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Foreword

This Handbook is one document of the series of ECSS Documents intended to be used as supporting
material for ECSS Standards in space projects and applications. ECSS is a cooperative effort of the
European Space Agency, national space agencies and European industry associations for the purpose
of developing and maintaining common standards.

The material in this Handbook is a collection of data gathered from many projects and technical
journals which provides the reader with description and recommendation on subjects to be
considered when performing the work of Thermal design.

The material for the subjects has been collated from research spanning many years; therefore a subject
may have been revisited or updated by science and industry.

The material is provided as good background on the subjects of thermal design, the reader is
recommended to research whether a subject has been updated further, since the publication of the
material contained herein.

This handbook has been prepared by ESA TEC-MT/QR division, reviewed by the ECSS Executive
Secretariat and approved by the ECSS Technical Authority.

Disclaimer
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of, resulting from, or in any way connected to the use of this document, whether or not based upon
warranty, business agreement, tort, or otherwise; whether or not injury was sustained by persons or
property or otherwise; and whether or not loss was sustained from, or arose out of, the results of, the
item, or any services that may be provided by ECSS.
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1
Scope

Heat pipes are a solution to many thermal dissipation problems encountered in space systems.

The types of heat pipes that can be used in spacecrafts are described. Details on design and
construction, usability, compatibility and the limitations of each type are given.
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3

Terms, definitions and symbols

3.1 Terms and definitions

For the purpose of this Standard, the terms and definitions given in ECSS-S-ST-00-01 apply.

3.2 Symbols
Av

Aw
C
G
Di
Do
Dr

Dv

N

Q
(Q.1esr)

R
Rg

Re

vapour core cross-sectional area, [m?]

wick cross-sectional area, [m?].

heat pipe thermal conductance, [W.K]

heat capacity associated to node i, [J.K]

inner wall diameter of the pipe, [m]

outer wall diameter of the pipe, [m]

diameter of particles, [m]

diameter of the vapour space, [m]

equilibrium capillary height, [m]

heat transfer coefficient between nodes i and j, [W.K"]
permeability, [m?]

molar mass, [kg.mol]

figure of merit, [W.m?2] N = pih o/

heat transfer rate, [W]

integral heat transport factor, [W.m]

universal gas constant, R = 8,3143 J.K-1.mol!

gas constant of a particular gas, [J. K-1.kg'] R; = R/M

Reynolds number, Re = pVDi/u
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T temperature, [K]
Ts sink temperature, [K]
AT Clause 5: radial temperature drop between vapour-liquid

interface and heat pipe wall, [K]
Clause 8: control temperature range of a VCHP, [K]
Clause 10: axial temperature drop, [K]

Vv Clause 7: velocity, [m.s™]

Clause 8: volume, [m?]

We Weber number, We = pu(Vo)2' /o

a velocity of sound, [m.s"]

b dimensionless constant of a capillary structure, see clause
72.1.1

8 acceleration due to gravity, [m.s?]

h heat transfer coefficient of the wick, [W.m2K1]

hsg latent heat of vaporization, [J.kg"]

k thermal conductivity, [W.m*.K1]

Kett effective thermal conductivity of the wick, [W.m1.K]

kw thermal conductivity of the wick material, [W.m1.K-1]

1 length, [m]

I characteristic length associated with the wick surface, [m]

it is used to define the Weber number

Lett effective heat pipe length, [m] lef=[a + (Ic+l£)/2

Iw wick length, [m]

m mass flow rate. [kg.s1]

