and heq e and

heq,c are the respective combined heat transfer coefficients. Since 'I/CV is relatively
small compared to the other two terms, Eq. 2-96 illustrates that heat pipes are best
utilized wheré heat is to be transported over relatively large distqnces. The evaporatér
and condenser conductances are independent of the heat transport length and only the
relatively small term 1/Cv is proportional to the heat pipe. In the limit for very short
heat pipes, this insensitivity to length sométimes renders the heat pipe inferior to
solid conductors because the temperature drops at fhe evaporator and condenser can be

significant depending on the radial heat flux.
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VARIABLE CONDUCTANCE HEAT PIPE THEORY

The conventional fixed conductance heat pipe discussed in Chapter 2 is a completely
passiﬁe device. It is not restricted to a fixed operating temperature but adjusts its
temperature according to the heat load and the sink condition. Although its thermal
conductance is very high, it is nevertheless a nearly constant parameter.

However, there are many potential heat pipe applications in which a specific opera-
ting temperature range is desired along certain portions of the pipe even though source and
sink conditions are changing. In those cases, it becomes necessary to actively or passively
control the heat pipe so that it maintains the desired operating temperature range. Tempera-
ture control is obtained by varying oné or several of the conductances that make up the
heat pipe's overall thermal conductance. Similarly there exist many applications where
heat pipe operation as a (1) thermal diode or (2) a thermal switch is required. In either
case, the objective is for the heat pipe to operate at the limits of variable conductance
as an effective heat conductor or as a thermal insulator. Again, it is necessary to
introduce an active or passive control feature to effect this behavior. Traditionally,
variable conductance has been used to describe control provided by "gas-loaded" heat pipes.
As discussed in the next section there are four types of variable conductance pipes:

(1) gas-loaded heat pipes; (2) excess-l1iquid heat pipes; (3) liquid flow-modulated
heat pipes; and (4) vapor flow-modulated heat pipes.

This chapter discusses the different methods for obtaining variable conductance
operation and the associated theory. Fixed conductance heat pipe theory is still applicable
to determine the transport capability of the heat pipe. Variable conductance theory, as
presented in Sections 3.2 through 3.4,consists of the analysis and mathematical models that
define the particular control techniﬁue and the assocfated variable conductance operation

of the heat pipe.

3.1 TECHNIQUES FOR VARYING HEAT PIPE CONDUCTANCE

The basic conductance model of a heat pipe is presented in Section 2.8. For ease of
reference, a slightly simplified model is shown in Fig. 3-1 in which the evaporator and
condenser conductances are lumped together. In this model, Ce represents the conductance

between the heat source and the vapor in the heat pipe, Cv is the internal resistance
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along the length of the pipe, and CC is the conductance between the heat pipe vapor and
the ultimate heat sink. The overall conductance C between the source and the sink is

given by Eq. 3-1.

1 (3-1)
"I L.L
CG Cc CV

The " VVN———1Tc

aT Co | ' 01 Ce

Heaot Heat
Source Sink

- Fig. 3-1. Conductance model of heat pipe

In principle, a variable heat pipe conductance can be achieved by modulating any one ar
several of the individual conductances that make up the overall conductance. A number of
techniques exist to achieve variable conductance, and they can be grouped into the

following four categories:

1. Gas-Loaded Heat Pipe

This technique consists of introducing a fixed amount of non-condensible
gas into the heat pipe which during operation will form a "plug" which blocks
the vapor flow. A schematic of a gas-loaded VCHP is presented in Fig. 3-2.
Typ1c311y, a reservoir is added to accommodate the gas when "full-on" heat
pipe operation is required. As vapor flows from the evaporator to the condenser,
it sweeps the non-condensing gas which accumulates in the cold end of the heat
pipe. The gas therein forms a barrier to the vapor flow and effectively
“shuts off" that portion of the condenser which it fills. The length of the

plug and therefore the condenser conductance depends on such factors as the

System's operating temperature, heat source and sink conditions, reservoir size
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Fig. 3-2. Gas-loaded variable conductance heat pipe
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Fig. 3-3. Schematics of excess-1iquid heat pipes
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and reservoir temperature, etc. The influence of these parameters as well as
the various methods for obtaining gas-loaded VCHP control are discussed in -
the next section. It should also be noted that gas blockage can also be used
to effect diode and switching operations; however, the transients associated
with the "shutdown" or "switching" operations can be prohibitive with a gas-

loaded system (1).

2, Excess-Liquid Heat Pipe

This approach is analogous to the "gas-loaded" heat pipe except that
excess 1iquid accumulates as a slug in the condenser end rather than a
non-condensible gas. Control with this technique tends to be less sensitive
to varfations in sink conditions;-however, the actual designs can be more
difficult to implement. Fig. 3-3a shows one method for obtaining varfable
conductance with excess liquid. Again a reservoir is utilized and it is
located inside the heat pipe envelope. The effective volume of the reservoir
is varied by means of a bellows which contains an auxiliary fluid in
equilibrium with its vapor. Adjustment of the bellows to changes in system
temperaturé changes the reservoir volume therein allowing the excess 1iquid
to move into or out of the condenser. ’

Fig. 3-3b illustrates a thermal diode heat pipe which utilizes 1iquid
b{ockage to "shut off" the heat piping act%on in the reverse direction. In
the normal forward mode operation the excess liquid is swept into the reservoir
at the condenser end. When conditions arise (e.g. an increase in sink tempera-
ture due to orbital conditions, etc.) which cause the condenser temperature
to rise above the evaporator, the direction of vapor flow is reversed. The
excess 1iquid 1s then driven from the reservoir into the normal evaporator
section thus blocking the vapor flow and inactivating that section for heat
rejection. Thus, the heat source is insulated from the hot condenser end with

the result that the heat piping action is only effective in the forward mode.

3. {{quid Flow Control . -

Liquid flow control involves either interrupting or impeding the condensate
return 1n the wick in order to "dry-out” part or all of the evaporator. This

technique achieves control of the evaporator conductance by affecting the
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circulation of the working fluid and therein creating a hydrodynamic
failure in the evaporator section.
7 Liquid f1ow control is limited generally to providing "on - off"

control for diodes and thermal switches when the heat ‘source is a
dissipative one since the hydrodynamic failure will result in a non-uniform
temperature distribution at the heat source; However, for fixed temperature
sources, continuous modulation of the heat pipe conductance by varying the
wick flow resistance is acceptable since partial evaporator dryout simply
results in reduced heat transfer into the pipe.

Fig. 3-4a shows a 1iquid trap diode heat pipe for aerospace application.
In this case, a wicked reservoir is located at the evaporator end. This
reservoir does not communicate with the main wick; therefore, when the
temperature gradient 1s reversed,liquid evaporates at the hot side of the pipe
and then condenses and is trapped within the reservoir. As a result, the
wick becomes partially saturated and ultimately the condensate cannot
return to the heat input section and t@e heat piping action 1s effectively
shut "off." '

A gravity operated diode heat pipe is shown in Fig. 3-4b. Here a
reversal of the temperature gradient causes the liquid to collect at the
bottom of the pipe where it cannot be pumped back up against the gravitational

force.

4. Vapor Flow Control

Vapor flow control involves throttling or interrupting the vapor a§
it proceeds from the evaporator to the condenser. This creates a pressure
drop between the two sections-and hence a corresponding temperature drop.
A schematic of a vapor modulated variable conductance heat pipe is given
in Fig. 3-5a. A bellows and auxiliary fluid are used to effect the throttling
action. An increase in heat load or source temperature causes a rise in the_
vapor temperature which in turn causes the control fluid to expand and
partially close the throttling valve therein creating a pressure differential. .
This method of control is substantially limited by the fact that the

evaporator to condenser pressure differential must not exceed the capillary
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pressure developed by the fluid/wick combination: If the valve arrangement
is reversed to that shown in Fig. 3-5b, a diode action is achieved when

conditions arise which reverse the normal temperature gradient.

3.2 VARIABLE CONDUCTANCE WITH GAS-LOADED HEAT PIPES

The principle of this technique is the formation of a gas plug at the condenser end
of the pipe qhich prevents vapor from condensing in the part blocked by the gas. This plug
is the result of introducing a fixed amount of a non-condensible gas into the heat pipe.
In the absence of circulation of the working fluid (i.e., without heat transport) the
gas is uniformly distributed within the vapor space except for a small amount which is
dissolved in the 1iquid phase of the working fluid. During operation a steady flow of
vapor exists from the evaporator to the condenser. The gas is swept by the vapor to the
condenser. Unlike the vapor, it does not condense but forms a “"plug" at the condenser
end of the heat pipe. '

Variable conductance variation through the addition of a non-condensible gas is
particularly attractive because it accomplishes passive control of the vapor temperature.
In a conventional (fixed conductancé) heat pipe, the vapor temperature adjusts itself in
order to meet the heat rejection requirgments for ; given sink condition. Thus, if the
heat load and/or sink temperature increases, the vapor temperature will also rise. In
a3 gas-loaded heat pipe, the fixed amount of gas occupies part of the condenser; the length
of the gas plug being dependent on the vapor (and sink) temperature. If the heat load is
increased, the vapor temperature tends to rise as in the fixed conductance heat pipe.
However, the corresponding increase in vapor pressure of ﬁhe working fluid compresses the
gas plug, thereby increasing the size of the active condenser. This results in a higher
conductance which effectively opposes the tendency of the vapor temperature to increase.
Similarly, if the heat source and/o} sink tempgrature dgcreases, thg vapor temperature and
pressure tend to drop which permits the gas plug to expand, the conductance of the heat
pipe to decrease, and the vapor temperature decreases to be minimized. A gas-loaded heat
pipe therefore reduces fluctuations of the operating temperature and behaves as a self-

controlled VCHP.
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3.2.1 Flat-Front Theory
A simplified model of a gas-loaded heat pipe whose condenser {s part{ially blocked is

shown in Fig. 3-6. . The corresponding gas and vapor distributions that apply during opera-
tion are also presented. As indicated in this figure, the %nterface between the gas and
vapor 1s not a sharp one because {t is controlled by mass diffusion and axfal conduction
effects which are discussed in a later section. However, a good understanding of the
operational characteristics, and certainly preliminary designs,can be obtained by utilfzing
a mathematical model which assumes that a ff1at-frontf exists between the vapor and gas.
The following assumptions are employed with this model:

(1) Steady state conditions exist.

(2) The interface between the active and shut-off portions of the pipe

i{s very sharp.

(3) The total pressure is uniform throughout the pipe (i.e. the vapor

temperature drop is negligible).
(4) Axial conduction can be neglected.

(5) The gas-vapor mixture obeys the Ideal Gas Law.
In addition, if the heat transfer to the environment can be expressed in terms of a heat
transfer coefficient hc’ the condenser conductance is proportional to the active condenser

Tength Lc a and is defined as

Cc = (h P)c Lc,a (3-2)

These assumptions and the following Eqs. completely describe the operation of a gas-loaded
heat pipe.
(A) Conservation of Mass

mg = mg,i + mg,r : (3-3)

(B) Law of Additive Partial Pressures

Py ® Py, ¥ Pq,1 (inactive condenser) -

=p _+p (reservoir)

P v,r g,r

v
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(c) 1deal Gas Equation of State

'(PV)g = (mRT)g (3-5)
Gas
Adiabatic Storage
Evaporator Section Condenser Reservoir
i 1 L I
f T B
g
QIN vy ) Q
ot
e Lc
!
- - \ Ptotal

Pressure
——

Fig. 3-6. Distribution of gas and vapdr in a gas controlled VCHP

Thg reservoir size and gas load are determined by the following two extremes of operation:

(a) Maximum Condition -- Maximum heat load at the highest sink temperature.

‘Optimum operation of the heat pipe under this condition will have the
heat pipe‘s condenser fully “"open." Thus the maximum condition determinés
the reservoir size required to contain the non-condensible gas. Eqs. 3-4
and 3-5 can be solved to give

Py = Py r !
Vr = (m R)g [———f—-—’-—] (3'6)
r max
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(b) Minimum Condition -~ Minimum heat load at the lowest sink temperature.

Operation at the minimum condition requires that part or all of the
heat pipe's condenser and adiabatic sections be "shut-off" consistent with
the temperature control requirements; Hence, the gas load must be sufficient
to block that portion of the pipe required to satisfy the minimum condition.
The solution of Eqs. 3-3 thru 3-5 gives

p, = P P, -P
- v v,0 v _"v,r -
" [ Ry To ] Yy, im +[ Ry Ip ] Ve (3-7)
9 min 9 min
where Vv im 1s defined as the volume of the vapor space in the fnactive

part of the heat_pipe at the minimum condition.

The following two terms are definéd for the purpose of simplifying these Eqs:

p -p P -p :
= _V__ V0. = vV__v,r -
\ro _—T:_L_, ?r _..,rr_r_ (3-8)

determined by the simultaneous solution of Eqs. 3-6 and 3-7 as

V,. - ?0 ’Ein—
iv,im r,max Tr,min (3-9)
(m R)g = Vr ?r’max (3-10)

These equations apply, in general, to gas-controlled heat pipes. Before proceeding to
their application to the various types of gas-controlled heat pipes, it s important to
understand how they relate to temperature control.

The most important parameter in a thermal control system is the temperature control
required (i.e., control sehsit1vity). This parameter is essential]j the allowable
variation in heat source temperature (A Ts)' Once the required heat source temperature

control has been defined, the corresponding maximum and minimum heat pipe vapor temperatures

are determined from:

T, =T - R, Q : (3-11)
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For a constant resistance Rs between the heat source and heat pipe; Eq; 3-11 defines the

allowable variations of Tv for variations in Ts and Q.

and p

The vapor pressure (p ) corresponding to the required vapor temperature

V,max v,min
1imits are then determined from saturation conditions for the working fluid. Thus, while

the temperature control required does not appear explicitly in the equations defining the
storage requirements, it does enter implicitly through the heat pipe vapor pressures.

One final comment which applies to the design of gas-controlled heat pipes is that
the tighter the control required, the larger the reservoir size. For a specific type of

approaches p (v approaches

v,min v,max ‘'‘r,min

?r max)’ the denominator of Eq. 3-9 decreases and the required storage volume increases.
]

When the denominator becomes zero or nggative, no further improvement in temperature

VCHP and fixed reservoir end conditions, as p

control can be obtained with the type of VCHP being investigated.
Once the design has been established, the heat pipe's conductance or steady state
operation for a given set of conditions can be determined from Eqs. 3-9 and 3-10 and the

heat transfer requirement (Enérgy Eq.) which can be expressed as

Q= (hP) L, (T, - T) ' (3-12)
Since

bea"te " b, i ke - Vv,i/Av (3-13)
It folIow; that

Lc,a S B Ve ?r,mgx - ¥, (3-14)

L Unax Ay te ¥

A thermal analysis of a systeﬁ which utilizes a gas-loaded heat pipe requires the simultan-
eous solution of the Energy Equation and the heat pipe's Mass Balance. Hence, in order to

locate the gas interface for a given heat load and sink condition, one must assume a vapor

temperature and then verify that Eq. 3-14 is satisfied for the specified heat load or

{terate accordingly and then calculate the active length.

3.2.2 Types of Gas-Loaded Heat Pipes

A variety of different types of gas-loaded heat pipes have been developed which can

be divided into wicked and non-wicked reservoir systems.
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3.2.2.1 Wicked Reservoir Systems

A reservoir wick is used to provide a return path for any 1iquid that collects in the
reservoir either tﬂrough diffusion and condensation of thervapor or through accidental
spillage of the working fluid. The presence of a wick saturated with 1iquid establishes
a saturation partial vapor pressure of the working fluid which is in equilibrium with
the reservoir temperature.

The reservoir wick may be an extension of the heat pipe wick or it may be an entirely
different type of wick. Since the reservoir wick géhera11y only has to satisfy a minimal
heat transport requirement, a very simple design such as multiple layers of screen
attached to the reservoir wall is sufficient. At the maximum condition, the vapor in the
reservoir reduces the volume available for gas storage. However, at the minimum condition,
the saturated vapor reduces the amount of gas required to f£i11 the reservoir and therefore
reduces the storage requirements. Several conditions can be factored into the design which
affect the reservoir temperature and therefore the control characteristics of the VCHP, and

they are as follows.

(a) Cold Reservoir

The simplest variable conductance heat pipe is cdmmon1y referred to as
a "cold reservoir" type. As shown in Fig. 3-7, its re;ervoir is in thermal
equilibrium with the sink condition (1.e., Tr = To)' The storage volume

requirement for a cold reservoir system is:

1
L 7 o%— (3-15)
v,im 0,Mmax o,min

and 1ts gas charge requirement is:

(mR)g = Vr vo;max (3-16)
The location of the gas front {s given by:
bea .. Y ¥y max " %o (3-17)
e Av be ¥ '
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Fig. 3-7. Self-controlled VCHP with a wicked, uncontrolled reservoir

The "cold reservoir" yCHp is generally the easiest one to fabricate and
Integrate with another system and therefore the least expensive. However,
because the reservoir has a wigk and is in equilibrium with the sink
temperature, its control capability is Timited. In particular, unless
relatively coarse temperature control is satisfactory, ihe cold reservoir
type is suited for those applications where the maximum sink temperature
is substantially less than the operating temperature and only moderate

variations in heat source and sink temperature occur.

(b) Reservoir at Constant Temperature

_ A relatively simple extension of the cold reservoir system is one
in which the reservoir is interfaced with some other component, structural
member, etc., whose temperature is relatively insensitive to variations
in the sink condition (i.e., Tr ='constant). This system is capable of far
greater control than an equivalent cold reservoir type. Its storage
volume requirement can be determined from:
v ¥ '

| o,min (3-18)
v,im Wr,r‘nax = ¥ min

v
and its gas charge requirement is:

(WR) =V, ¥y oy o (3-19)
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The location of the interface is given by Eq; 3-14, {.e.
L 9' vr \?r,max- ?r-‘
1-,c (nax A, L, ¥, J
A VCHP with a temperature controlled, wicked reservoir is far less sensitive

to variations in the sink temperature than one whose reservoir is coupled to the
sink temperature. Conversely, for a specified control sensitivity and sink
temperature range, the VCHP with a temperature controlled reservoir will require
a much smaller reservoir size. The only restriction with a controlled reservoir
system {s that the reservoir temperature must be less than the minimum vapor
temperature.