) mass flow rate per unit area, [kg.m2.s7] it is also called
mass flux

n number of moles

p pressure, [Pa]

pa standard atmospheric pressure, p. = 1,01325x105 Pa

Ap pressure drop, [Pa]
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Apc

Ib

Tc

e d s

o <

Ok

T

capillary pumping pressure, [Pa]

radial heat flux, [W.m?2]

radius, [m]

radius of bubble nucleus, [m]

effective pore radius of the capillary structure, [m]
Time, [h]

groove width, [m]

fin thickness, [m]

coordinate along heat pipe, [m] it is measured from the
evaporator

wetted perimeter of a duct, [m]

wick porosity

vapor specific heat ratio

wick thickness or groove depth, [m]

wetting angle, [angular degrees]

wetting angle in the evaporator, [angular degrees]
dynamic viscosity, [Pa.s]

Clauses 5 and 7: liquid to wick material thermal
conductivity ratio

Clause 10: kinematic viscosity, [m2.s]
dimensionless pressure ratio

density, [kg.m?]

surface tension, [N.m1]

shear stress, [Pa]

tilting angle, [angular degrees], positive when the
evaporator is up

geometrical parameter, it is defined in clause 11.2.1.2
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Subscripts

eff

sat
v

w

A

adiabatic

condenser

evaporator

reservoir

normal boiling conditions

Clause 6: thermodynamic critical conditions
Clause 7: capillary

Clause 10: superfluid dynamics critical conditions
effective

freezing conditions

inner wall

liquid phase

maximum

minimum

Clause 6: reference temperature conditions
Clauses 7, 8 and 10: outer wall

saturation conditions

vapour phase

wick material

helium-4 conditions at the Lambda point

Other symbols, mainly used to define the geometry of the configuration, are introduced when

required.
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4
General introduction

The heat pipe is a thermal device which affords an efficient transport of thermal energy. It is
constituted by a closed structure containing a working fluid which transfers the thermal energy from
one part (evaporator) to another (condenser). The phenomena involved in the transfer process are the
following:

1. Vaporization in the evaporator;

2. vapor flow in the core region of the container;

3. condensation in the condenser, and

4. liquid return to the evaporator by capillary action in the wick.

The capillary pumping permits to the heat pipe to be operated in any orientation, in contrast to
evaporation cooling devices which can only work when the evaporator is placed at the lowest point of
the system.

The pressure variations in the vapor core are normally small and, therefore, the heat pipe temperature
is nearly uniform and close to the saturated vapor temperature corresponding to the vapor pressure.
The capability of transporting large amounts of thermal energy between two terminals (evaporator
and condenser) with a small temperature difference is the main characteristic of the heat pipe which
can be considered an extra-high thermal conductivity device in the Fourier’s law sense.

In addition to its superior heat transfer characteristics, the heat pipe is structurally simple, relatively
inexpensive, insensitive to the gravitational field, and silent and reliable in its operation. It can be
made into different shapes and, by using the working fluid best suited to the desired temperature
range, can operate at temperature ranging from the cryogenic regions up to high temperature levels
which are only limited by structural reasons.

Because the immense potential of heat pipes, they have been employed in many engineering
applications, spacecraft thermal control not being an exception.

Classical papers concerning heat pipes are those by Grover et al. (1964) [32] and Cotter (1965) [18]. A
presentation of the background required by those wishing to use or to design heat pipes has been
made by Dunn & Reay (1976) [21].

Several examples of application of heat pipes to spacecraft are given in the following:

1. It is well known that large temperature variations may occur in the surface of a spacecraft
because non-uniform heating. These temperature variations can cause a host of problems
including undesirable thermal stresses. Katzoff (1967) [39] has recommended the use of
long heat pipes wrapped around the outer surface of a spacecraft to accomplish the
necessary equalization of the temperature distribution.

2. Another application which has received considerable attention is the cooling of electronic
components of spacecraft systems. These components are often located in the interior of
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the satellite, and the aim of the heat pipe is to transfer the waste heat over some distance
for ultimate rejection to outer space.

3. The use of radiators formed by heat pipes has been suggested several times. The heat
pipes produce nearly uniform temperatures on the radiator surface, and the redundancy
achieved when used in parallel arrangement provides some degree of increased meteor
protection to the radiator.

Intensive heat pipe research and development have resulted in rapid advancement in a variety of
directions: from the simple cylindrical shape to complex geometries; from a screen mesh to
multicomponent capillary-wick structures; from a passive variable-temperature conduction link to
self-controlled, variable-conductance, constant-temperature devices, and from the high conductance
function to a multitude of thermal control functions (such as switching, transformer, diode, and
damping, among others). Considerable progress has been made in material compatibility, fabrication
technology, and operational handling.

Since the heat pipe is both lightweight and nearly isothermal it appears to provide ideal solutions to
many thermal dissipation problems encountered in spacecraft.
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5
Heat pipe wicks

51 General

The heat pipe utilized for its operation capillary induced fluid flow, instead of gravitational or
mechanical work. This particular feature has led to considerable research efforts aimed at developing
wick materials suitable for use as capillary pumping devices in heat pipes.

The primary requisite for a heat pipe wick is that it should act as an effective capillary pump. That is,
the surface tension forces developed between the fluid and the wick structure should be sufficient to
overcome all viscous and other pressure drops in the pipe, still maintaining the required fluid
circulation.

In addition to the operating characteristics, several mechanical features should be considered when
evaluating candidate heat pipe wicks. The wick should be mechanically stable and rigid enough to
avoid changing of flow properties in response to wick sagging or stretching. On the other hand, the
suitable wick material should be compatible with the working fluid used. Many of the problems
associated with long term heat pipe operation are a direct consequence of material incompatibility
which usually manifests itself in chemical reactions.

A wide variety of wicks has been successfully employed in heat pipes. The first, and still the most
widely used, consists of several layers of fine mesh screen. Different methods have been used to
assure mechanical contact between the screen and the container. The reader is referred for further
details to: Neal (1967) [63], Katzoff (1967) [39], Kemme (1968) [41], and McKinney (1969) [58], among
others.

Screens have been also used merely as a retaining structure for wicks consisting in various types of
beads packed in an annulus between the retaining screen and the pipe wall. Beads of Monel, glass,
and stainless steel of different diameters have been used to produce these wicks.

Textile fabrics have also been employed as wicks. Rayon cloth has been used for a nitrogen heat pipe
(Haskin (1967) [33]). The cloth was held firmly against the heat pipe wall by sliding together two
valves of a slotted, diagonally cut retaining tube. Commercially available quartz fiber cloth has been
used as wick for flexible heat pipes (Shlosinger et al. (1966) [87]). In these devices the cloth was
pressed against the wall with springs. Attempts to bond the cloth to the wall met only with limited
success. A good bonding was achieved by applying heat sealable film materials, such as thermosetting
and thermoplastic sheets of the polyester resins.

Other investigators have experimented with commercially available porous metals, using sintered
fiber wicks (Neal (1967) [63]).

In addition, wicks have been successfully fabricated from powders of Al20s, SiC, Al, Cu, and Ni.
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5.2 Basic properties

The properties which characterize the behavior of heat pipe wicks are: equilibrium capillary height,
permeability, and effective thermal conductivity.

5.2.1 Equilibrium capillary height

Equilibrium capillary height, H, is the maximum height to which a wick lifts a given fluid. Two
considerations underline the importance of this variable for heat pipe design. First, the value of H
limits the length of a heat pipe operating in a gravity field with the evaporator above the condenser.
Second, H is used for evaluating the capillary pumping capability of a candidate wick. Once H has
been determined, both the effective pore radius of the capillary structure, r, and the capillary
pumping pressure, 4p., can be calculated (see Winter and Barsch (1971) [96])

re = (2ocosO)/(pigH),
Apc = ZO'/TC.

Two different values of the capillary height can be measured in a porous structure: the rising value
(wick initially dry) and the falling value (wick initially saturated). In general, the height to which a
liquid will rise in a wick (rising height) is less, by approximately 25% (Katzoff (1967) [39]), than the
height to which the liquid will fall in the same wick after it has been completely soaked (falling
height).