When passive methods cannot be used to maintain the reservoir at a
constant temperature, a reservoir heater can be employed; This is a type of
active control wherein a feedback controller is used to regulate a reservoir
heatar such that the reservoir temperature fs kept constant under varying
sink conditions. Minimum heater power requirements result if the reservoir
{s maintained at a temperature Jjust slightly above the maximum sink tempera-
ture. The equations defining the storage requirements are identical to
those for the passive system; however, when active contrdI {s utilized it
;15 generally better to control the source temperature rather than the

" reservoir,

(c)  Feedback VCHP

Each of the preceeding systems requires an {nfinite storége volume in
order to provide absolute control of the heat pipe temperature (i.e., ATv = 0).
Even 1f nearly absolute control of the vapor temperature could be obtained
practically, this would not guarantee that the heat source temperature
(which 1s really the parameter of interest) would be maintained constant.
As indicated by Eq. 3-11, there {s always a finite thermal impedance
between the heat source and the heat pipe vapor temperature. Consequently,
even though the vapor temperature s kept constant, unacceptable heat sourcé

temperature fluctuations could result from variations in the heat load.
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Under these circumstances, or when the desired control cannot be obtained
with practical reservoir sizes, an active feedback system can be employed. .
In the feedback system, the vapor temperature decreases with increasing heat
load or vice'versa, thereby permitting absolute control (i.e., ATS = 0,

ATv = - Rs Aﬁ) of the heat source. The active feedback system is essentially
the same as the heated reservoir system discussed previously, except that,
instead of monitoring reservoir temperature and maintaining it constant, a
controller senses the heat source temperature and regulates the reservoir
temperature to derive the desired control.

In order to minimize the reservoir size, the auxiliary heater should
keep the reservoir near the vapor temperature at the condition of minimum
heat Toad and lowest sink temperature. This results in larger power
requirements for the feedback system'than for the heated reservoir type.
However, the auxiliary power required is relatively small; its magnitude
being associated primarily with the transient requirements (2). At the
condition of maximum heat load and highest sink temperature, in order
to achieve full utilization of the reservoir for gas storage, the
reservoir temperature should approach the sink temperature. Thus, in
the feedback system the reservoir temperature will vary between the
maximum sink temperature and the minimum conditions. The storage

requirements for a feedback system are defined by the general Egqs. 3-9

and 3-10. For the optimum steady-state case where Tr,min = Tv,min and
Tr,max ™ To,max’
Ve Yomin (3-20)
Vv,im wo,max_
and its gas charge requirement is:
(mR)g =V, Wo.max , (3-21)
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Again the location of the interface is determined from Eq.(3-14), i.e.

Lc,a - Qe .- V. wr,max' r
L Qna A L Yy
e x v “c o

However, with a feedback system the desired temperature control {s specified and therefore.
the required vapor temperature is known. The location of the interface and the variahle
conductance operation will in this case consist of determining the reservoir temperature
that is needed to give the required conductance. The following analysis applies:
(1) . Solve the vapor temperature required to satisfy the specified
conditions from Eq. 3-11.

Ty =Ts - Rg 0

(2) Solve for the corresponding conductance or interface location using

Eq. 3-12.

Le,a = U(h P (T, - T,) (3-22)

(3) Use Eq. 3-14 to determine the reservoir temperature that will give

the required interface location.

3.2.2.2 MNon-Wicked Reservoirs ‘

dne'other type of gas-controlled heat pipe is a system which utilizes a non-wicked
reservoir. As shown in Fig. 3-8, the reservoir is thermally coupled to the evaporator
or heat source. This is done to prevent 1iquid from condensing in the reservoir and not
being able to return because there is no capillary interconnection. The reservoir is non-
wicked to avoid saturation conditions at temperatures equal to or greater than the heat
pipe vapor temperature. Saturation conditions would, of course, prevent gas storage in
the reservoir. Because there is no interconnection between the heat pipe wick and the
reservoir, any fluid from the heat pipe that is accumulated in the reservoir, due to
spillage or diffusion, must diffuse back out during start-up. This can result in

relatively long start-up times (e.g., several hours) for this type of system.
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Adiaobatic
Condenser Section Evaporator

Q 6 Reservoir

Fig. 3-8. VCHP with reservoir thermally coupled to the evaporator

Under normal operating conditions, vaporized working fluid which has diffused from
the condenser will exist within the réservoir. As Marcus (3) points out, the partial
pressure of this vapor will not correspond to the reservoir temperature but to the
temperature at the mouth of the reservoir where the wick ends. Generally, a feeder tube
which is in equilibrium with the sink condition is employed between the reservoir and the
condenser section. Consequently, under the assumptions of the flat front model, the

partial pressure of vapor in the reservoir corresponds to the sink temperature, i.e.

Py.r = Py,0 (3-23)
The stbrage volume requirement for a "hot reservoir® system is therefore:
v ¥ '
ro. . o, min
v To To 3-24)
v, im F- Vo] - [T' ¥o ¢
r max r min
and the gas charge requirement is:
(R) (To ) o
mR) =V |= V¥ ’ : (3-258)
g r Tr °/ max _

where the reservoir temperature is equal to the heat source or heat pipe evaporator
temperature. Hence, the basic improvement that is realized when compared to a wiéked

"cold" reservoir system is that derived from compression of the gas within the reservoir.
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The location of the interface {s obtained from:

. |

_c.lé_l].

T

T
[«] [»
W)
T;omax rl"o

(3;26)

A, L

LC v C

3.2.3 Diffusion Effects

¥

0

The theory of gas loaded VCHP's presented in the preceeding sectfons is based on

a sharp interface (flat front model) between active and inactive portions of the condenser.

An ideal distribution does not exist in reality.

The actual "front" {s controlled by

diffusion within the gas-vapor interface and by axfal conduction {n the wall. A typical

diffuse front is shown in Fig. 3-9.

It {s seen that the "average" temperature in the

{nactive part of the condenser is somewhat higher than the sink temperature and that the

average partial vapor pressure is higﬁer than that corresponding to the sink temperature.

This causes the temperature set point of the VCHP to be higher than predicted by "flat

front" theory for the particular gas inventory.

Temperature

Average Inactive
Condensar Temperature
with Diffuse Front

‘fi;;::;e Inactive

Condenser Temperature
with Flat Front

| e

Active

-

Condenser

Inactive ———

Fig. 3-9. Temperature distribution in the condenser for flat front and

diffuse front models
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In non-wicked reservoir heat pipes, this effect can be quite pronounced. The partial
vapor pressure in a non-wicked reservoir is theoretically equal to the partial pressure in
the inactive condenser section. If the interface moves close to the end of the condenser

(CC g (CC )max

vapor pressure in the reservoir. The deviation from prediction using the flat front model -

), the tail of the diffuse front may extend into the reservoir and raise the

is more pronounced in a non-wicked reservoir heat pipe since the effects of increased
partial vapor pressure involve the entire reservoir. Marcus (3) conducted experiments to
test the flat front theory. He instrumented a VCHP with an internal non-wicked reservoir
to measure the actual temperature profiles. Using a theoretical approach, similar to the
one presented in Section 3.2.1, he computed the vapor temperature as a function of active
condenser length. In order to account for the diffuse temperature distribution he integrated
the molar gas density along the inactive condenser section using the actually measured
temperatures. The agreement between theory and experiment is very good, indicating that
the flat front model does predict the control capability of the pipe accurately provided
that appropriate average temperature for the inactive portion of the condenser and the
reservoir are used.

A complete model of the diffuse interface in a gas-loaded heat pipe must include:
(1) heat transfer bétween the condenser and environment; (2) axial conduction in the walls,
wicks, and fins; (3) binary mass diffusion between the vapor and gas; and (4) radial wick
resistancg. The theory of a diffuse gas front is rather complicated and is not included.
A detai1ed model as well as the method of solution and numerical results are given by

Marcus (3).

3.2.3.1 Numerical Analysis of Diffuse Vapor Gas Front
Marcus (3) reports the results of a parametric study which evaluates the effect of
wall conductivity, working fluid, and operating temperature on the vapor-gas interface.
The results can be summarized as foifows:
(1) Axial conduction in the pipe wall plays a substantial role in
' defining the vapor-gas interface. Typical temperature profiles ;10ng
the condenser are shown in Fig. 3-10. One clearly sees that wail

conductance tends to spread the front over the condenser.
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Fig. 3-10. Effect of axial wall conduction on the condenser temperature profile

(2) The effect of work"lng fluid on the temperature profiles is
insignificant (Fig. 3-11). This suggests that heat transport by

mass diffusion is minimal and that axial conduction dominates.

(3) The operating temperature does not significantly alter the profile
of the vapor-gas interface. Typical effects are shown in Fig. 3-12.

Temperature (*F)

The above results are typical for heat pipes for spacecraft temperature control.

There is no reason to believe that other gas controlled heat pipes would not exhibit the

same qualitative behavior.

One important conclusion can be drawn from this study. Since heat transport by

mass diffusion appears to be insignificant when compared to axial conduction, the tempera-

ture profile in the vicinity of the interface is determined tc a first approximation by
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Fig. 3-11. Effect of working fluid on the condenser temperature profile
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Fig. 3-12. Effect of operating temperature on the condenser temperature profile
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conduction and by heat transfer to the environment,

Thus, a conventional "fin" equation

(4) will, in most cases, adequately describe the temperature profile along the heat pipe.

The flat front model predicts the conductance of the heat pipe satisfactorily if

a realistic temperature profile is used to calculate the effective condenser temperature.

Treating the inactive portions of the condenser as a fin provides an excellent approxima-

tion of the temperature profile and represents a first order refinement to the flat front

model.

The detailed numerical analysfs that is available with the "Gas Pipe" Program (5)

provides information which cannot be obtained using the simple closed-form solution.
important example of this is the determination of the freeze-out rate of the working
fluid which will occur when conditions exist which will cause the condenser and/or

reservoir temperature to drop below the fluid'smelting point.

finite amount of vapor will continuously diffuse into that region and freeze there.

3.2.4 Gas Absorption Reservoir

When this occurs a

An

One of the more recent innovations for improving the design of a gas-controlled heat

pipe consists of replacing the gas storage volume with a much smaller gas absorption

reservoir (6). For a number of gas/fiuid combinations, it can be shown that it is volumetri-

cally more efficient to store gas as a dissolved solute than dispersed as a gas in a vapor

reservoir. The absorption reservoir consists of a wick matrix which supports the liquid

in a 1-g environment. Under conditions of vapor-liquid equilibrium, the concentrations of

non-condensible gas in the two phases are related by:

C,=*aC

gL gv
where:
ng = MoTar gas density in the-liquid phase
Cgv = Molar gas density in the vapor phase

(3-27)

The factor a is the Ostwald coefficient and is a constant for dilute solutions. Hence, the

larger the Ostwald coefficient, the greater the amount of gas absorption into the Iiduid phase

versys the vapor phase. In addition to requiring values of a which are greater than one,

efficlent storage volumes are realized when the volume of the 1iquid in the condenser is

small. This 1s generally the case with aerospace heat pipes.

73
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used, it follows that the volume required for a gas absorption reservoir in a general gas

controlled application (e.g., Eq. 3-9) is given by:

Voo y 8
r,ga o,min c -
3 = r— (3-28)
v,im vr,max - Yp min 5:
where:
8. * 1+ 8, (anc = 1) and o, = 1+ B,. (omr -1) (3-29)
with

B. = Fraction of condenser filled with wick/fluid composite
g = Fraction of reservoir filled with wick/fluid composite
n. = Fraction of wick/fluid composite filled with 1iquid in the condenser

n. = Fraction of wick/fluid composite filled with 1iquid in the reservoir

The void fractions Mo and n, are generally equal to the porosity (e) of the condenser and
reservoir wick structures. '
A comparison of Eq. 3-28 with Eq. 3-9 shows that the savings to be realized with 2

gas absorption reservoir are:

v ]

..v_lﬂ_" 2 . e—c . (3'1))

r r

In general the most efficient gas storage will be obtained with liquid-gas combinations

which have large values for their Ostwald coefficient. Reservoir size reductions on the
order of 1/5 to 1/10 can be realized with values of 10 to 20 for a. Unfortunately, such
combinations are possible but common control gases do not satisfy this criterion. Table

3-1 lists several room temperature 1iquid-gas combinations which have high solubility.

3.2.5 Transients with Gas-Controlled Heat Pipes

The performance of heat pipes during transients is still only partially understood.
This is particularly true for variable conductance heat pipes which represent control
elements within a thermal system. A detailed discussion of transient behavior is beyond

the scope of this Manual but a summary of the salient points is presented.
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TABLE 3-1. ROOM TEMPERATURE LIQUID-GAS COMBINATIONS HAVING HIGH SOLUBILITY
Solvent Solute Tem?gg?ture nggz?lgent )
Hexane n-Propane 25 23.6
Benzene n-Propane 25 16.0
Benzene n-Pentane 16 312.0
Methanol Propane 25 3.4
Meth;nol Carbon Dioxide 12 4.1
Methanol Butane 12 28.0
Methanol Sulfur Dioxide 25 83.0
Methano! Carbon Dioxide 59 39.0
Water Amonia 25 40.7
Water Sulfur Dioxide 25 34.0
Water Methanol 100 254.0

The transient performance of fixed conductance heat pipes has been discussed by

several investigators in Refs. 7 through 12.

Most of this work has been concernad with

the start-up dynamics of 1iquid-metal heat pipes whose working fluid is frozen (i.e.,

solid) at room temperature conditions.

The presence of a non-condensing gas which reduces

the transport Tength tends to ai1ev1ate start-up conditions associated with the Tow

transport capability of working fluids when they are at low vapor pressures.

Reference

12 treats the start-up of cryogenic heat pipes whose working fluids are supercritical

at room temperature. In this case,since any non-condensible gas that might be present

in the pipe is greatly compressed, its effect on start-up will be negligible.

Transient discussions of the various types of gas-loaded heat pipes can be divided

into three groups--wicked reservoir, non-wicked reservoir, and feedback controlled pipes.

3.2.5.1 Wicked Reservoir Heat Pipes

The partial pressure of the vapor everywhere in a wicked reservoir heat pipe is in

equilibrium with the local wick temperature.
The transient behavior of wicked reservoir

for establishing the vapor-gas interface.
gas-loaded pipes can therefore be adequately described by considering the sensible heat

75
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capacities of the various heat pipe elements and the conductance between them. The
position of the vapor-gas interface 15 assumed to be in equilibrium at all times with the
pressure and temperature distributions. Consequently, transient behavior can be predicted

using ordinary thermal modeling techniques.

3.2.5.2 Non-Wicked Reservoir Heat Pipes .

In a non-wicked reservoir, the partial vapor pressure in the reservoir is established
by diffusion. The length of the diffusion path between the nearest point of saturation,
i.e., the end of the condenser and the reservoir, may be long and diffusion rates often
dominate the transient response. Although the transient behavior of non-wicked reservoir
heat pipes is by no means fully developed, successful correlation of the "hot" reservoir
heat pipe flown in the Ames Heat Pipe Experiment (AHPE) has been obtained (13).

Another phenomenon which is peculiar to non-wicked reservoir heat pipes is the
mechanism for removal of liquid working fluid from the reservoir. Ordinarily, the non-
wicked reservoir contains only non-condensing gas and some working fluid vapor. Liquid
may accidentally be spilled into the reservoir, as for example ejthqr as a result of handling

‘or as a result of vibrations during launch. If the spillage occurs during handling, the
bulk of the liquid can usually be removed by proper orientation. If this happens during
Taunch and is then 1mmediate1y followed by a 0-g environment, no such removal mechanism
exists.' In either case, some liquid will remain in the reservoir. Under these conditions,
when the heat pipe is started-up, the vapor pressure in the reservoir will correspond to
the saturation pressure of the 1iquid at the reservoir rather than the condenser temperature.
Since the reservoir temperature 15 always higher than the condenser temperature, some of the
gas will be forced out of the reservoir and the heat pipe’s set point will be changed. 1In
the extreme case, corresponding to a reservqir temperature equal to the evaporator tempera-
ture, all of the gas will be forced ‘out. Since the reservoir volume normally exceeds the
condenser volume, the latter will be completely blocked and serious overheating of the
heat source may result. These abnormal conditions will prevail until the liquid is evaporated

from the reservoir.and recaptured by the wick.

3.2.5.3 Feedback Controlled Gas-loaded Heat Pipes
Feedback systems exhibit a rather complex transient behavior. These systems contain
a1l the elements of a typical control loop and are subject to the same performance character-

istics. Unlike other variable conductance heat pipes, feedback systems can possess unstable
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regimes in which oscillations may occur. Thermal feedback systems are more stable than
electrical feedback systems; however, their stability should be established for each
application. ]

Closely related to stability is the existence of "overshoot"” and "undershoot" of
the control temperature. A typical response for a feedback controlled gas-loaded heat
pipe, in which the source temperature is regulated, is shown in Fig. 3-13. Changes in
the heat load and/or in the sink temperature cause the source temperature to temporarily
deviate from the set point, As illustrated, the feedback system regains control and the

set point 1s restored.
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Fig. 3-13. Transient response of heat source with electrical feedback
controlled heat pipe :
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A lumped parameter model of a heat pipe feedback loop is presented in Reference 2

which shows that the response of the heat source is controlled by the following two time

constants:
T. S (m Cp R)r
T S (m Cp R)s
where m. and Cp r are the mass and the lumped specific heat of the reservoir, and me and

Cp.s are the mass and the Tumped specific heat of the heat source. Rr is the thermal
resistance between the reservoir and the sink, and Rs is the thermal resistance between

the heat source and the heat pipe evaporator. The response time is minimized if the ratio
'rr/ts 1s small. Since the time constant of the heat source is frequently determined by

the application, the only available alternative is to make T, 25 small as possible. The
most desirable method of minimizing T, is to minimize the heat capacity m.. of the reservoir.
By closely coupling (thermally) the reservoir to the sink (small Rr)' a reduction in the
reservoir time constant can be achieved but this is generally undesirable since it increases

- the auxiliary power required to maintain the reservoir at the selected temperature during

steady state operation.