5.2.2 Permeability

The permeability, K, of a porous body is the proportionality constant between mass flow rate and
pressure drop (see Eq. (7.33), ECSS-E-HB-31-01 Part 14, clause 7.4.2.4 ). K has the dimension of an area
and can be expressed by the following relationship (Ferrel & Johnson (1970) [26])

Q

a0
. | hfgpIAW
K=——="— [5-1]
Ap, /1,

Mate: non-zi unitz are uzed in thiz figure

The permeability depends on the dimensions and geometry of the passages in the wick, and can be
experimentally determined by measuring the pressure drop which experiences a given mass flow rate
of a liquid flowing through the wick.

5.2.3 Effective thermal conductivity of the wick

The thermal energy required for vaporization (or condensation) is transferred by conduction, through
the saturated wick, from the solid boundary surfaces to the liquid-vapor interface. Thence the effective
thermal conductivity, kef, of the liquid saturated wick should be as large as possible.

The radial temperature drop between the liquid-vapor interface and the wall of the pipe can be
calculated from the following expression (Grant (1973) [28]):
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Mate: non-zi unitz are uzed in thiz figure

Table 5-1 gives formulae for calculating the three wick properties which have been mentioned.

Table 5-1: Empirical Correlations for the Determination of Wick Properties

WICK FORMULA COMMENTS Reference
PROPERTY
Equilibrium H 4o The pore diameter, 0,41 Dy, Ferrel &
Capillary "~ 0.41D X corresponds to the largest Alleavitch
Height, H. P I o minimum pore diameter (1970) [25]
Mote: non-si units are used in this figure Lo . .
existing in a cubic array of a
randomly packed bed of
spheres.
Permeability, K. D§(D3 Correlation between K and Dy | Bird,
= m is not very appropriate. Stewart &
- o Unfortunately no correlation | Lightfoot
Mote: non-zi unitz are used inthis figure exists, up to the moment, (1960) [10]
between K and more easily
measurable wick
characteristics.
Dimensionless keff It is assumed that the thermal | Neal (1967)
Efecctive K = (1_ CD)"' Vo conduction paths through [63], Kunz et
Thermal Nntw' i dinihis f liquid and through screen wick | al. (1968)
Conductivity, £ non-si units are uzed in this figure are parallel. [46]
keff/kw.
Kege v It is assumed that the thermal |Joy (1970)
k_ = v+ d)(l— V) conduction paths through [38]
w

Mote: non-si units are used in this figure

liquid and through screen wick
are in series.

k k
eff — eff + V(D
kW kW drv

Mote: non-si units are used in this figure

It is assumed that the thermal
conduction paths through
liquid and through screen wick
are parallel.

Woo (1968)
[97]
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WICK FORMULA COMMENTS Reference
PROPERTY
Obtained from data Soliman,

k
kif =0,046(1-v)1-®)+

w

1 0,954(1—1/)(1—:1;)2
1-(1-v)i-o)
0,65<®<1

Mote: non-zi units are used inthis figure

concerning water-saturated
nickel fiber wicks.

k
keff =0131-v)1-®)+

w

il 0,87(1—1/)(1—(()1)026
1-(1-v)i-@)
0,65<®<1

Obtained from data
concerning water-saturated
copper fiber wicks.

Graumann
& Berenson
(1970) [91]

5.3 Low resistance wicks

In addition to simple screen wicks, which have been already described, considerable attention has

been paid to low resistance configurations.

There are three main different types of low resistance wicks.

1. Grooved heat pipes, with channels running axially along the inner surface of the tube.
These configurations are structurally stable, have a large pipe wall to wick thermal

conductance, and allow an ease control of pore size during manufacturing,.

2. Composite wicks have been advocated by Kemme (1968) [41]. These wicks combine a
material with fine pore size at the liquid vapor interface, with a larger pore size material
underneath. The aim of the fine pores is to enhance the capillary effect, while the larger
pores are introduced to expedite the return of the liquid.

Composite wicks may be manufactured either by combining screens of different mesh sizes, or by
covering grooves which have been cut along the walls with a fine mesh size screen.

3. The condensed liquid can be delivered to the evaporator through one or more nearly
cylindrical arteries, which are placed in the vicinity of the pipe center-line, and are
extensions of the wick covering the inner wall of the pipe. This idea was set forth by
Katzoff (1967) [39].

Table 5-2 in the following pages gives relevant properties for several combinations of wicking

materials and working fluids.
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Table 5-2: Properties of Wick Materials
Wick Geometrical H | rx10¢ | Kx10m ko Ref.
Material Fluid eome . ¢ ] D ‘ [W.m™.K™]
(Supplier) Characteristics [m] [m] [m?2]

PP Dry | Saturated
Bronze Methanol |Mesh Size = 0,535 f
Mesh 74x107¢ m
Screen

Water Mesh Size = 0,61 8
74x107¢ m
Copper Water &~0,79x103 m 0,62 |0,872 0,05 h
Sintered
Powder ~
0,51x107 Water &=0,79x103 m 0,70 | 0,816 0,06
m.Copper
Backing. »
Copper Water &~13x103m 0,57 | 0,853 0,056 21,8 41,2
Sintered
Powder a
Copper Benzene |o=2,5x1073m 0,89 2,3 | Figure f
Felted 5-1
Metal b Methanol | &=2,5x1073m™ 0,89 2,15
Water &=2,5x1073m 0,89 2,8
Copper Water &~1,6x1073m 0,59 |0,311 0,43 22,3 78,3
Felted
Metal ¢
Copper Benzene |&0,46x1073m 0,94 46
Foam
Amporcop Methanol
210-5°b
Water &= 0,46x1073m 0,94 4,3 | Figure
5-2
Copper Water 0=2,6x1073m 0,91 4,8
Foam
Amporcop
220-5¢b
Nickel Water Mesh Size = 0,625 | 0,049 6,64 i
Mesh 297x1076m
Screen
Mesh Size = 0,679 | 0,112 1,52
74x107¢ m
Mesh Size = 0,676 | 0,234 0,77
74x107¢ m
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Wick ke R
i » 4 10 o y— ef.
Material Fluid Geometrical 7)) H | rx10%) Kx10 [W.m.K™]

(Supplier) Characteristics [m] | [m] | [m2]
i Dry Saturated

Nickel Freon 113 |Powder Size 0,54 (0,178 0,81
Powder Range =
297x1076-841x107¢
m.

Freon 113 |Powder Size 0,696 | 0,051 3
Range =
297x1076-841x1076
m.

Water Powder Size 0,658 | 0,247 2,73
Range =
150x1076-297x107¢
m.

Water Powder Size 0,54 | 0,406 0,81
Range =
297x1076-841x107®
m.

Water Powder Size 0,696 | 0,175 3
Range =
297x107¢-841x107¢
m.

Nickel Fiber | Freon 113 |Fiber Diameter= | 0,868 | 0,107 0,44
1075m.

Freon 113 |Fiber Diameter = 0,825 10,125 0,34
1075 m.

Freon 113 |Fiber Diameter = 0,689 | 0,209 0,15
105 m.

Freon 113 |Fiber Diameter = 0,88 | 0,09 0,31
1,5x1075 m.

Water Fiber Diameter= | 0,868 | 0,404 0,44
1075 m.

Water Fiber Diameter= | 0,825 | 0,406 0,34
1075 m.

Water Fiber Diameter = 0,689 | 0,406 0,15
1075 m.

Water Fiber Diameter = 0,88 | 0,399 0,31
1,5x1075m.
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Wick ke R
i » 4 10 _ _ ef.
Material Fluid Geometr.lcarl & H | rx10%| Kx10 [W.m K]
(Supplier) Characteristics [m] [m] [m?]