3.3 OTHER VARIABLE CONDUCTANCE HEAT PIPES

Most of the aerospace applications to date have utilized gas-loaded heat pipes for
their thermal control requirements. However, demand for diode and switching operations
is increasing, particularly for temperature control of low temperature and cryogenic
detector systems (14). Although gas-loaded heat pipes can be adapted to accommodate these
other thermal control functions, more efficient operation can be obtained passively by

utilizing some of the other variable conductance techniques.

3.3.1 Excess Liquid Heat Pipe

This technique is closely related to non-condensing gas control. Variable conductance
1s achieved by inactivating part of the condenser by using an incompressible liquid. The
most convenient

Fig. 3-14.
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Fig. 3-14. Variable conductance through condenser flooding with 1iquid '

Excess working fluid is contained in a reservoir which is located inside the heat
pipe envelope. The effective volume of the reservoir is varied by means of a bellows
which contains an auxiliary fluid in equilibrium with its vapor. Expansion of the bellows
forces 1iquid working fluid out of the reservoir and into the condenser. This technique
provides self-control of the source temperature; that is, increasing the heat source and/or
the sink temperature causes the conductance to increase and this has the effect of
minimizing the tendency for the source temperature to change.

‘The control characteristics can be developed using a model similar to the one in
Section 3.2.1. Assuming that the fraction of the working fluid occupied by the wick and
the vapor space is approximately constant (or negligible as in the case of the vapor),

conservation of mass of the excess working fluid requires:

Vex =V. - Vb + Av Li_ (3-31)

where Vr is the sum of the volumes of the reservoir and the capillary tube, Vb is the
volume of the bellows containing the auxiliary control fluid, and Vex is the volume of
the excess fluid. Because the excess fluid is in the liquid state, conservation of mass
corresponds to conservation of volumes. The volume occupied by the bellows (Vb) is

related to the pressure difference between the working fluid and the auxiliary fluid through:

v, =V _+-—(p -p) (3-32)
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where Vbo is the equilibrium volume of the bellows, Ab is the bellows area, and k is the
bellows spring rate.
Combining Eqs. 3-31 and 3-32 together with Eq. 3-12 yields the following expression

for the active condenser Tength:

L V.,V +vV 2
E,a 27 - exA Lr bo . Ab (pv - pa) (3-33)
< vV ¢ k ;v [c

Because of the incompressibility of thé liquid, this system is less sensitive to changes
in the sink temperature than gas-loaded heat pipes. Good control is achieved if:

(a8) The cross-sectional area of the bellows is large

(b)  The spring rate of the bellows is small

(c) The slope of the vapor pressure curve of the working fluid is

larger than that of the auxiliary fluid

In addition to providing an Insensitivity to changes in the sink temperature,
temperature control using excess working fluid generally requires smaller storage
reservoirs. Also, the interface between vapor and 1iquid is not subject to the diffusion
effects. These system advantages must be weighed against some disadvantages, Gravity
tends to cause the excess fluid to puddle in the condenser rather than form a well-defined
interface as shown in Fig. 3-14. In addition, the sink temperature must always be above
the freezing point of the working fluid because the inactive part of the condenser will
“be approximately at sink temperature and freezing would form a solid Plug preventing any
further control. Finally, sloshing of the excess fluid can be a problem, and containment

of the excess fluid as well as the auxiliary fluid must be taken into account,

3.3.2 Liquid Flow Control

Liquid flow control represents probably the most viable technique for accomplishing
diode and/or switching operations. Two basic methods exist: (1) the 11quid trap which
starves the heat pipe of its working fluid; and (2) 1iquid blockage which impedes the
vapor flow and therefore the "heat-piping" action. A detailed summary of diode heat pipe
technology is presented in Ref. 15. Significant aspects of the two techniques of liquid

flow control are presented in the next sections.
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3.3.2.1 Liquid Trap

The Tiquid trap technique is based on the tendency of 1iquid to accumulate at the
coldest portion of the heat pipe, except as displaced by surface tension and gravity
forces. The liquid trap is a reservoir provided at the evaporator end and is in good thermal
contact with the evaporator to hold the liquid during and after reversal of the heat pipe
operation. As shown in Fig. 3-15, the Tiquid trap contains a wick structure which does not

communicate with the wick in the heat pipe.

- . — ]
._\T—*\"'L_rtta?z‘{—‘——-—-—-—b = in‘_ﬁ_
' Heat Heat

Source Sink

.123 “--- ‘--- r’ -

eat Heat
Source Sink
Normal Mode Reverse Mode
No Liquid Liquid in Trap
in Trap Not Wick

Fig. 3-15. Liquid trab diode operation

In the normal mode of operatibn the tfap is dry. When the liquid trap end becomes
the c¢old end of the heat pipé, condensafion begins to occur within the trap, as well as
in the evaporator end. As 1iquid accumulates in the trap, the heat pipe wick becomes
under%i?led causing a fairly rapid reduction in transport capability. The reduction in
transport capability can be quite significant with only a few percent reduction of the
1fqu1d charge below 100% fill. This holds for both arterial wicks and axial grooves.

For reduction of the transport capability to the order of less than 1% of the original
value, however, it may be necessary to dry out the heat pipe wick completely, with all
the Tiquid in the trap. Depending on the specific design the above phenomenon could also
lead to a very rapid partial shutdown of the diode and a slower app}oach of the complete
shutdown situation with minimum reverse heat flow. The trap volume should be sufficient
to accommodate the entire fluid inventory of the heat pipe. Therefore, wicks having a
small 1iquid volume are particularly attractive. The liquid trap technique combined with
axially grooved wicks is an excellent combination and provides a simple and reliable

design.
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3.3.2.2 Liquid Blockage

The 1iquid blockage technique fs dependent upon excess 1iquid shifting naturally
from one end to the other as hot and cold ends are interchanged. Under reverse-mode
operation, the excess liquid must have a volume sufficient to block the vapor space of the
cold end and a large part of the transport section to minimize conduction heat transfer.
As shown in Fig. 3-16, a reservoir is provided at the normal condenser end to obtain
excess 11quid under normal-mode conditions. The reservoir size must be slightly larger
than the evaporator and transport section vapor space volumes, to allow for changes in
1iquid-density with temperature. To keep the reservoir size small, the vapor space in
the evaporator and adiabatic sections has to be kept small. This is automatically
achieved with various arterial wicks. However, when axial grooves are intended to be
used, an insert in the evaporator and at Teast part of the adiabatic section should be
provided to reduce the vapor space. This, however, could cause a serious reduction in
the forward-mode transport capability. Without an insert it would in general be impossible
to hold a 1iquid plug in the vapor space against gravity during 1-g testing. Therefore,
axial groove wicks cannot be used for the 1iquid blockage technique. The 1iquid blockage
technique is most attractive for cryogenic applications where, under normal-mode operation,
the evaporator is relatively short compared witﬁ the condenser and transport sections.

This arrangement minimizes the excess 1iquid required for blockage.

——— e
[im =
Heat
Source

Source.

Normal Mode ° Reverse Mode
Liquid in Liquid in Vapor
Reservoir . Space Not Reservoir

Fig. 3-16. Lliquid blockage diode operation
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The limitation of the liquid blockage technique is the ground testing requirement.
In a gravity environment the vapor space in the blocked sections of the shutoff diode
must hold the liquid. This means that the vapor space has to be small enough to insure
that the respective capillary head, 4p, will support the gravity head of the 1iquid slug
(Fig. 3-17). The condition for blockage of the vapor space in ground level testing can

be derived to be:

dp=p, g0 %g, (3-34)
_ v

Blocked , Unblocked
- | ——

PQ’PV'AP"'%QQ . Py

Fig. 3-17. Liquid blockage of vapor space (Ref. 16)

This requirement results in very narrow vapor spaces and consequently large vapor
pressure drops during normal heat pipe operation. The heat pipe capacity {s therefore
limited and this type of diode is restricted to smaller heat transport applications, and
the use of working fluids such as ammonia, which combine good capillary rise characteri-
stics with small vapor losses.

One method for avoiding this problem that has been developed is referred to as a
"b]ocking-orificg“ design (16). This consists of inserting an orifice plate around the
heat pipe wick at the point where P1ockage ends (e.g., Fig. 3-18). The opening in the
orifice place is located at the bottom of the pipe as shown in Fig. 3-18. The orifice
height may be greater or less than the annular vapor passage height, tv. The use of
large vapor passage areas more than compensates for the additional vapor pressure 10ss

introduced by the orifice.
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Fig. 3-18. Liquid blockage with a blocking orifice (Ref. 16)

If the pipe is tilted with the blocked end high, the equation for hydrostatic equilibrium
for the design defined in Fig. 3-18 can be written as:
ht 20

oy 9 (hg + T = R (3-35)
from which the maximum orific; height can be determined as:
mo\2 e 17 M,
"'°"’H(Lt>*aa] T (3-3¢)

3.3.3 Vapor Flow Control

The interruption of the vapor flow between the evaporator and condenser will result
in a pressure difference in the vapor and, because of saturation conditions, a corresponding
temperature difference. For a given axial heat flow rate, varying the temperature difference
is equivalent to varying the heat pipe's conductance. The principle of this technique is
shown schematically in Figs. 3-19 and 3-20. The vapor flow can be modulated by an external

signal, e.g., the current of the electromagnet in Fig. 3-19, or the system can be self-

controlled as shown in Fig. 3-20. (13).
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Fig. 3-19. Vapor flow control using external signal

Throttling

Fig. 3-20. Self-coritrolled vapor-modulated heat pipe
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Vapor control represents a direct method of varying the axial conductance of the heat
pipe. It does not, as with other techniques, render part of the condenser or evaporator
ineffective. The entire evaporator and condenser are isothermal during all modes of
operation since the pressure and temperature differential occurs across the throttle
mechanism.

The obvious'advantage is Bartial]y offset by the 1imited control range. The
pressure difference created by the throttle must never exceed the capillary pressure of
the wick. If the capillary pressure is exceeded, the vapor will "bubble" through the
wick and around the throttle and the control capability will be lost. In a vapor flow-
controlled heat pipe, the wick must be capable of providing sufficient capillary
pressure to overcome the hydrodynamic losses and the pressure difference created for
control purposes. From a hydrodynamié point of view, the wick must therefore be
overdesigned.

The temperature difference which corresponds to a given pressure difference is

obtained from the Clausius-Clapeyron equation (17).

T
o, L , (3-37)
Apr A oy .

In order to achieve large temperature differences (large variations of the conductahce)
with small pressure differences, the vapor density of the working fluid should be low.
Vapor control is most effective if a fluid is selected which has a low vapor pressure at

the operating temperature.
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HEAT PIPE DESIGN |

The development of a practical heat pipe design requires the application of the
theory presented in Chapters 2 and 3 in combination with a variety of considerations
including physical, thermal and mechanical constraints; application requirements; materials
properties; fabrication, processing and testing limitations; as well as reliability and
safety. At the outset the designer is faced with a number of optional solutions including
non-heat pjpe design alternatives. The objective of this chapter is to illustrate practical
design procedures that are required for the successful development and application of heat

pipe hardware,

4.1 DESIGN PROCEDURE
Fig. 4-1 is a flow chart of the major steps to be followed in the design of a

heat pipe. The first step in the design process is to identify the performance requirements.
Once the specifications for a heat pipe application have been defined, the design selection
and evaluation process can be initiated. Three basic considerations are applicable to the
development of any heat pipe design: . '

(1)  Selection of the working fluid

(2) Selection of the wick design

(3)} Selection of the container design
For a given application, several possible combinations of working fluid, wick structure and
container design can be selected to satisfy the specifications. Other considerations such
as thermal control techniques (e.g., active or passive gas controlled variable conductance)
will also affect the heat pipe's design. As in any design optimization, the final design
represents an iteration among the various design factors, and very often an adjustment of
the performance requirements or design constraints. A detailed discussion of those factors

which determine a heat pipe's design is given in Section 4.2.
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Problem
Specification

Design Criteria
Fluid Container I
Properties Design Properties -
Theory
Procedure
Wick Other
Properties Considerations
Optional
Solutions
Evaluation Evaluation . Optimum
Criteria Proc:dure > Solution

Fig. 4-1. Flow chart of heat pipe design procedure

4.2 PROBLEM DEFINITION AND DESIGN CRITERIA

The basic performance requirements of the specific application must be established
before any design effort can be initiated. These parameters include operating temperature
range, heat load requirements, allowable temperature drops, thermal control requirements,
and size, weight and geometry limitations. In addition, design and operational constraints
associated with testing, operational’ limits under gravitational or acceleration loads,
mechanical, thermal interface requirements, storage and operational lifetimes, pressure
containment specifications, toxicity requirements, and provisions for s&ructura1 support
must also be established. Also the type of application, aerospace or commercial, and
ultimately cost must be considered. A specification should be prepared to organize and
delineate the various requirements. This specification should be thorough and complete
since it will be the document used for the design, development, and test efforts. A
listing of the requirements which may be included in the heat pipe specification and

their impact on the heat pipe design is given in Table 4-1.

.
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- TABLE 4-1 PROBLEM DEFINITION AND DESIGN CRITERIA

— — — — ——
— — — e e ————————_

Requirement Impact on Heat Pipe Design
Opérating Temperature Range Chofce of working fluid; pressure
7 retention

Thermal Load Heat Pipe diameter, number of heat pipes,
wick design, and choice of working fluid

Transport Length Wick design

Temperature Uniformity and Evaporator and condenser wick design,

Overall AT conductive path length trade-off, heat
pipe geometry

Physical Requirements -Size, weight structural strengthand geometry

Acceptance & Quality Testing "One-G" environment operation and
correlation with "Zero-G" operation

Ground Testing Degrees of freedom in orientation, limits
on operating during testing

Dynamic Environment Operation under acceleration loads,

’ structural integrity

Thermal Environment Pressure retention during non-operating
temperature cycles 7

Man Rating Pressure Vessel Code; Fluid Toxicity

Mechanical Interfacing Mounting provisions, provisions for

thermal interfacing

Transient Behavior Choice of working fluid, wick design,
’ variable conductance type

Reliability Leak tightness requirements, material
compatibility, processing care and
control, redundancy
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4.2,1 Operating And Non-Operating Thermal Environment

This requirement represents the primary constraint on the selection of the working
fluid. Freezing point and critical temperature define the operating limits of a fluid.
However, in practice, the useful temperature range must be well within these limits.
Clearly defined upper and lower operating temperature bounds are therefore required for
proper selection of the working fluid. In addition, it is often necessary to define
maximum and minimum non-operating temperature conditions. Upper temperature 1imits can
affect the pressure containment design and may impact working fluid degradation and
materials qompatibi]ity. The minimum non-operating temperature on the other hand can
affect the heat pipe's start-up behavior especially if operation is to be initiated from a
frozen or low vapor temperature state at which point the pipé has negligible heat transport
capacity.

Sink temperature variations and temperature control requirements are the most
significant design constraints associated with thermal control heat pipes. They can affect
the selection of variable conductance heat pipe design working fluids and reservoir size.
For diode designs, the variation 16 sink temperature determines the degree of shutdown

required and the maximum permissible reverse conductance.

4,2,2 Thermal Load

The specification of the thermal load consists of defining the distribution of heat
addition and heat removal. Multiple heat input and heat output sections as well as adiabatic
sections can exist, but a good definition of their axial and circumferential distributions
must be available. This is necessary to properly evaluate their effeét on the transport
requirements and the heat pipe  temperature drops. The power density and distribution of
any heat addition w11i also determine whether a boiling limit could occur in the evaporator
section(s). Fipally, the transient nature of the heat loads should also be defined where

tight temperature control and variable conductance operation are required.

4,2.3 Transport Length

The transport length is an equivalent distance over which the heat must be carried.
This requirement,in combination with the thermal load distribut1on;determines the transport

requirement (QL)req which directly affects the choice of working fluid and wick design.
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4.2.4 Temperature Uniformity and Overall Temperature Drop

’

The degree of temperature uniformity and the overall heat pipe temperature
drop will determine the evaporator and condenser designs as well as affecting the choice

of working fluid and the wick design.

4.2.5 Physical Requirements

Size, weight, and geometry limitations as specified by the application, when
consideréd with the performance requirements, must be such that a practical heat pipe

design can be obtained.

4.2.6 Acceptance and Qualification Testing

A detailed discussion of typical heat pipe test requirements is given in Chapter 8.'
In addition to thermal performance tests, leak tests, compatability tests, and pressure
tests are also often required to verify that the various performance and design require-
ments have been attained. Thermal performance test requirements must be related to 0-g as
well as 1-§ behavior.i When 0-g applications are specified, the test elevation for 1-g
performarice verification should be such that 1-g effects such as “puddling” are minimized.
However, since the 1-g test elevation affects the choice of working fluid and the wick
design, this elevation should not be overly prohibitive. Leak and pressure tests are
generally defined as part of the fabrication process; their specified levels affect

the container and closure designs.

4.2.7 Dynamic¢ Environment

Capillary forces are relatively small, and therefore ope%atioh of a heat pipe
against adver;e acceleration loads is limited. The frequency and nature of acceleration
Toads must be defined and imposed as operational constraints on the heat pipe if operatién
under these condit1on§ is required. 1In addition, the heat pipé may be subjected to a
dynamic environment, and the heat piﬁé musi'béﬁdeékgnéd to withstand theée dyhamic 1oadsﬂ

without damage or degradation in performance.

4.2.8 Man Rating

Exposure to personnel during processing, testing, handling, shipping, installation
and operation requires heat pipes that are safe and free of hazards. Safety standards
associated with the toxicity of the working fluid, the fluid's vapor pressure, and

pressure retention are additional constraints which must be placed on the heat pipe design.
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Industry standards such as the ASME Boiler Code (35) for pressure vessels and safety regula-
tions for the handling of hazardous materials are used in defining hazard-free design

requirements.

4.2.9 Thermal/Mechanical Interface

Therma?/mechanicai interfaces affect container design and the thermal performance of
the heat pipe. To achieve good thermal interfaces, it is first necessary to define the
mechanical interface requirements. The surfaée flatness and finish of an interface have a
strong influence on the system's temperature gradients. Interface filler materials improve -
the performance of mechanical interfaces. However, restrictions are often imposed on their

use for space applications because of the outgassing associated with many of these materials.

4.2.10 Transient Behavior

Start-up is best accomp]ishe& by using a working fluid which is initially satdrated.
wﬁen this is not possible, as in the case of many cryogenic or 1iquid metal heat pipes, the
wick should be desigﬁed to give good transport during the priming operation. When a variable
canductance heat pipe is required, the transient behavior will depend to a large extent on

the type of VCHP emp]byed and the choice of the working fluid.

4.2.11 Reliability ' ' L

Four failure mechanisms impose limitations on the life of any heat pipe--these are '
fluid leakage,-non-ccndensible ga§ generation, wick degradation, and fluid property degrada-
tion. The life of the heat piﬁe is defined as the total time span from the time of final
pinch-off to the end of use as defined by application requirements. This total time span
determines the minimum Jeak-tightness requirement. This parameter is critical since heat
pipes operate wifh a very small f1ui§ inventory, and small continuous leaks can cause thé
heat pipe to become inoperabIe. '

The working fluid must be compatible with the container and wick materials in order
to avoid generation of non-condensible gases. Again, for extended life requirements, even
extremely small rates of non-condensible gas generation can be detrimental. This is

. especially truce for heat pipeé which have very small condenser regions. Non-condensible
gases are swept from the evaporator to the condenser region; and, if excessive gas is

generated, unacceptable condenser blockage can result.
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Wicks can degrade due to erosion or an accumulation of particulate matter which
impedes the liquid flow through the wick. Similarly, fluid properties can degrade due to
chemical reactions. It is important that realistic lifetimes be defined so that they can

be demonstrated with meaningful accelerated 1ife tests (see Section 8.1.1.2).

4.2.12 Temperature Control Sensitivity

Temperaturé control requirements often determine the type of variable conductance
technique that must be employed. Cold-wicked reservoir VCHP's can provide adequate
temperature control for moderate heat load and sink temperature variations. A feedback
controlled VCHP is capable of providing absolute temperature control for very sevére
variations of heat load and sink temperatures. For any variable conductance pipe, the
required degree of temperature control will affect the choice of the working fluid and the

reservoir size,

4.3 WORKING FLUID SELECTION

A variety of physical, chemical, and thermodynamic properties of a particular
working fluid must be evaluated to determine whether or not that fluid is suitable for the
specific heat pipe application. The general considerations which apply to candidatg fluids
are: '

() ' Operating temperature range

(é)‘ Liquid transport factor

(3) Vapor phase properties

(4) Wicking capability in body-force field

(8) Thermal conductivity

(6) Fluid operating pressure

(7) Fluid compatibility and- stability

A number of heat pipe fluids and their operating temperature range are summarized in
Table 4-2. These are categorized into three operating temperature ranges: cryogenic
(Group 1), intermediate (Group 2), and high temperature (Group 3). Properties which directly
affect heat pipe design and performance are given in Figs. 4-2 through 4-13. A detailed
1isting of the fluid properties together with a computer program for tabulating fluid
properties (HPF) is presented in Volume Il of this manual. The effects of these various

parameters on the selection of a working fluid are discussed below.
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4.3.1 OQperating Temperature Range

 Since a heat pipe cannot function below the freezing point or above the thermodynamic
critical point of its working fluid, a fluid should be chosen whose useful temperature
range spans the operating temperature limits of the heat pipe. The lower temperature Timit
relates to adverse vapor effects such as the sonic limit, entrafnment T1imit, or simply
excessive vapor viscous and liquid/vapor shear pressure drops. As a "rule of thumb",
the lowest operating temperature should be greater than the temperature corresponding to a
vapor pressure of 0.1 atmosphere. Conversely, the uppef Timit of the operating temperature
should be kept below the critical point to avoid Tow values of surface tension and latent
heat which result in poor capillary pumping and excessive 1iquid losses. Operation below

the critical point will also avoid excessive cohtainment pressure requirements.

4.3.2 Liquid Transport Factor

The capillary pumping ability of the working fluid is best described by the "Liquid

Transport Factor,” N This factor states that the highest performance of the heat pipe is

-
obtained with a fluid which has a high surface tension, high 1iquid density, high latent
heat of vaporization, and a lTow viscosity. In Figs. 4-2 to 4-4 the Liquid Transport Factor
is plotted versus temperature for selected fluids in the three basic operating temperature
regions. Notice that each curve contains a rather broad maximum near the fluids normal
boi]ing_po%nt; The decrease in the Liquid Transport Factor on the low temperature side is
due to the increase in liquid viscosity. On the high temperature side, the decrease occurs
because the latent heat, liquid density, and 1iquid surface tension all decrease more
rapidly than the 1iquid viscosity. The Liquid Transport Factor decreases to zero at the
critical temperature as the latent heat and surface tension become zero.

For heat pipes operating in the absence of body forces and for conditions where the
vapor pressure drop is negligible, the capillary pumping 1imit is directly proportional to
' Nl. However, in the general design case, there is no simple grouping of fluid properties
which serves as an exact basis for selection. Therefore, the Nz factor can only serve as a
figure of merit for candidate heat p{pe working fluids. To finalize the choice of fluid,a ;
parametric evaluation must be conducted-which includes the liquid transport factor, vapor

losses, wicking height requirements, and thermal conductance.

Fluke Cdrporation Ex. 1014
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4.3.3 Liquid Wicking Capability in a Body-Force Field

As discussed in Chapter 2, the presence of body forces can influence the relative
performance of various heat pipe working fluids because:
(1) The body-force head is subtracted from the maximum capillary head in

determining the capillary pumping available to overcome flow losses.

(2) The body-force head must be overcome by surface tension effects in

order to prime the wick configuration,

Since in both cases the problem is one of surface tension forces working against
body forces, the ratio of these forces reprasents a basis of fluid comparison. In terms

of fluid properties, this ratio is proportional to the "Wicking Height Factor."

i g
a
(3 99'9

Thus, to minimize adverse body-force effects, the designer should select a working fluid
which has a high value for this parameter. For the purpose of comparison, the Wicking
Height Factor is given in Figs. 4-5 through 4-7 for various working fluids as a function of
temperature. It decreases with increasing temperature sfnce-the surface tension decreases

faster than the liquid density.

4.3.4 Kinematic Viscosity Ratio

The Liquid Transport Factor N, and the Wicking Height Factor Hy defined above
provide figures of merit for the 1iquid phase of the working fluid. The relative merit of
the vapor phase can be described by the "Kinematic Viscosity Ratie.®

v
A Ll_v p—z
Vy W Py

This parameter in combination with wick and vapor channel properties defines the proportion
of viscous vapor to Tiquid flow losses. To minimize adverse vapor effects (viscous and
shear losses), low values of this parameter are desirable. As shown in Figs. 4-8 through

4-10, the Kinematic Viscosity Ratio decreases with increasing temperature.

Fluke Corporation Ex. 1014
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4.3.5 Pressure Containment

Adequate attention must be given to evaluating the heat pipe design for all possible
temperature envirenments to vhich the heat pipe could be subjected. In the case of cryogenic
and low temperature Heat pipes,storage at ambient temperature or shipping conditions will
usually result fn substantial internal pressures. Similarly, there exist various applications
where the heat pipe must be bonded to ano£her system component. In many cases it is
advantageous to bond the heat pipe after it has been charged. Provision must be made in the
heat pipe design to contain the resulting pressure or the fabrication process must be speci-
fied to avoid this potential excessive pressure condition.

At saturation condition, the vapor pressure is readily determined (e.g., Figs. 4-11 )
~thru 4-13). If the critical point of the fluid is exceeded, the designer can calculate an

approximate pressure by using the simple equation of state for an ideal gas.
pV=nRT . (4-1)

This equafion holds, with a fair degree of accuracy, for highly superheated vapors. In order
to calculate 1nterna1‘pressures, which are fairly accurate throughout the entire superheated
vapor region, more complex equations of state (developed from empirical data) must be
utilized. One of the best known and most useful such equations is the Beattie-Bridgeman

Equation of State (1). The equation is:

-_RT(1-c¢' A -
P = (vn+ B) -F— (4 2)
n n
where:
v, = Specific Volume (lifers/gm-mo1e)
Vo = (Volume x Molecular Ne%ght)/mass
& -2 ’
: b
B = 8 (1-=>)
) Vi
o' = C
Vi T3 . J

Ao’ a, Bo’ b, and ¢ are constants. that must be determined experimentally for each fluid.
The constants for a number of fluids are given in Table 4-3. If the constants are not
available for a particular fluid, it is suggested that the ideal gas equation be used and
a safety factor of 2.5 to 3 be applied to the working stress éf the heat pipe container

material,

- Fluke Corporation Ex. 1014
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TABLE 4-3.

CONSTANTS FOR THE

BEATTIE-BRIDGEMAN EQUATION OF STATE (1)

6As

Ammonia
Argon
n-Butane
Ethane
Helium
n-Heptane
Hydrogen
Methane
Methanol
Neon
Nitrogen
Oxygen

Propane

Units: Pressure in atmospheres; volume in 1i
OK; R = 0.08206 atm-liters/gm-mole -

11.

a

.17031
.02328
.12161

.05984

. 20066
0.00506
0.01855
0.09246
0.02196
0.02617
0.02562

0

0

0
©0.05861 .

0

0

0.07321

m

Bo

0.03415
0.03931
0.24620
0.09400
0.01400
0.70816
0.02096
0.05587
0.60362
0. 02060
0.05046
0.04624
0.18100

L2

0.19112
0.0
0.09423
0.01915
0.0
0.19179
-0.04359
-0.01587
0.09929
0.0
-0.00691

0.004208

0.04293

1074 x c

476.87
5.99
350.00
90.00

400.00
0.0504
12.83
32.03
0.101
4.2
4.8
120.00

3ers/gm-mo1e; temperature in '
K
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4.3.6 Heat Transfet

Although the heat pipe has been fregquently considered an isothermal heat transfer
device, a thermal gradient must always exist between the heat input and output regions during
operatiop. This gradient.is determined by the radial heat fIﬁx and the thermal conductance
of the heat pipe wall and the wick material saturated with the working fluid. The effective
conductance of various wick designs is discussgd more fully in Section 4.4. As far as the
selection of the working fluid is concerned, it is desirable to choose the fluid with the
highest thermal conductivity since film coefficients are directly proportional to this
property. Liquid phase thérma] condbctivities for various heat pipe fluids are given in

_Fig. 4-14. The thermal conductivity of a given fluid tends to decrease with increasing

temperature.
10} : 10°
R
e Na
.~~
ol: KT \
s
1 1
3 — 10
[~+] ‘.4'K~
>: - y Hg
- L
Q A H,0
= 2
2 s TINTT
S |
-t
E o ' TN CH,0H )
a =
= < AN
Ne « NQB\—- CH,
= LY
I
{
10 L 107
10! 102 10® 10*

TEMPERATURE, °R

Fig. 4-14. Liquid thermal conductivity for several heat pipe working
fluids at saturated state (One °R = 0.5556 Ok , 1 Btu/ft-hr-°F
=1.730 W/m-°K)
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The designer must also consider the radial heat transfer in the evaporator,
especially if boiling would seriously degrade hydrodynamic performance. The criteria for
nucleation have been discussed in Chapter 2. Assuming the critical radius in Eq. 2-83
for the critical suﬁerheat is equal to the wick pore size, the pertinent fluid property
grouping for superheat tolerance is o/(A pz). This parameter, multiplied by the liquid
thermal conductivity, yields a measure of the fluid's radial heat transfer tolerance with

respect to nucleation. The Nucleation Tolerance Factor is defined as:
Ny = (k o/2 p), (4-4)

and is plotted versus vapor temperature in Fig. 4-15 for selected working fluids. The
higher the value of NTF the greater the heat flux that can be tolerated without nucleate
boiling.

4.3.7 Fluid Compatibility

A major factor in the selection of a working fluid fs‘its compatibility with other
materials in the heat pipe system. In contrast to most corrosion problems, the structural
integrity of the tube wall is not the primary consideration. One of the factors that is
eritical to the performance of a heat pipe is the amount of non-condensible gaé that is
generated. The gas could result from materials outgassing or chemical reactions. This
gas collects in the condensing region and causes condenser blockage. An example of this is
the hydro?ysis of water which occurs in éluminum/water heat pipes. o

Corrosion and erosion of the container and wick can also result in a change in the
'wetting angle as well as in the permeability, porosity, or capillary pore size of the wick.
Solid precipitates resulting from corrosion and erosion are transported by the working fjuid
to the evaporator region where they are deposited when the liquid vaporizes. This leads
to an increased resistance to fluid flow which results in lowering the Heat Flux Limit in
the evaporator. ] )

The compatibility and stability of working fluids and heat pipe materials at the
intended operating temperatures must be estab]ishe§ by testing. A widely used approach to
compatibility testing is to employ the actual heat pibe hardware and monitor the rate
of gas generated. As mentioned previously, non-condensible gas generated within a heat
pipe collects at the end of the condenser, blocking vapor flow and causing a local tempera-

ture drop (see Fig. 4-16). Thus, by monitoring the temperature distribution along a heat

Fluke Corporation Ex. 1014

113 ' o - Page 134 of 392

N



pipe operating at constant temperatu}e,the rate of gas generation can be determined. Several

such compatibility tests have been performed by many different experimenters and Taboratories.

Typical results are listed in Table 4-4.
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Temperature

Non-Condensibie Gas

Length of Heat Pipe

Fig. 4-16. Effect of gas build-up on temperature uniformity of

heat pipe

TABLE 4-4. GENERALIZED RESULTS OF

EXPERIMENTAL COMPATIBILITY TESTS *

Cold rolled steel

Iron
Brass

Tungsten

Tuantalum

Molybdenum

Rhenjum

Niobium

Waier

0|Copper

i

OiSilica

~IInconel

QfTitanium

mmonia

O
e}

Methanol

of 0} o) O]Stainless Steel

(o]
o 0.
(9]

ol of 0fNickel

(el e]

Acetone

Freon -11

Freon - 21

Freon - 115

olajajal =] o ~|Aluminum

Cg Fg

(R

n-butane

n-pentane

B-beptane

Benzene

Toluene

ool ola

owitherm A

Dowtherm E

-
O

|
-

DC 200

DC 209

Perchlorcethylene

Dimethyl Sulfide

Monsanto CP-9

Monsanto CP-32(pyridene)

ajlojolalajo| oo

Monsanto CPV-V34

Lithium

-

-

[

(e}

Sodium

Potassium

Cesium

Mercury

1

1

[l el oY Kol €l Rl

Lead

I

o

Indium

1

1

1

1!
ci
1
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C = Compatible
1 = Incompatible

* Sensitive to Cleaniog

# 1 with Austenitic S5

* See Chapter 7 for detailed Compatibility Test Results
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4.4 WICK DESIGN

The wick provides the necessary flow area for 1iquid return from the condenser to
the evaporator and also provides the pores required to develop capillary pumping. The
properties of the wick are characterized by the permeability K and an effective pumping
radius rp. These properties and the wick cross-sectional area Aw determine the ability
of the heat pipe to overcome hydrodynamic losses.

The choice of a wick design for a specific heat pipe application is determined by
trade-offs between a number of interrelated parameters. First, the wick should be capable
of providing a high capillary pressure which is equivalent to processing a small effective
pore radius. Second, it §hou1d be capable of supporting high flow rates which means that
the wick should have a high permeability and therefore a'lgggg effective pore radius.
Finally, in many designs, the wick is directly in the heat flow path and therefore {ts

thermal conductivity is an important consideration.

4.4.1 Basic Properties

As was discussed in Chapter 2, often the only way to obtain accurate values for the
various properties of wicks is by experimental measurements. However,'reasonab1e estimates
for preliminary evaluations can be made for several configurations. Various types of
capillary structures which have'been employed in the past are 1llustrated in Fig. 4-17.

These include capillary cylinders (tubes) made of porous material such as wire mesh screen,
rectangu1a§ and annular flow channels also made of porous mater1a1, grodves of various
geometries formed in the wall of the heat pipe container, matrices of multiple layers of
wire mesh séreen, packed spheres, and sintered fibers. Typical wick designs employing the
above are discussed in Section 4.4.2. Properties for each are summarized in Table 4-5.'