PP Dry | Saturated
Nickel Water &1,9x103 m 0,82 | 0,292 0,6 2,97 5,5 h
Felted
Metals ¢ Water &2,1x103 m 0,61 | 0,582 0,08 16,6 26,3
Nickel Water &=2,5x103 m 0,89 1,65 | Figure f
Felted 5-1
Metals b
Nickel Benzene |&2,5x103 m 0,96 2,1 | Figure
Foam 5-2
Ampornick Methanol | &=2,5x107° m 0,96 2,6
220-5b

Water &=2,6x103m 0,96 2,3
Nickel Water &=2,6x103 m 0,94 2,3
Foam
Ampornick
210-5°b
Stainless Benzene |Mesh Size = 0,73 0,57
Steel Mesh 74x107¢ m
Screen ¢ 6=0,89x104m

Methanol |Mesh Size = 0,73 0,54

74x107¢ m

6=0,89x104m

Water Mesh Size = 0,73 0,58
74x107¢ m
6=0,89x10"% m

Stainless Water Mesh Size = 0,69 |0,054 3,7 0,692 3,86 h
Steel Mesh 420x10 ¢ m
Screen © 6 layers

Water Mesh Size = 0,63 | 0,109 21 0,692 4,5
149x107° m
10 layers

Water Mesh Size = 0,68 | 0,143 0,8 0,657 3,51
111x10* m
22 layers

Water Mesh Size = 0,69 | 0,199 0,54
74x107¢ m
32 layers

Stainless Water &=2,8x103 m 0,32 | 1,02 0,049 3,04 11,4
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Wick keﬂ" R
i » 4 10 _ _ ef.
Material Fluid Geometrclcarl & H | rx10%| Kx10 [W.m.K1]
) Characteristics [m] | [m] | [m?]
(Supplier)
Dry | Saturated
Steel Water &=2,8x103 m 0,47 | 0,539 0,16 2,06 6,88
Sintered
Powder ¢ Water &=2,8x103 m 0,57 | 0,304 0,42 2,21 6,04
Stainless Water Fiber Diameter= | 0,916 | 0,155 5,46 i
Steel Fiber 3,3x105 m
Materials
(S5-430) Water Fiber Diameter = | 0,808 | 0,227 1,96
3,3x10° m
Water Fiber Diameter = 0,822 1 0,135 11,61
7,6x105 m
Stainless Water o~=3x103m 0,89 | 0,067 5,96 0,74 2,45 h
Steel Felted
Metals < Water &=3,2x103 m 0,80 0,119 2,69 1,18 3,27
Water &= 3,2x103m 0,58 | 0,256 0,54 4,2 9,6
a  Gold Inc.

b Astro Met Associates Inc.

¢ Huyck Metals Co.

4 Michigan Wire Cloth Co.

¢ Gerard Daniel & Co.

f Phillips & Hinderman (1969) [67]

8 Katzoff (1967) [39]

h Ferrel, Alexander & Piver (1973) [24]
I Langston & Kunz (1969) [48]
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Figure 5-1: Measured values of the inverse permeability, K™, vs. mass flow rate per

unit area, M .> From Phillips & Hinderman (1969) [67].
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Figure 5-2: Measured values of the inverse permeability, K™, vs. mass flow rate per

unit area, M .> From Phillips & Hinderman (1969) [67].
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6
Heat pipe working fluids

6.1 General

A wide variety of fluids ranging from cryogens to liquid metals have been used as heat pipe working
fluids.

The choice of a working fluid for a heat pipe application is dictated to a large extent by several
physical properties of the fluid and by chemical compatibility of the fluid with the container and the
wick. The requirements which should be taken into account when selecting a heat pipe working fluid
are the following;:

1. High latent heat of vaporization.

2 High thermal conductivity.

3 Low viscosity.

4. High surface tension.

5 High wetting ability.

6. Boiling point suited to the required operating temperature.

In order to minimize the temperature change associated to a given pressure drop, the fluids should be
used in a steeply sloped region of its vapor pressure-temperature curve.