Working estimates for values of the effective pore radius (rp) and permeability can
be easily determined for well defined wick geometrfes such as the cy]indfféai} rectangular
and annular flow channels. These capillaries are characterized by a constant cross-sectional
flow area. The effective pore radius and the permeability can be obtained from the following

expressions, (2,3):

ry " %A_ (4-5)
P
2
(o0 (4-6)
2 (f-Re)
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D, = 4a Hydraulic Diameter
h wp

A = (Cross Sectional Flow Area of the Capillary

W. = Wetted Perimeter

f.Re = The Product of the Fanning Friction Factor and the Reynolds Number

(2) Cylindrical Channel (b) Rectangular Channel (c) Annular Channel

(d) Rectangular Grooves (e) Circular Grooves (f) Triangular Grooves

) W p—
1"h ¢ r
= 3 o;ﬁ
(g) Trapezoidal Grooves (h) Square Mesh (1) Packed Spheres

Fig. 4-17. Typical capillary wick designs

Fluke Corboration Ex. 1014

17 Page 138 of 392
o

g



. SaN|eA 3 pue Y 104 2
s4ay{ddns jejuojew snoaqy 3nsucy T e 3)_ZEA ¥P SAIIM snodqrd "ol
(3-1)ost sa1ayds
1 3 L] -b 3 .
I1°01°6 3.0z {4z 170 payoey A|wopuey 6
, l3-1)2a Z "
¢ — SO 9JIM daenbg ¢
8L = v YS3| 4IM bs ‘g
9A00.49 434 RALY = Sy ¢ SBA0OUD _H=+ (oups+1) W%E zoM
95’y 0 "oN=N ¢ Jy="y :usut0d due : SEV°0 M S3A00.19 |epiozaded) -/
3o o=y ¢ Ny us — o T
. $3A0046 Je|nbuejay Joy pado|aAsp L L 0, $9A00.9 denbuRl g
Uaaq aAey sanjea (edjaidwo oy
z (0-12) zoM
‘S 70° M SAA00U AR|NDAL) G
’ rz{ PUES +0-42) P 1220
9A00.49 434 RAUAY = Ky ¢ SBA0OAD o [M92 M 6
Y S — . A Jepn Yy °
95y 40 “oN=N ¢ ="y :usudog dueys AT ) sEr " S3A00AY e [nbueyday
(°4-4)
£2 sanjeA (3y-3) 404 gi-¢ "B}y v9s Y 3 [Buuey) seqnuuy ‘g
M9\ (3y-4) M9
£°2 San|eA (9Y-3) 404 L1-p *Bi4 9ss e 3 Ty Jaepnbuejoay -z
<
€' 9t = (3y4-3) m\~a 4 Ledpapul 14y *1
p 4
JONFHII SINIHWOD SNIOVY 3W0d 3dAL
ALII8V3WYId . IALLD3443

S31143d0dd AYVTIIdVD "S- 378Vl

<+ QN
— O
o™
~— u
< O
o
)
P
S &
o QL
oY
[
o
O
©
X
=
o
o



For laminar flow, which always exists in the 1iquid phase of a heat pipe, the product
(f-Re) is a constant and independent of flow (3) and is only a function of the channel
geometry. For cylindrical channels, (f-Re) equals 16 and the permeability is directly
proportional to the diameter of the cylinder. For rectangular channels and annuli, (3)
(f-Re) can be obtained from Figs. 4-18 and 4-19, respectively.

Although grooves also have well defined geometries, they are open channels
characterized by variable flow area and permeability along their length as the meniscus
recedes to develop the required capillary pumping. In addition, grooves are also
characterized by two effective pumping radii:f one parallel to the flow channel and the.
other perpendicular to the direction of flow. In rectangular, circular and trapezoidal
grooves, as illustrated in Fig. 4-17, the meniscus remains anchored at the groove opening;
that 1s, the meniscus does not recede to the bottom of the groove to develop maximum
pumping. For these types of grooves the two effective pumping radii can be determined as

follows (4, 5):

(rp).l =W (4'7)
L2 = ' )
(l‘p)" w-p- ) (4-8)

The sma{ler of the two values determines the capillary pumping 1imit unless the grooves are
sealed at the end in which case (rp).L will govern the capillary pumping limit. Note that
sealed grooves can resylt in a composite pumping effect (see Section 4.4,2). However, this
requires that the grooves be fully primed before maximum capillary pumping can be developed
(5). A determination of the permeability and effective flow area fs a more complex matter
requiring integration along the entire length of the groove to account for meniscus recession.
A capillary flow factor (Ng) which Ts defined by Eq. (4-9) has been developed for axial

groove geometries (5). Empirical expressions have been developed for Ng using the GAP

computer program (6)

o0 A'
Ng -j: ax dR (4-9)

tw R} X

Hhere Rx is the effective pumping radius at position X

¥The two effective pumping radii should not be confused with the two principal radii of
curvature which determine each effective pumping radius.
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For grooves with sharp corners at the groove opening

A'\sa
= i W )2
K’ °'87(w2> (7)) W (4-10)

For grooves with rounded corners at the groove opening

2 R,
R Al L I W W LA L (4 *n)
= - _.t_ —_— =
Ng (0.87 1.04 W) (+W (NP)

where A1 and Np are the individual groove area and wetted perimeter respectively,
associated with a completely filled groove with a flat meniscus. Rt i{s the radius at the tip

of the land (See Fig. 2-6). The permeability (K) can be determined from Eqs. 4-10 and 4-11 as

kK= L2 (8-12)

It should be noted that if the rectangular, circular or trapezoidal grooves are open at
both ends and nearly closed at the gfoove opening or covered with porous material such as a
wire me;hvscreen, the effective pumping radius can be obtained from Eq. 4-8, and the
permeabi]iiy can be obtained from Eq. 4-6. If the grooves are sealed at both ends, a
composite effect results and the minimum effective pumping radius is that of the groove
opening or porous material covering. For triangular and semicircular grooves, R. G.
Bressler and P. W. Wyatt (12) berformed a numerical evaluation to determine the effective
pore radius. Their ana1yt%ca1 results, summarized in Table 4-5, agreed well with

capillary rise experiments. '

A number of variables are introduced in the properties of capillaries made of
wire mesh screen, packed spheres and fibrous wicks. These varfables include the porosity
(e), packing density, intermeshing in multilayer screens, random sphere and fiber sizes and
the effect of tortuosity on flow properties. Because of these variables, properties of
these types of capillaries are best established on an experimental basis. Techniques for
obtaining experimental properties are discussed in Chapter 8, Table 4-6 summarizes typical

data which has been obtained with those techniques.
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Empirical expressions developed on the basis of available data are given in Table 4-5.
For square wire mesh wicks which are often used in heat pipe design, the spacing between wires
(w) is approximately equal to the wire diameter in which case the effective pore radius (rp)

and permeability (K) for this type of wick design can be expressed as (7,8):

rp = d (4-13)

K = 0.0122 d° ' (4-18)

Where the porosity (e) used to establish the above permeability {s based on an analytical

expression developed by Marcus (7 ) which neglects intermeshing of the wires.

€ = 1- 1‘-54—"‘!- % 0.6 (4-15)

The dimensionless empirical "Crimping Factor, S" is normally unity if the screen 1is not

tightly wound and the number of wires per inch (N) or mesh size is equal to % d for w=d.

4.4.2 Typical Wick Designs

The capillary structures discussed in the preceeding section can be configured in a
variety of ways depending on the properties desired for a particular apblication. Figure
4-20 illustrates some of the more commonly used wick designs, while Table 4-7 presents a
“rating" of these wicks in terms of basic performance criteria.

Wick designs are divided into two basic categories: homogeneous and composite.
Homogeneous wicks are isotropic structures in which the capiliary pumping is derived from
effective pore or channel sizes which are uniform throughout the structure. That is, the
permeability (K) and the effective pumping radius (rp) are dependent on the same character-
istic property of the wick. Since_high capillary pumping is equivalent to possessing
small pore radii and low resistance to flow is equivalent to large pore sizes, the design
of most homogeneous wicks (non;composite) requires a compromise between these conflicting
requirements. Despite the performance limitations imposed by this compromise, homogeneous
wick designs are widely used because of their relfability, good start-up under load

characteristics, flexibility of application and cost.
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(a) Circumferential (b) Circumferential {c) Stab Wick
Wire Mesh Sintered Fibers/Powders

(d) Axial Grooves (e) Open Annulus (f) Open Artery

:)»Homogeneous
Wick Designs

\

(g) Closed Artery (h) Circumferential (i) Composite :>>Composite

Composite Slab Nick Designs
. . \
() Closed Annulus (k) Grooves (2) Spiral Artery

Covered By Screen

W . //////// Secoﬁdary

Sec. A-A Sec. B-B Wick Designs
(m) Circumferential (n) Single Layer
Grooves - Wire Mesh

Fig. 4-20. Typical wick designs
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TABLE 4-7. WICK SELECTION CRITERIA
= 2l =] »
2 \58|35|53] 3
Wick Type ¢ g2l 258|888 ) Comments
E |2E|238|0E| =
5 |S&|ES Q -
o o © 3
a. Circumferen-
tial Screen P-M| G P G First Historical Wick
b. Circumferen-
. - G -
tial Sintered P-M| G M M Screen, Powder, Fiber, Spheres
With Screw Thread or Single
. w -
< c. Slab Wick P-M| G G ¢ G Layer Screen as Clrcumf, Wick
[=]
3 —_—
[ =4
S | d. Axial Grooves | M=G | P G M ¢ |Not Available in All Heat Pipe
e Materials
E e
=
e. Open Annulus G P P M G
f. Open Artery G P G M G
Pedestal, Spiral, or Tunnel
g. Closed Artery| G G G P P Arteries
h. (?ircumferen- M G M-P| M P Conductanc‘e Ra?ing Depends on
. tial Composite Whether Wick Sintered
§ 'l i. Composite M G G G p |Not Very Seasitive to ""Ferfect"
§ Slab Closure of Pumping Wick
§ j. Closed Annulus| G G P | M-P P
k. Grooves Cov-
* - P
ered by Screen M-G| G G M-P Not Reduced to Practice
1. Spiral Artery | M-G| G G| P P
G = Good M = Average P = Poor
Fluke Corporation Ex. 1014
132

Page 153 of 392




The graded-porosity wick (22) is a non-arterial (non-composite) design which tends
to offset the competing effects of permeability and pumping and results in optimized fibrous
wick designs. With this design the wick porosity is varied such that at every axial
location it is only as Tow as required to insure that the wick remains nearly saturated,
Thus the permeability is everywhere as high as possible. The potential increase in
capacity over a uniform porosity fibrous wick dépends on the particular application, but
it can be more than a factor of two greater (22). _

Composite wick designs have been investigated for a number of years. Large flow
channels in combination with fine capillary structures are used in composite wick designs
to independently optimize capillary pumping and permeability. To achieve the resulting
high performance, however, the wiék structure must be completely "primed". Because vapor
or non-condensible gas inclusion or a small saturation pressure differentfal can prevent
complete priming, conventional composite wick designs have proved to be highly unreliable.
Techniques to improve priming such as Clapeyron priming (23), meniscus coalescence (24),
and Jet pump assist (25), have met with various degrees of success as discussed in
Section 4.4.2.2. Limited experience with reliable priming techniques, the high cost of
such designs, together with operatfonal limitations such as performance during start-up
are factors which shoh1d be éonsidered in the selection of composite wick designs for any

application,

4.4.2.1 Hdhogeneous Wick Design

Permeability and capillary pumping determine the hydrodynamic heat transport capabi-
lity of a wick. As stated earlier, a compromise between these two factors is often reauired
in the design of a homogeneous wick. An examination of the equations developed in
Chapter 2 for the Heat Transport Capability will show the dependence of this parameter on

wick properties. The applicable Egs. are repeated as:

2 KAy (1 +N) Cos & Fo Ny
"p

(b0 ® (4-16)

where:

IP D Cos 8 rp L sin B

+ (4-17)
2H2 Cos ec ZHL Cos ec

n 8 =
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(4-18)

F =
£ 2 A\ 32 K A
pely, v 220
3 Y D h,v L

with H, and N, defined by equations 2-65 and 2-68, respectively.

For all homogeneous wicks except the axial groove, the wick area (Aw) s independent of the
capillary properties and, as it can be seen from Table 4-5, the permeability (K) and

capillary pumping radius (rp) can be related by:

If vapor losses aremnegfécted (FL = 1), the dependence on.capillary properties can be

expressed as follows:

= _K_ = - L h
(QL)max o (T+n) = rp(1 "p'zn—) (4-19)

In the absence of gravity (n = 0), the wick with the 1arges§_E:gEEiE§1 capillary pore size

will yield the best heat transport. For heat pipes which must be operated in gravity for
performance verification or as a normal mode of operation, body-forces must be included in
"the selection of an optimum pore size. Differentiation of Eq. 4-19 yields the following

optimum pore size for operation in a 1-g field, (g =dy ):

' _H

(rplopt = & - (4-20)
For axial grooves, it can be shown that

(rplopt = (Wopt = 3¢ - (4-21)

N

Note that, since axial grooves are non-communicating:
h =L sing (4-22)
where

B = heat pipe elevation angle
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and that for all other wicks which communicate with the bottom of the heat pipe:

h =L sin8+Dcos 8 - (4-23)

For a 0-g heat pipe application which must be verified in gravity, the optimum pore size

should be selected for a test elevation which precludes significant puddle flow contribu-

tions. An adverse test elevation of 1.25 mm (0.050 in.) or greater is generally preferred,

Once the required capillary pore size has been identified, the type of wick design

suitable for a given application can be selected.

radii and permeabilities for some typical wicks are given in Table 4-8.

Ranges of physical pore sizes, capillary

For reference

purposes, the Table also Tists the maximum static wicking height (h)max of water at 100°C.

The designer is referred to Table 4-5 for the definition of the basic wick properties.

(a)

Wire Mesh and Sintered Fibers/Powders Wick Designs

As can be seen from Table 4-8, wicks made of wire mesh screen and
sintered fibers or powders can provide fine capillary pore sizas with

correspondingly high static wicking heights. On the other hand, these

wicks are characterized by low permeability due to the small pore sizes

and the relatively tortuous path the liquid must follow. These wicks, -

therefore, are most suitable for applications where the heat transpokt
capability is not too restrictive and operation against a high
elevation is required. Figs. 4-20 a, b, and ¢, illustrate various
typical wire mesh and sintered fibers/powder wick designs. The
principle difference between the ¢ircumferential and the slab wicks
{1lustrated in Fig. 4-20 {s that the ¢ircumferential wick offers an
{deal va#or flow channel (cylindrical) geometry but requires the

heat to be transferred through the wick 1iquid matrix to the liquid-
vapor 1interface at the evaporator and condenser. This type of wick,
therefore, offers minimum vapor flow losses but has low heat transfer
coefficients at the evaporator and_condenser. The slab wick on the
other hand provides efficient heat transfer at the evaporator/
condenser but presents higher vapor flow losses. To enhance its

heat transfer capability, the slab wick is often used in combination
with circumferential grooves or a secondary wick made of a single

layer of screen (Fig. 4-20, Sect. A-A & Sect. B-B8).
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With respect to vapor flow losses, the performance of the wick
designs 1l1lustrated in Figs. 4-20 a, b, and ¢ can be optimized as

a function of wick area (Aw) and vapor flow losses (Fz)‘ As can be
saen, performance will be limited by 1iquid flow losses {f the wick
area is kept small. That is, the performance of the heat pipe goes
to zero as the wick area goes to zero. At this point the vapor flow
loss factor Fz = 1. As the wick area s increased, 1iquid flow
losses are reduced but the vapor flow losses are increased.
Eventually, the vapor flow loss will dominate and the factor Fz goes
to zero as the wick occuples the total cross-sectionaT.area of the
heat pipe and the performance goes to zero. Optimum wick area is

. dependent on a number of factors {ncluding the permeabilfty of the
wick, the vapor channel(s) geometry and the kinematic viscosity
ratio, “v/“z' Optimum wick design, therefore, {s not only dependent
on the wick properties but is also dependent on fluid properties as
a function of temperature. Figure 4-21 {llustrates the optimum
performance point which can be obtained withvé .00127 m (172 inchj
dlameter heat pipe using ammonia at 273°% and various sfzes of wire
mesh screens. Optimum opérating conditions for both the circum-
ferential wick and the slab wick are i{llustrated. In determining
the optimum wick area, the designer should keep the following

points in mind:

(1) Optimization with respect to Tiqﬁid flow losses {s dependent

on whether the vapor flow is laminar or turbulent.

(2) Heat pipes are typically required to operate over a temperature
range. Optimization should be performed at the low end of the

-range. (High Vapor Flow losses.)

(3) Fluids for low temperature applications (i.e., cryogenics) tend
: to have poor liquid transport properties and low kinematic
viscosity ratfos. Therefore, maximum transport 1s often achieved

with large wick areas.
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(b)

(4) Fluids for high temperature applications (i.e., liquid metals)
have good 1liquid transport properties and high kinematic
viscosity ratios. Therefore, optimum performance is often

achieved with large vapor flow areas.

(5) Other design considerations such as evaporator/condenser heat
transfer, pressure containment and fabrication will often
influence the design selected resulting in off-optimum
performance. For example, a large wick area in a cryogenic
heat pipe may result in an excessive pressure containment

requirement.

Axially Grooved Wick Designs

For applications where high elevation in gravity is not required and

high heat transport performance is desirable, thé designer may elect
to use wick designs with large open flow channels as 11lustrated in
Fig. 4-20 d, e, & f. The preceeding discussions for optimum pore size
determination, wick area optimization, and effect of wick design on “a
thermal conductance also apply to large open flow channel wicks with '

the exception of axially grooved heat pipes.

The axially grooved wick design differs from other homogeneous wick
designs in several important areas. The Internal wick configuration
consists of a series of parallel flow channels extruded or swaged as
an integral part of the tube wall, Each groove is independent of the
other and does not communicate with the bottom of the heat pipe. The
groove size, therefore, is insensitive to the heat pipe diameter and
is dependent only on the heat pipe elevation in a body-force field.
Consequently, larger effective capillary sizes can be used in axfally
grooved designs as compared to other homogeneous wicks; and the per-
formance of an axially grooved heat pipe is only exceeded by the more
complex and less reliable composite wick structures. The integral
construction also provides high conductance heat transfer paths to
the 1iquid-vapor interface. Axially grooved heat pipes, therefore, can

be classified "moderate to high conductance" wick structures.
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Several factors should be considered by the designer in the develop-
ment and evaluation of an axially grooved design. Axial grooves

have bgen successfully produced in a number of materials including
aluminum, copper, steel and stainless steel. However, the processes
used (extruding and swaging) are limited by the size aﬁd the number of
grooves that can be produced within a given envelope. Optimization
with respect to vapor flow losses, therefore, is often impractical and
the designer must optimize his design around fabrication limits. In
addition, the axial groove is an open flow channel which is susceptible
to liquid-vapor interaction at the groove opening. Finally, the open
flow channel allows the 1iquid meniscus to recede along the length of
the heat pipe resulting in a varfation fn the wick's cross-sectional area

(A,) and permeability (K).

The designer is referred to the results presented in Ref. (4 ) for an
in-depth discussion of axially grooved heat pipe designs, the state-
of-the-art of this technology. Extensive analytical modeling for
predicting the hydrodynamic behavior including effects of fluid
inventory, meniscus recession, 1iquid-vapor shear interaction and
puddle flow effects have been developed in Ref. (6 ) and are summarized

in Chapter 2.

Because of their versatility, simplicity of design, reliability, high
heat transport, and high thermal conductance, axially grooved designs
have been extensively investigated and developed for aerospace applica-
tions. They'have been employed in both fixed conductance and thermal
control applications 16c1ud1ng gas controlled variable conductance

heat pfpes (VCHP) (26), diodes {27), and thermal switches (28).

Table 4-9 summarizes the performance of several axially grooved designs
which have been developed to date. Their geometries are shown in

Fig. 4-22.
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TABLE 4-9. TYPICAL AXIALLY GROOVED HEAT PIPE PERFORMANCE

E—————— — —
0-9 HEAT STATIC FILM COEFFICIENT (w/mz )
TYPE/FLULD TEMP. TRANSPORT CAPABILITY HEIGHT EVAPQRATOR CONDENSER
{*x) {wem) {cm)
SWAGED ALUMINUM
QAQ Geometry
Ammonia 295 130~ 1.09 7265 94380
Freon 21 295 28/ 0.51 1135 1700
freon 23 295 12 . 0.46 653 1135
ATS Geometry i
Ammonia 310 145 0.89 5676 8515
Methane 150 18 0.52 1362 -~
Nitrogen 80 16 0.30 312 1362
SWAGED COPPER
LCHPG Geometry
Watar 363 67.6 2.8 - -
SWAGED' STAINLESS STEEL
Approx. ATS Geometry —Performance Forthcoming_______
EXTRUDED ALUMINUM
ATS Geometry
Amnonia 273 143 1.6 7000 13600
Methane 125 33.4 1.1 1730 6100
Ethane 200 4] 1.3 1370 5300
Lewls Covert Geometry ’
Amonia 293 143 2.51 7300 20500
Methane 120 28 2.13 - -
Ethane 180 3 2.21 - -

e st

4.4.2.2 Composite Wick Design B
Typical composite wick designs are illustrated in Fig. 4-20. As pointed out earlier,

a composite wick fs one which uses both small and large capillaries in combination to avoid

the compromise between the requirement for small effective pofe radii for high capillary

pumping and large effective pore radii for high permeability. In the case of arteries or

annuli (Fig. 4-20 g, §, & 2), the main flow channel is provided by the artery or annulus

and the pumping is provided by the fine wire mesh screen which forms the artery or annulus.

Composite wicks can also be made by combining coarse and fine wire mesh screen as illustra-

ted in Fig. 4-20 h & 1, or by covering the axfal grooves with a layer of wire mesh screen.

With respect to an axial groove, composite pumping can also be achieved by closing-off the

groove opening.

The Lewis Covert Groove (Fig. 4-20 f) is such a groove form.

Most of the considerations which are mportant for homogeneous wick designs also

apply to composite wicks.

can be obtained from Table 4-8.

Typical ranges for capillary pumping capability and permeability

The effective capillary radius is that of the fine mesh

wick which forms the flow channel and the effective permeability is that of the channel

{tself.

In the case of a wick formed from fine and coarse mesh screen (e.g., composite

circumferential and composite slab) the permeability of the coarser screen should be used.
e T T e - -

141
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Swaged Groove Forms 14.6_

7.94
6.96 10.8
5.64 C 8.26

(STN. STL.)

\

2

Y

I...___‘..]_____,0.66
1.

27

[...l__ 0.432
/ o.fs .
: /.

14.3 — o Extruded Groove Forms
7.14R
— 15.9 !
— 10.8 0.9
D. 8.64 8.74 E

0.66 1.08

Flg. 4-22. Typical axially grooved heat pipe designs (Dimensions in. mm)

.

The heat transfer considerations for composite wicks are the same as for homogeneous
wicks. The effective heat transfer coefficient {s controlled by the thickness of the wick
adjacent to the heat input/output surface. As with homogeneous wicks, secondary wicks are
often used (Fig. 4-20, Sect. AA & Sect. BB) to minimize the impedance to heat flow in the
evaporator and condenser regions. Such secondary wicks also affect the overall heat transport
performance of the heat pipe and can become the 1imiting factor in composite wick designs.
Their performance, therefore, should be included in the overall design of a selected wich

- configuration (see Section 4.4.4),

Fluke Corporation Ex. 1014
. 142 Page 163 of 392



The composite wick differs from homogeneous wicks in ene important aspect--they must
be primed. The priming process involves saturating the wick with working fluid either during
initial start-up of the heat pipe or after a dry-out. The requirements for priming are:

(1) The capillary pumping of the large flow channel must be sufficient

to fi11 the wick with working fluid at the particular orientation of
the heat pipe in a body-force field.

(2) The heat.load during priming does not exceed the heat transport L/////
capability of the large flow channel.

The self-priming requirement, therefore, establishes an upper limit for the size of the large

flow channels, which issimilar to the homogeneous wick. In 0-g, the composite wick will

always prime as long as the second conditiqn_is not violated. But {;'a 1-g env{kbﬁhéﬂi, the
- m—— T

large flow channels must have a pumping head at least equal to the height of the wick

structure. Otherwise, self-priming is impossible in any orientation.

For an annular type composite wick (Fig. 4-20, j) this requirement translates to:

3.9%9_ = gy 90 (4-24)
where

Gﬁax = the maximum permifsib1e gap

0 = the {nternal heat pipe diameter

1

For a pedestal artery (Fig. 4-20 g), the maximum artery diameter is given by:

.1 Z .8 )
Oax 2‘( e ) (4-25)

where

h = the height of the pedestal

The maximum theoretical pumping capability of a composite wick can only be realized
if the wick is completely filled with 1iquid. During a partial fill condition, a 11quid-
vapor interface is located inside the large flow channel. The capillary pumping is thus

reduced to a value which corresponds to the effective pore radius of the large flow channel.

e T o
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This effect is i1lustrated in Fig. 4-23 for an arterial wick. In Fig. 4-23a, the artery
is completely filled with the 1iquid-vapor interface located in the fine screen, and the
maximum capillary pumping corresponds to the pore radius of the screen. In Fig. 4-23b

the artery is filled except for a small bubble. The effective.pumping radius is now the
radius of the bubble. In Fig. 4-23c the bubble has reached its maximum diameter and the

effective pumping radius is that of the artery.

r r r
a) Filled Artéry . b) Small Bubble ¢) Maximum Radius
o in Artery Bubble in Artery

Fig. 4-23. Liquid-vapor interface in arteries

It should be emphasized that the effect of incomplete filling (bubbles) in a composite
wick is much more severe than in a homogeneous wick. In tho latter, internal voids simply
reduce the available liquid flow area but do not affect the capillary pumping. In the
composite wick, voids or bubb1e§ will reduce the capillary pumping to a value equal to that
of the large flow channel. Incomplete £{11ing can be the result of:

(1) An insufficient amount of working fluid

(2) Nucleation within the composite wick due to excessive Tocal heat fluxes

(3) Entrapment of non-condensible gases.

The formation and stability of voids in composite wicks 1s not fully understood. Experience
has shown that wicks consisting of different mesh size screens are less susceptible to the
formation of voids than those with wide open flow channels such as arieries and annuli.

Imperfections in the pumping wick have the same general effect as incomplete filling.
The maximum interfacial pressure which the wick can sustain is detormined by the largest
opening in the pumping wick. Since the maximum interfacial pressure difference exists at
the evaporator, imperfections in that region are most damaging to the performance. Close
quality control during fabrication of composite wick heat pipes is therefore very important
and adds to their cost. Whenever possible, a hydrostatic pressure test should be conducted on

the completed wick in order to locate and repair any imperfections.
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The unreliable aspects of wick priming have been evaluated by a number of investiga-
tors and various techniques to enhance priming have been proposed.

Investigations conducted by Saaski (27) indfcate that gas levels in the 10 to 100
parts per million range are sufficient to prevent reliable priming due to blockage by
non-condensible gases. Saaski also demonstrated both theoretically and experimentally that
the collapse of arterial gas bubble by diffusion, which depends on buEb]e size and particular
conditions, usually takes a long time--often as long as days. Also, it has been demonstrated
that under load, conditions can prevail which will cause the expansion of the gas bubbles.
Since in practice 1t 1s difficult and costly to produce heat pipes with low gas contents
and since the introduction of non-condensible gases {s necessary in gas controlled variable

conductance applications, various priming techniques have been proposed and investigated.

A number of methods for the priming composite wicks have been developed. Pressure

priming (Clapeyron priming) (23), Meniscus Coalescence (24), and the Jet Pump Assist (25)

are discussed in the next sections.

4.4.3.1 Pressure (Clapeyron) Priming

Although the normal diffusion of non-condensible gas occlusions has been demonstrated
as being unsatisfactory to achieve reliable priming of composite wicks, investigations
conducted by Saaski indicate that sub-cooling of the condensate can significantly accaelerate
the loss of non-condensibie gas by compressing the gas via the Clapeyron or pressure priming
effect. A typical wick desfgn suitable for pressure priming {s illustrated in Fig. 4-24,
It consists of several layers of fine capillary passages wrapped around a large flow channel
(tunnel) wick. The fine capillary passages are sized to se1f-prime by surface tension even
{f the tunnel wick is completely dr§ined of 1{quid. The wick structure is located in the
center of the heat pipe envelope and webs are used to connect it with a secondary wick which_
lines the container wall. When heat is appliied to the evaporator, the temperature in the
tunnel wick is determined by the temperature of the enclosing liquid.contained in the fioe
capillary passages. Since the 1iquid leaves the condenser at a sub-cooled temperature
relative to the main vapor temperature, the saturation pressure within the tunnel wick is

less than the pressure in the main vapor space. This pressure difference can be expressed

: Fluke Corporation Ex. 1014
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by the Clausius-Clapeyron equation which relates temperature and pressure along the
saturation line.

% 4-26)
Py T Pvb T RTE (Ty = Ty.p) (4-

where

T = Saturation tempergture in vapor space
A = latent heat

R . = Gas constant

Tv b Saturation temperature in the inclusion
?

The pressure differential will cause the collapse of any vapor bubbles within the wicks
causing the tunnel to be completely filled with 1iquid or it will compress any non-
condensible gas which can significantly accelerate the collapse of the gas inclusion by
diffusion. Pressure priming can also provide the necessary driving potential to prime
large flow passages which would normally be unable to self-prime in gravity by surface
tension. The degree of pressure priming that can be achieved is dependent on the amount
of liquid sub-cooling in the condenser and the temperature difference which can be
maintained across the wicks. To maintéin the high temperature difference across the chk,
multiple wraps of fine capi]l&ry passages are placed around the tunnel to achieve a high
1mpedanée to heat flow. The amount of sub-cooling achieved is dependent on conditions in
the condenser. Since heat pipes are typically high conductance devices, significant
sub-cooling s not achieved unless significant heat loads are applied. High heat load
applications, however, cannot be satisfied until the wick is fully primed. To develop
the substantial pressure differential to insure practical pressure priming, heat pipe
designs with augmented cooling have been investigated (23). As illustrated in Fig. 4-24,
sub-cooling can be achieved by bringing the returning condensate fnto contact with a
secondary heat sink. The vapor phase flow {s isolated from this region to insure

maximum heat sinking of the 1iquid.
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PIPE ENVELOPE TEFLON INSULATOR

CONDENSER 4352

END CAP

WELDS (TWO) A = LIQUID

= VAPOR

Fig. 4-24. Subcooling section in a pressure-primed wick (23)

4.4.3.2 Meniscus'Coa1escence

Inclusions are often trapped in a composite wick because the fine capillary structure
which forms the larger flow passages will wet or glaze more rapidly than the large flow
passage§ can self-prime. This glazing effect prevents any inclusions from venting and the
large flow passages cannot fully self-prime. A method of circumventing the glazing effect
i{s to insert a thin foil into the evaporator end of the wick. This foil contains a pattern
of holes to permit venting of gas. If the foil 1s sized so thin that the menisci coalesce
on either side of a liquid plugging the holes (see Fig. 4-25), then the 1iquid cannot plug
the holes in the foil and venting is unimpeded during the priming of the wick (24). The
maximum hole size in the priming foil is determined by the capillary pumping required to
meet the desired heat pipe performance. This hole diameter in combination with the foil
thickness and the diameter of the large flow channel determines the stress level required to
achieve meniscus coalescense. Analytical investigations based on the governing equ;tions
defined in Fig. 4-25 (24) indicate that the stress level required to achieve meniscus

coalescence can be expressed as follows:

<> 2¥ 5@-{1 - Uzp ) | (4-27)

" (1-28) (1- 1 - 62p>+ 25 ¢
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where:

S = (r

vs " Pe)/(4 o cos ‘%’/Da)

= ] ¥
Ub p €OS /0,
§ = & cos ¥/D,
D, = Hole diameter in the priming foiI
D, = Diameter of the artery

§ = Foil thickness

'Hetting angle

[ ]
[ ]

g = Surface tension

The smallest critical pore diameter Ub for which menisci coalescence will occur is given

in Fig. 4-25 for given values of foil thickness § and stress (S). Note that the above
mentioned parameters are dimensionless and that the stress varies from zero to unit. At

a value § = 0, the hole is flooded. In 1-g, this corresponds to the hole just at the
surface of a Tiquid pool. Negative values of 3 correspond to the hole being submerged,

and hence theoretically no venting should occur. A value § =1 corresponds to the

maximum stress tﬁat fﬁe failed open artery can sustain. Thus if a bubble is entrapped

and the stress must be increased greater than $ = 1 for menfsci coalescence to occur, when
it does océur, the artery will empty of 1iquid rather than prime. ‘

The value of 5 governs the curvature of the menfscus on the outside of the potential
1iguid plug in the hole. Thus, for § = 0 the meniscus is flat, and for § = 1 the meniscus
has the same radius of curvature as the inner meniscus. As a result, for a given hole
size Ub. the required foil thickness for coalescence at § = 0 is one-half that for ¥ = 1,
which is also apparent in Fig. 4-26.

Several e£per1ments have been conducted to test the theory of menisci coalescence
including visual experiments (24), zero gravity tests of two research heat pipes on the
sounding-rocket International Heat Pipe Experiment (29), working heat pipes used for the
Communications Technology Satellite (30), and a TRW Spacecraft as well as a priming study
conducted with a glass heat pipe (31). Results to date indicate good agreement between
priming stress factors determined experimentally and the preceding theory. Experfence so

far indicates that successful priming can be achieved under most but not all conditions.
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Entrapment {n the condenser zone is one condition under which venting of a non-condensible
gas inclusion cannot be accommodated since the condenser end does not have a priming foil.
Experiments were conducted with a glass heat pipe (30) to establish the ability to drive -

the bubble to the evaporator.
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Fig. 4-25. Menisci coalescence for arterial venting (24)
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Fig. 4-26. Minimum pore diameter U_ vs. stress ¥ with the foil
thickness as a parameter (24)

Several runs were made for various heat loads and initial bubble sizes and locations.
The results indicate that bubble convection was impossible at heat loads and evapo}ator
elevations low enough for priming. Bubbles were observed to convect at heat loads greater

than for priming; however, when the bubbles entered the priming foil and vented, the artery

would empty of liquid.
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As a consequence of these results, for actual heat pipe operation any arterfal
bubble that might exist would have to be cleared by applying a heat load in excass of the
critical priming load, but below the maximum open artery lcad. Then the load is reduced
sufficiently for priming. Another approach {s to ignore the existence of any arterial
bubble. If a bubble did exist, a burnout would result the first time the heat Toad was
increased above the open aftery capacity. Powering down below the critical priming Toad
would result in successful priming because any bubbles would be convected to the evaporator

end.

4.4.3.3 Jet Pump Assist

The suction created by a venturi can be utilized to displace and vent vapor or gas
inclusions entrapped in a composite wick. Arterial heat pipe designs employing jet pump
assist have been investigated by Bienert (25). Reliable operatfon both with and without a
non-condensible gas has been demonstrated with prototype hardware. The concept of the jet
pump assisted arterial heat pipe is shown in Fig. 4-27. The jet pump assembly consists of
a venturi which separates the vapor 16 the evaporator from the vapor in the condenser, an
injection port at the throat of the venturi, and a suction 1ine which connects the artery
with the injection port. During operation, the vapor flowing toward the condenser has to
pass through the ventur{i, and its pressure drops below the saturation pressure in the
evaporator. The lowest pressure exists at the throat; most of the pressure drop is
recoverea in the diverging section of the venturi. Since the artery is connected to the
throat, its interior is exposed to the same reduced pressures and vapor and/or gas are
pumped from the artery. At the same time, the reduced pressure forces 1iquid from the
condenser into the artery. The pressure difference avaflable for priming i{s a function of
the vapor flow rate (which 1s synonymous with the heat load) and of the constriction
provided by the venturi. Since the jet pump needs a finite vapor flow to generate a
pressure difference, the artery must be paralleled by a priming wick. The purpose of this
priming wick is to supply 1iquid to the evaporator before the artery is substantially
primed. Sometimes the permeability of the screen from which the artery is formed sqffices

for this purpose. Occasionally, however, a more substantial priming wick is required.

.
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The advantages of the jet pump assist Reat pfpe are:
(1) No limitations on the artery size since self-priming by surface

tension in gravity is not required.

(2)  Permits continuous venting of non-condensibles, not only during

priming, but as long as vapor flows toward the condenser.

(3) Repriming of the heat pipe can be achieved at a significant

fraction of its maximum capacity.

(4§ The jet pump assist heat pipe provides stable operation at partially

primed conditions.
Some of the disadvantages of the jet pump assist heat pipe are:
(1) Cost and complexity.
(2) Prescribed location of the evaporator/condenser region.

(3) Pressure losses across the venturi which can significantly reduce

the perfarmance that can be achigved by capillary pumping.

(4) The need for substantial pumping by the primary wick to provide

the necassary priming potential,

4.4.4 Typical Secondary Wick Desfgns

Secondary wicks are often used in heat pipes to minimize temperature drops at the
evaporator and condenser. Such wicks, however, can often significantly affect the perfor-
mance of the heat pipe especially 1f they are used in combination with composite wicks.
The performance characteristics of secondary w1cks, therefore, should be included in the
overall evaluation of a heat pipe design.

Figure 4-28 illustrates a typical secondary wick arrangement. Four equally spaced
interconnecting bridges are used in the evaporator and condenser sections to interface the

centrally located primary wick with the circumferential screw thread grooves on the

container wall.
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Main wick

Bridge

Fig. 4-28, Schematic of a typical secondary wick

In the evaluation of the overall performance of the heat pipe, the hydrodynamic flow
and capillary pumping through the individual wick elements must be considered. Each component
of the wick system has a characteristic permeability and an effective pumping radius which
determine its hydrodynamic heat transport capability. It is seen that the heat transport

capability depends on the wick properties as follows:

. _1_-..1_) . ‘2
L rPl rpz | | .{4-28)

The above equation {s in a form which has the appearance of Ohm's law for d.c.

circuits and is readily interpreted in terms of a network element resistor of resistance

KLK’ throﬂgh which a current Q passes because of the potential difference (;l;-- ;;E;>
P p
The resistance model of the heat pipe's wick system {s shown in Fig. 4-29.

1l EE;E 1 E 5 1 1 EEEE 1 EEEE 1
Evaporator T, Bridge T2 Main To3 Bridge Fb4 Condenser T

T
P Grooves P hwick Grooves pS

Fig. 4-29. ﬁesistance model for a2 heat pipe's wick system
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The total resistance R of the heat pipe can be expressed as:

LR RS TR T X

(4-29)

In the evaporator, RB e is the equivalent resistance of Na bridges which can be represented

as a system of NB e resistance in parallel.

whers

Since bridges are fypfcaTTy equal resistance paths, then

. T
RB" NB,e KE AB

Similarly in the condenser RB c is given by:

. T
RB’C NB,c KB AB

(4-30)

(4-31)

(4-32)

(4-33)

In the secondary wick region included Between two bridges,rheat can flow toward either

bridge and the resistance of the region is equivalent to a system of two resistances in

parallel. The resistance of each element can be expressed by:

g& - 1 ‘==:ﬁi______
2 AN L,

where for a threaded secondary wick geometry

CB = the distance between the two bridges

AT = the cross-section area of the secondary wick

15§

(4-34)
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The equivalent resistance of the secondary wick in the evaporator is represented

by a system of ZNB resistances RT in parallel and is gfven by:

Rp o = zsf - %s,e (4-35)
€ B,e 4NB,e KT A‘r NT Le
Similarly, the equivalent resistance of the secondary wick in the condenser is
expressed by:

cB,c
Bre ™ W Ky A Ny L (4-36)

B,c

The resistance of the main wick s given as:

R = Lets ' (4-37)
v T OE A
where
Lee=al +L +5L - \
eff Z7%¢ a Z'c¢

The heat transport capability of the heat pipe is defined by the simultaneous
solution of the system of individual transport equations. A$ {1lustrated in the wick
system schematic in Fig. 4-29, the pumping radii of the varfous wick elements are equal
at common interfaces. Additionally, these radii adjust to provide uniform heat transport

across each element within the system, therefore:

P Y U S W N Y O WU U R O S
B\ m %\ Tp2 B \%p2  Tps

B o) M1 )
-~ - -~ - -;—-
B\ Tmy 7 \ T Tps

If the maximum heat transport of the wick system requires a pumping radius at the

-4

bridge interface (rpl) which is greater than the pore radius of the fine mesh screen used
for the bridges and the main wick envelope, the secondary wick is limiting. If the
secondary wick is capable of providing the maximum heat pipe transport with a value of

(rp]) which is Tess than the fine mesh pore radius, the main wick is limiting.
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4.4.5 Thermal Conductance

As indicated above, thermal conductance is an important factor in the selectfon of
a wick design. The third column in Table 4-9 rates the various wicks in terms of thermal
conductance. The primary concern is the heat transfer at the evaporator and condenser
since the temperature drop within the vapor is usually negligible. The thermal conductance
is not only a property of the wick but also depends directly on the thermal conductivity
of the working fluid. With respect to their conductivity, all fluids can be divided into
two groups--non-conducting f1u1&s and 1iquid metals. The range of thermal conductivities

for both groups is:

Low Conductivity Fluids: 0.1 - 0.7 W/m-°K (0.06 - 0.04 Btu/Hr—Ft-oF)
Liquid Metals : 10 - 200 N/m-OK (5.8 - 115 Btu/Hr—Ft-oF)

Because the difference in thermal conductivities between low conductivity fluids and 1iquid
metals is more than an order of magnitude, different considerations apply to the two groups.
In 1iquid metal heat pipes, one is seldom concerned with the conductance of the wick itself
since the high conductivity of the fluid provides for high heat transfer coefficients even
for fairly thick layers of wick. But for heat pipes containing low conductivity fluids,

the effective conductance is strongly dependent on the wick design.

A simplified model for the heat transfer process at the evaporator and the condenser
assumes' that heat is conducted through the heat pipe wall and through the wick/1iquid matrix
to the liquid-vapor interface where evaporation occurs. More complex models, such as the
reéession of the liquid-vapor interface Into the wick and/or nucleate boiling within the
wick, have been proposed but are not sufficiently refined to be used for design purposes.

The conduction model can be used to calculate an effective heat transfer coefficient

at the evaporator and condenser which is, (excluding the contribution of the wall):

k
hipe = ST (4-39)

where

k = The effective thermal conductivity of the wick 1iquid matrix

eff

tw = Wick thickness
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From Eq. 4-39 it is evident that high conductance can only Be achieved if the thickness of

the wick adjacent to the evaporation and condensation surfaces is kept at a minimum. This

requirement has led to the development of "high conductance" wick structures in which the main

transport wick is removed from the wall and only a thin secondary wick is used for c1rcumferen--

tial distribution of the working fluid. Examples of such high conductance wicks are: the -

porous slab and the arterial wick, in both the conventional and the composite configuration.
The effective thermal conductivity of the wick/liquid matrix is bracketed by the

series and the paraliel path conduction models (Section 2.8) which is repeated here for

easy reference:

K ' - _
s (Series Paths) (4-40)

’&"exs+(1-e)x,_

Ky ® O ~ekK) tek (ParaHeIA Paths) (4-41)

-As a general rule, the series path conduction model will apply for wicks which are only
in mechanical contacti e.g., wraps of screen, packed particles, fibers, or spheres. Sintered
wicks, on the other hand, will have an effective conductivity which is better approximated
using the parallel path model. Typical heat transfer coefficients for heat pipes containing
non-conduction working fluids are summarized in Table 4-10.

- The effective conductance of grooves, which are integral parts of the heat pipe
envelope, are not described by either of the above models.

For axial grooves, Kamotani (32) suggests the following:

NK,.
ha = ZWKﬁ 1 (Evaporator) (4-42)
v Kz 8
.0701 + c%—
f - R
N
h. = Zwkﬁ ] z _ (Condenser) (4-43)
v $
0221 + == =~
Ko T
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where:

Kﬂ. = Liquid thermal conductivity
Igl = Thermal conductivity of pipe wall
N = Number of grooves
§ = Groove depth
t_f = Average land thickness
TABLE 4-10. TYPICAL HEAT TRANSFER COEFFICIENTS FOR HEAT PIPES
. Heat Transfer Coefficients
Wall Material/Type Comments
W/m2.% Btu/Hr-Ft2-°F
Aluminum 173,000 100, 000 0.89 x10 °m (0. 035 in)
wall
g
E] Copper . 440,000 250, 000 0.89 x 10 2m (0.035 in)
& wall
2
& -
- Stainless 316 24,000 14,000 0.89 x 10 3m (0. 035 in)
[~ ]
2 wall
Molybdenum 154, 000 89, 000 0.89 x 10"°m (0.035 in)
wall
10=3m (0. 040 in)
Multilayer Screen 600-1000 100-170 Thick SST Wick -
- Non-Conducting Fluid
, 2.25 x 10™3m (0. 09 in)
Sintered Wick 4700-6700 830-1180 Circular Wick - Water
3 (10)
=
2
Secondary Wick 200 Mesh Screen
(Single Layer) 3000-9000 350-1600 Non-Counducting Fluid
Aluminum Wall
Grooves 3000-15000 500-2500 20-200 Grooves/Inch
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4.4.6 Wick Fabrication

One final important criterion (last column, Table 4-7) for selecting a wick is its
fabricability and the corresponding cost to manufacture. . This criterion is highly subjective
since its importance depends a great deal on the application. For example, in a heat pipe
which is intended to protect a vital component of an expensive spacecraft, cost will be of'
secondary importance when judged against performance and reliability. On the other hand,
heat pipes which are designed for mass production must contain wicks which can be manufactured
at Tow cost,

As a general rule, those wicks which are simple to install and do not require precise
process control to manufacture are usually the least expensive. Multiple wraps of screen,
layers of fibrous material, or slabs of porous material fall into this category. Wicks
which are individually assembled such as arteries, annuli, etc., are high cost wicks. Sintered
wicks are medium cost wicks, and their cost will depend to a large extent on the available
process. They are expensive in sméll quantities but can be much less expensive when mass
produced. The cost of grooved tubing is determined by the material and the groove geometry.
Grooves can be extruded or swaged rather inexpensively in aluminum, copper and other ductile
materials. Grooved aluminum tubing is moderately expensive in small guantities because of
prorated die costs, while in large quantities it can be produced inexpensively.

For axially grooved tubing, experience to date indicates that the extrusion process
1s the best method for producing aluminum tubing. Well defined groove forms and good dimen-
sional control have been achieved. Mounting flanges can be extruded as an integral part of
the tubing which can simplify interfacing in many applications. In addition, the ability to
produce complex groove forms has been demonstrated by the NASA Lewis Covert Groove extrusion
which should lead to higher performance and greatly reduce sensitivity to 1-g testing. For
the intermediate to high temperature.range, however, axially grooved tubing of materials such
as copper and its alloys, stainless steel, carbon steels and super alloys are required, and
the swaging process is the only known process which can effectively be used today to produce

axially grooved tubing fn these materials on a cost effective basis.
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4.5 CONTAINER DESIGN

The heat pipe container is a leak tight enclosure which fsolates the working fluid
from the outside environment, mechanically retains the wick structure in position and
provides the necessary interface with the heat source and heat sink. A variety of shapes,
sizes, and configurations have been developed for different applications including flat plates,
rectangular shapes, conical and annular geometries. The tubular geometry made of tubing or
pipe materials is the most common configuration employed in heat pipe designs and the
following section addresses itself primarily to this cross-section; The design considerations
discussed, however, are basic and can be applied to the design of any shape or geometry. The
basic container design consideratfons are as follows:

(1) Structural integrity and leak tight containment of the working fluid

(2) Compatibility with the working fluid and the external environment

(3) External interfacing with the heat source(s) and heat sink(s)

(4) Internal size and geometry suitable for liquid and vapor flow requirement

(5) Fabrication considerations including machining, forming, cleaning,

welding and charging

(6) Heat transfer consideration as it applies to the external interface,
conduction through the container wall and the evaparator/condensation

processes within the heat pipe

The size and internal geometry of the container is dependent on the requirements of
the selected wick structure, the vapor flow area requirement, Reat transfer considerations,
external interface requirements and leak tight pressure containment of the working fluids.
Design considerations with respect Eo contafner material selection, pressure retention

and external interface are discussed in the next sections.

4,5.1 Material Selection

The material selected for the constructfon of the heat pipe container must be
compatible with the working fluid and the external environment. In addition, the material
must provide sufficient strength for the retention of the vapor pressure, good thermal

conductivity and it must provide satisfactory fabrication properties.
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Since leak tight pressure retention of the working fluid is paramount to reliable,
Jong-term operation of the heat pipe, the material selected must provide adequate strength,
it must be non-porous to prevent diffusion of gases or working fluid vapor and 7t must be
easily sealed. The strength properties of typical heat pipe container materials are
summarized in Fig. 4-30 (33). Joining (welding, brazing, etc.) characteristics are summarized
in Table 4-11. For applications where the container must retain substantial internal
pressure and where personnel safety is critical, such as heat pipes shipped via commercial
carriers, it is recommended (34) that the ASME Boiler and Pressure Vessel Code, 1965 (35)
be the principal source of material properties and allowable stresses for use in the structural
analysis and design of heat pipes. Additional information can be obtained from sources such
as MIL-HDBK-5B (36) the American Society Metals Handbook (37) and the Mechanical Engineers’
Handbook (38).

The ASME code specifies that the maximum allowable stress at any temperature be one-
quarter of the materfal's ultimate tensile strength Ftu’ at that temperature. Materfal
properties and allowable stresses for the two most commonly used heat pipe materials (6061-T6
aluminum alloy and 304 stainless steel) are given in Table 4-12. These values were excerpted
from the ASME Code; similar tables can be constructed for other ductile materials 1isted in
MIL-HDBK-5B for military or aerospace applications. For reference purposes, maximum allowable
stresses as a function of temperature for various materfals are given in Fig. 4-30.

A110yab1e stresses for welded tubing are also given in Table 4-12. The ASME Code
specifies that welds of the type which would be used on heat pipes shall be double-welded
(i.e., both sides), fully radiographed butt Joints. The a]10wab1e.stresses in Table 4-12
refer to this type of weld. The code permits the use of single-welded, fully radiographed
butt joints 1f they can be shown to be of the same quality as the double-welded Joints.

Since the quality of single-welded joints in thinner gauge materials can be shown to have
the same quality as the doub1e-we1ded-(and since doub]erwelding {s completely impractical
on small-diameter tubes), single-welded, fully radiographed butt joints discussed in

Section 4.5.2.3 are considered to have a strength equal to that of a double-welded joint.

No}hé11y; the temperature drop through a heat pipe wall is negligible even if Tow
conductivity materials are used because the conductance path (wall thickness) is often very
small. However, if thick walls are required for pressure retention and if the application

consists of concentrated local heat loads, a high thermal conductivity material may be
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preferred. Fig. 4-32 summarizes typical thermal conductivities of various metaTs as a
function of temperature. Note that the thermal conductivity of various metals is affected
differently by temperature and that the most significant change in properties occurs in
the cryogenic temperature range. Other material properties such as weight to strength
ratio (weight parameter) and density are given in Figs. 4-31 and 4-34, respectively.
Fabrication of the container must be considered in the selection of the materials,
Joining (welding, brazing, etc.), machining, forming, extruding, sintering, and cleaning are
typical processes emp1oyed.in the manufacturing of the heat pipe. The relative workability
of typical heat pipe container materials is given in Table 4-11. For certain heat pipe
designs, such as axially grooved tubing, fabrication is the dominant factor affecting the
performance that can be realized. The extrusion process is typically used to form axial
grooves in aluminum alloys and swaging has been successfully employed in forming grooves

in aluminum alloys, copper and its alloys, stainless steels, carbon steels and super alloys,

4.5.2 Structural Considerations

The primary structural considerations which must be evaluated in the heat pipe
container design are its ability to withstand internal pressure and temperature, and
. external (induced) Joads. The internal pressure of the heat pipe is dépendent on the
maximum temperature during processing, handling, storage, shipping,rdr during its opera-
tional 11fetime: This maximum temperature also determines the strength of the container
material. In addition to the stresses associated with the internal pressure, the heat
pipe may also be subjected to externally induced environmental loads including pressure
loads, acceleration, vibration and shock. The externally induced loads can occur during
shipment, handling, and operation or may be caused by such factors as differential
expansion loads due to mounting restraints within the system. From the structural analysis
view point, the externally induced loads are equivalent to axial and bending stresses
which the heat pipe must be able to sustain in combination with internally induced pressure
loads. -

A comprehensive analysis by a cognizant stress engineer should be performed to
insure proper heat pipe structural design. Methods which can be applied to the preliminary
structural design of heat pipes have been developed in the "Heat Pipe Manufacturing Study"
(34). Recommended structural analysis procedures applicable to strength calculations for

heat pipes developed in this study are summarized in the following sections.

Fluke Corporation Ex. 1014
166 Page 187 of 392



S3ANeadWe) MO| 3@ S|ej}aW SNOFABA J0 AJLALIONPUOD [eudayl "2e-p "61d

. “(yv) volhu 7 *(6€
(uodsuaad) muaﬁxguu:ums_xsuwsxpoaﬁ.xVMA—ev Aocc_wmh

aua|Ay3zaodony uaazhiod ‘¢ (6E) zyaenb pasny
‘I ‘(6E)o12uoN ‘3 *(6E) uejuezsuod ‘g ¢(Hp) Jaddod
wny(A48q ‘) f(6€) LOL VS *1831s *g ‘(py) 49pios
UL1-pe3al 06-05 ‘Y "S31I}ALIONPUOD MO| A13ALjeLad
YILM SPLLOS aWOS JO SILIEALIONPUOD UNTRAIdWI-MOT]
Xg = 3YNLVYIdW3L
0% 00t o 2

\‘\N

X, \\
\
)

pr
X
™
2
>
i~
- m
1T 7 H =
4
N e 3
7 =
% 3
+- 73 J_o. '
y a
/0 \\ =
A =
/ 4 W
/iy 2
\u\\u yZiR%! i
7AVAN/i ]
L2 A A4 M/ '
A 17 2L L Fd —
py Y, A rd Qo
A pA x
\ 4 % V\ L \\ .“D
1A
o \h\\\U\\ _ \
\IVN‘Q .\\\ \ ‘\
[——1-
1 | g \\
Y4 /] Ed
L P

*(2p) ssedq pspes| bupuiyoew-aaay *y (gy)

p1-v202 ‘wnupwnie ‘p ¢(zy) pazipixodp snosoydsoyd ‘uaddod *]
*(E¥) S1-€909 ‘wnupwnie *H *(gy) 4 QOLL ‘wnruiwnie ‘g mmuev
49ddod winpuany (o3 bupupyoew-asay 4 ¢(€l) [°ISAUD ajbuts
wnuiunje ‘3 ¢(zy) yoitd ybnoy s34 0a329(d “uaddod ‘g *(2v)
4addod padsajeod ‘) f(zy) 4addod A3puand ybyy ‘g f(ec) a4nd
%666°66 JIA[}S "y  "S213LALIONPUOD ybLY A1dALIe|da bupAey
S|PpJ370W BWOS JO S53FILALIONPUOD [RULBY] duniesadud]-MoT

Yo - FUNLVYIWIL

[¢ 0.9 o0t ot r4
AT o
vy
\\V\ \\
L1 /1 —
A A H -
ML / A i
rg 7 A 145 2
P v r
.w\ P, -1|¢
V — 3
iz \ il s m
L
A \\ Jed =
N N v Pi 3. 3
e [/ \\ 7 o o
N
If. . s 2 ww
3 ol . e
,./4/ A ¥ o . q.\.“.
1A
(2]
/Mm:u\ g
/ R
L
LA
\
A A
LW AY |
AV
A% ” - 00
’ Il.l.ll\\

Fluke Corporation Ex. 1014

167

Page 188 of 392

[



(g€) :_._\9. 20791
= ¢d3/uqL L N 6ap 955°0-4 62p 1)

fgle(4ajeu pPLloS |e4dA3S JO Kypsuag  “ve-p B4
Yo ' FUNLVYIAWIL
00SZ 000 00S1 0001 00S ]
00t
v
oz 2
&
p=.
L)} -
g —
.
g
vy
[ad
(7]
- ooy
] POE SS
-— e et ] B 003
Y] B ’
- "
009

(€€) (1-w/M 0EL™1 = 4-44-24/m8
*y bap 966°0 = ¥ Bap |) ‘siejprajew

P}1OS |R42A3S JO AJ}ALIONPUOD UMyl C“EE-Y *by4
Yo' UNLVYIdWIL
[« 11 00St 0sZlL 0001 0sL 009 0sT 0
=
©m
=
=
p g
i
-y
> - Q
= = o 3
s | T 5
[ — . l
[ — ——— -
T — e~ e
N - m
= €
— o3
\\l\\.\l\lu‘ (14 u.n.
3
n) P !.1.—

Page 189 of 392

Fluke Corporation Ex. 1014

168



4.5.2.1 Pressure Containment

As a ground rule, the design approach for tubes subject to internal pressurization
follows that of the ASME Boiler and Pressure Vessel Code, 1965 - Section VIII, “"Unfired
Pressure Vessels" (35). The code is recommended as a design guide on the basis of its
general acceptance in commercial and governmental areas of pressure vessel application.

As per this reference, a factor of safety of 4 on ultimate strength is used.
Although some NASA criterda do specify lower factors of safety, it is recommended that the
higher safety factor be used beﬁause of certain heat pipe characteristics which are
different from the usual aerospace structures. First, heat pipes are handled and trans-
ported in the charged conditionf and Federal regulations (39, 40) require that pressurized
~container shipped by commercial transpor%ation conform to the ASME Code. Second, heat
pipes are generally not "high technology" items and consequently, extensive structural
analysis, design verification testing, and manufacturing quality assurance are not per-
formed, as is the case with the typical aerospace structure. The ASME code also provides
a method for experimentally determining the allowable operatfng pressure when the strength

s difficult to calculate (as, for example, pinched-off fill tubes).

4.5.2.2 Tubular Container Design

The ASME Pressure vessel code limits the maximum operating pressure in a vessel to
the pressure at which the most critical part reaches one quarter of the material's ultimate
tensile stréngth, Ftu' The vessel can have differant operating pressures at different
temperatures. Each vessel must also be tested (proof pressure} to 1.5 times this maximum
operating pressufe without observable deformation or leaks. In addition, the code lists
formulae for use in calculating allowable pressures and stresses. These relations are
modifications to the thick-walled (Lame) solution for cylinders and spheres (41). The
thick-walled solutions are listed in Table 4-13, and then reduced to the simplified thin-
walled formulae which are sufficiently accurate for the gecmetries usually encountered in
heat pipes, although they are somewhat different than those listed in the code. In ‘these
equations, the dimensions resulting in the minimum net section should be used including
allowances for corrosion, threading or grooving and manufacturing tolerances. Figure 4-35
contains typical container design requirements for 6061 and 6063 aluminum and 304 stainless
steel based on the hoop stress. Allowances for corrosion, threading, grooving and
manufacturing tolerances are not included in these curves. The curves can be used to quickly

determine required tube size when the maximum operating pressure is known.
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TABLE 4-13. HOOP AND AXIAL STRESSES

Internal Pressure Hoop Stress

. =piR2 + RY/R2 — R?)
::? 2 (Thick-walled cylinder) (4-44)
fh -.D_R )
et ) (Thin-walled cylinder) (4-45)
R=1/2 (Rz + Rl) (Rzlkl < 1.25)
tER -8
Internal Pressure Axial Stress
25 '
i =R (Thin-walled cylinder) (4-46)

Transition Section

The hoop and axial stresses due to internal pressures in a thin-

walled conical shell (e.g., a2 reducer) are given by the relatioms:

: 1, = pR/S [)
" g (Conical shell) (4.47)
] _ faxiot ™ PR/2tcon 8 (4-48)

/

PR

Streés Due to Bends in a Tube
Between 10Z of the yield and 207 of the ultimate strength

Stress Due to End Caps

MAXIMUM BENDING STRESSES ! vend
1O CYLINDER ATTACHED TO A HEMISPHERE  0.03 pR/2t {4-49)
T35 CYLINDER ATTACHED TO A 2/1 ELLIPSE  1.18 pR/2t (4-50)
10 RIGIDEND CAP 310 pR/2t (4-51)
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B R B

{CONDITIONS
DRAWN TUBING

tw BASED ON HOOP STRESS

t,y DOES NOT INCLUDE THREADING,

Tt —

ALUMINUM:

[
2 % 5061.76

MAX. OPERATING PRESSURE, PSI

WALL: IN-

Fig. 4-35. Heat pipe envelope design curves (34)

In addition to the familiar hoop stress and axial stress, varfous localized axial
stresses due to bends, end caps, saddles, restrained thermal expansfon and dynamic (vibra-
tion) loading should be included in the structural analysfs. Table 4-14 summarizes the ' -
various stress combinations that must be checked to determine the maximum operating stress
in a heat pipe. The checkmarks in each column indicate the stresses that are additive for
a particular situation. Although the major contributors are given, the Table is not all

inclusive and.it is conceivable that other combinations can occur that are not Tisted.

Fluke Corporation Ex. 1014
mn - Page 192 of 392

e B



TABLE 4-14. STRESS CHECKLIST (34)

Possible stress combinations

Reference
Stress section Deslign eriteria

Hoop 5.2.4.1 Vv . [m = largest of the
possible com=-
binations

Axtal 5.2.4.1 Vv v v v | fm“ £1/4 Ftu

Bends 5.2.4,3 v

End caps 5.2.4.4 . v

Saddles 5.2.4.5

Thermal 5.2.4.6 IV
expansion

Dynamic 5.2.4.7 v
loading

Localized axial stresses due to bends and end caps can be estimated using the
expressions summarized in Table 4-13. It is suggested in Ref.34 that 10% of the yield
strength and 22% of the ultimate strength of the material be used to obtain a conservative
estimate of the residual bending stresses in thin-walled tubes. The actual residual stress
lies somewhere between these two values and acts in the axial direction. The foregoing
criterion assumes a smooth-walled tube. In actual practice, the tube may be threaded or
grooved and higher than average local strain could be developed in the thinner sections.

In such éases, it is recommended that bend samples be made to determine the minimum bend
radius and the proper bending speed. Table 4-15, extracted from Military Standard
MS33611 (ASG),can be used as a guide to establish allowable bend radii.

The presence of a cap at the pipe end restrains the radial expansion which occurs in
the pipe wall away from the ends. This restraint results in local bending stresses which
are maximum at the restraint and die.out with increasing distance away from the restraint.
The maximum bending stresses for various types of end restraints are determined in Ref. 34,
and are summarized in Table 4-13. These local bending stresses are additive to the basic
pressure vessel axial stresses. This sum should be less than Ftu/4 for the design criteria
to be satisfied. Also, the end cap region is an area of the pipe where "as welded" ﬁateria1

properties must be used unless subsequent heat treatment is done after welding.
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TABLE 4-15. TUBE BEND RADII

X

[ NOTES:

] {a) Use of special bends {1-1/2D to 20) in fluid systems
with working pressures of 1500 psi or greater require
the approval of the procuring service. Fiatness, wrinkle

- and scratch requirements shall be as specitied in

0 TUSE 0.0. Notes [d) and (e).
{b) Recommended bends {ID and 4D) require no approval
and shall be used wherever possible, Flatness, wrinkle
B8END and scratch requirements shail be as specified in
"1 RADH % TUSE Notes {d} and (e).
{c) Additional bends {60) shall be usad only where
fabrication or design difficulties preciude the use
of recommended bends. Appfications da nat require
specific approval and are limited only by the flatness,
wrinkle and scratch requirements provided 1n Notes
i{d) and {e}.
{d}  Flatness limitations
{1} Flatness in the area of a tube bend shail be defined
TUBE | SPECIAL BEND RECOMMENDED| ADDITIONAL by the formulia:
Q.0. RADH . BEND RAQII RADIt
SEE NOTE SEE NOTE SEE NOTES Max 00 < Min
Flatness » ominat OO0 X 100 percent
1-1/20 20 30 40 60
1/8 | 0.188 0.250 0.37% 0.500 0.750 {2) Tube flatness for "ufd tystems with working
318 | o281 0375 | 0563 | 0750 | 1.125 s oariop P or greater shallnat
/4 | 0.375 Q. A . . T T
8/16 | 0.489 0.8522 g;gg : g:g : :gg (3} Tube Hatness for fluid systems with working ¥,
8 | o83 0750 1,128 1500 2280 ;'uoc;\;:snl‘us than 1000 psi shail not exceed
718 | 0.658 0.878 1.312 1.750 2.825 ; .
12 | 0.750 1.000 | 1500 | 2000 | 3.000 e :;'"k;" ';:d_:'"ch“’ o worki 500
/8 | 0938 1250 [ 1878 | 2500 | 3.750 et o el e ) Drass ra T
34 | 1118 1.500 2.250 1.000 4500 P or greater, there sha be no wrinkles or
- - kinks deeper than 1 percent of tube OD and
778 | 1.312% 1.7%0 | 2.625 3.500 | 6.250 no scratchas deeper than 5 percent of the
1 1.500 2.000 3.000 4.000 8.000 nominal wall thickness.
1-1/8 | 1.688 2.250 3.37% 4.500 8.750 (2} For fluig systems with working pressures of
1-1/4 | 1.87% 2.500 3.7%0 5.000 7.500 less than 500 psi there shail be no wrinkles
1.3/8 | 2.083 2.7%0 4,128 & 500 8.250 or kinks deeper than 2 percent of tube 0D
1172 | 2.2%0 3.000 4.500 6.000 9.000 and no scratches deeper than 10 percent
1.8/8 | 2.438 3.2% | 4875 8.500 | 9.750 the nominal wall thickness.
1.3/4 | 2.62% 3.500 5.2%0 7.000° | 10.500 Bonq radii for tube diameters other than those
178 | 2813 | 3750 | sexs | 7500 11250 soecifid may e siablned b mlplyung e
2 { 3.000 4000 | 6.000 8.000 |12.000 : . : !
1] e
21/4 | 3378 4500 | 8750 | 9.000 {13500 e oerx noted in the table for the class
2-4/2 | 3.750 5.000 7.500 10.000 | 15.000 . . . .
Present bending dies may be used until such time
3 | 4500 5.000 9.000 12.000 {18000 as tools must by replaced.

[Ref: Mi1-STD MS 33611 (ASG)]
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Analyses to determine localized axial stresses due to saddles, restrained thermal
expansion and dynamic loads are rather complicated and should be performed by a cognizant

stress engineer. Analytical methods suitable to heat pipe designs can be found in Ref. 34.

4.5.2.3 End Cap Design

The ASME Code, 1965, describes two configurations, designated here as Type I and
Type 11, for welded flat circular heads that are recommended for heat pipe use. Design
details are given in Fig. 4-36. The wall thickness, te, is the minimum net section after
all allowances for corrosion, threading, or grooving have been made.

For fhese designs, the minimum required end cap thickness (tec) is specified in the

ASME code as:

t=D 4 Chu/Feg | (4-52)

where:

c
D

A factor obtained from Fig. 4-36

2R 1s the average diameter of the pipe

Pm = internal pipe pressure

Figures 4-37 and 4-38 show typical variations in required thickness, ts’ with internal pipe
pressure, pﬁ, for 6061-T6 aluminum and 304 stainless steel, respectively. These curves

assume a value of 0.5 for the factor C, which gives conservative results.

4.5.2.4 Fill Tube Design

The design of fi11 tubes is similar to that of tubes and end caps with the exception
of the fill tube pinch-off itself. A typical fi11 tube design {s shown in Fig. 4-39.

Since this is a region of the heat pipe for which strength cannot be calculated with
satisfactory accuracy, the maximum operating pressure should be determined experimentally
(see Section 4.5.2.5). '

In practice, the fi11 tube dimensions are determined by how tight a mechanical seal
or crimp can be achieved prior to welding. A large inside diameter with a narrow wall will
have good pump-down characteristics, but poor crimping properties - cracks are easily
developed when the material is deformed. Too narrow an opening with a thick wall will have

poor pump-down characteristics.
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PIPE WALL

TYPE |
r>15 Y
l>t'
C=05M REQUIRED t, )
| c——
Crmin =03 (ACTUAL t, PRESSURE
TYPE Il

NS LR y P2, :C=025

Acceptable Post Weld Detail

Fig. 4-36. End cap design detail (34)

175

Fluke Corporation Ex. 1014

iR B

Page 196 of 392



(v€) (Papiam se) wnupunje g1-1909 “saA4nd ubjsap ded pul “e-¢ "By

1S4 0001 "IHNSS3IH4 ONILYHILO "XVYIN

NI 'SSINMDIHL dVI-UN3 1 BdAL
oz ST oc’

13

LB

Crfmremaes

“NI"SSINNOIHL a¥D ONI | 3dAL

—f e

|

"y

ent 3R a-1 o

SNOIS3I0 41 W1 S3dAL = !

ON3D3Y

Page 197 of 392

Fluke Corporation Ex. 1014

176



(¥€) (pop1om se) [2935 SS3UIRIS HOE “SIAUND ub)sap ded pul "gg-p "By

1S4 0001 "IHNSSIHA ONILYHILO XV ‘NIT'SSINNOIML dVD ON3I N 3dAL
S € z i 0 S0’ oL 11 oz ST ot i oy’ S
IREL e " T T T 1SRN EFTE 3333 DRREE 2500 [RRSS AEARY LXTE EEESS PREST S0t tywes

A
4 B

\

\

¥

\
IR
N

\\t\
Y
=5

\
A\
M\
Y
‘ N ‘.\\\k\} SN
A SN NN
5SS BB \%& =
RS ¥

\
\
\
YN T
S

R
A\
N\
; ‘\\4
N

\Q;\\ AANEY

e ) N QR

v : \

— sy

L FN A ~

&

{ |

Nt 'SSINNIIHL dv) NI | 3dAL

V4

3\
NEAYAN
B
%
N
} N
S
N
)
T

NN
\I

= -V\ - HE 2000 — —= " - N

P> \L : : : o9 : s
P 4 V4 . | : . - 2,001

\Wv\l T \ A I ’ E , o ‘ ™MaMdovia - .

\\ , SH I S I “ N _ SNOISI0 I R 1S34AL *

- . anN3931

‘NISZ'L -0 .

— - — - 4

Page 198 of 392

Fluke Corporation Ex. 1014

Hg ‘¥

177



PINCH OFF

—) 2\ FILLlTUBE /

g2
=fp &

SECTION
e/ -

Fig. 4-39. Typical fill tube design (34)

PIPE NALL-——\\ ‘;-LIQUID-SATURATED WICK

Y
77777770 777777777 7777777 7777777 7
Ty e VAPOR L

T ' T
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- Qqy Qour
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Fig. 4-40. Sketch of heat flow through a heat pipe
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One fill-tube geometry that has been favored by a number of heat pipe fabricators uses
a 3/16 to 1/4 in. (0.476 cm to 0.635 cm) o.d. tube with a 1/16 in. (0.159 cm) i.d. hole. It
produces reasonable pump-down times (= 1/2 hr.) and repeatable crimp closures, in both
stainless steel and aluminum. Burst test samples with aliminum charge tubes have given
3100 psi (2.137 x 107 newt/mz) for a fully annealed condition and 7500 psi (5.171 x 107
newt/mz) for -T6 tubes that were heated to 600°F (316°C) for 1 min. and air cooled to room

temperature prior to pinch off.

4,5.2.5 Experimental Pressure Containment Verification

The ASME Code also provides a means of experimentally determining the maximum opera-
ting pressure of vessels for which the strength cannot be calculated with a satisfactory
assurance of accuracy. These tests cannot, however, be used to obtain a higher value of
maximum operating pressure than would be obtained for a vessel for which the strength can
be calculated. There are two types of tests which can be used - a proof test, and a burst
test. If the material yield strength, Fty’ {s less than 0.625 of the material ultimate
strength, Ftu’ a burst test must be performed.

The maximum operating pressure can be obtained from the results of a single destruc-

tive burst test by the relation:

Pn * P Fry/5Fs (4-53)

where:

p. = maximum operating pressure

s actual burst pressure

F, = average tensile strength of four test specimens taken from the part after
failure or from the same billet as the test specimen; or the maximum

tensile strength in the material specification

Ftu = material tensile ultimate strength

The maximum operating pressure can be obtained non-destructively from the results of

a proof test by the relation:

Pn ® Pp Fty‘IZFay . (8-54)
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