The ranking of the working fluids within a particular temperature range is usually established by
means of a dimensional fluid property group, named figure or merit, which has dimensions of heat
flux [W.m™2], and is defined as:

N = phol

Relevant physical properties of suitable heat pipe working fluids are presented in this clause. These
properties are:

1. Vapour Pressure, ps. [Pa].
Latent Heat of Vaporization, hg. [J.kg™].
Density of Liquid Phase, pr. [kg.m™3].
Density of Vapor Phase, p.. [kg.m™].

2

3

4

5. Dynamic Viscosity of Liquid Phase, 4. [Pa.s].

6 Dynamic Viscosity of Vapor Phase, t. [Pa.s].

7 Thermal Conductivity of Liquid Phase, k1. [W.m .K™].
8 Thermal Conductivity of Vapor Phase, ko. [W.m™.K™].
9

Surface Tension, o. [N.m™].
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10.  Figure of Merit, N. [W.m™].

The mathematical expressions used for the evaluation of these properties have been summarized in
Clause 6.2. The resulting values of the mentioned properties have been presented in graphical form in
Clause 6.3.

6.2 Empirical correlations

The following expressions have been used for the numerical calculation of the relevant physical
properties of heat pipe working fluids. Additional details can be found in books like Reid & Sherwood
(1966) [70]. Sources of experimental data are indicated in the sheets concerning the different fluids.

J Vapour Pressure, psa. [Pa], Riedel-Plank-Miller formula:

2 3
Iogh:—i 1—(Lj +g(1—lj (3+lj
pc  TI/T Te Te Te [6-1]

Mote: non-zi units are used in this figure

where
T
G =0,21+0,4605—Jog-Pe
T.-T, " P, [6-2]
Mate: mon-zi units are uzed inthis figure
Tib |og & — 1+ Tik)
G (Tc - Tb ) Pa Tc
. T\(. T [6-3]
1- 2| [3+2
TC TC
Mate: non-zi units are used in this figure
. Latent Heat of Vaporization, hg. [J.kg™], Theisen formula:

orfiT)
TC [6-4]

Mate: non-zi unitz are uzed in thiz figure

H and nh are deduced from the experimental data by using the least squares technique.

. Density of Liquid Phase, p1. [kg.m™], Benson formula:
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T.-T
= 2p, —py + = (py -2
P=20 Pt (o1 —20¢) o

Mate: non-zi unitz are uzed in thiz figure

o Density of Vapor Phase, pv. [kg.m ], Redlich-Kwong state equation:

2
1,2826R,T, o

P+ s (0. —=0,2599p,) =R, Tp,p, 66
(j (p. +0,2599p, )
T, |
Maote: non-si unitz are used inthis figure
. Dynamic Viscosity of Liquid Phase, z1. [Pa.s], Girifalco formula:
= exp{ AT }
| g [6-7]

Mate: mon-zi units are uzed inthis figure

The coefficients A» are deduced from the experimental data by using the least squares technique.

J Dynamic Viscosity of Vapor Phase, t». [Pa.s], Sutherland formula:

bT3/2
B S+T

“, [6-8]

b and s are deduced from the experimental data by using the least squares technique.

o Thermal Conductivity of Liquid Phase, k1. [W.m 1.K™]:

k, =K, {HZBn (T-T, )”} [6-9]

1

The coefficients B are deduced from the experimental data by using the least squares technique.

o Thermal Conductivity of Vapor Phase, ko. [W.m™.K™], Owens-Thodos formula:
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k, = K(lj [6-10]

K and nk are deduced from the experimental data by using the least squares technique.

. Surface Tension, o. [N.m™].
o= D(l—l] [6-11]

D and n,are deduced from the experimental data by using the least squares technique.

6.3 Physical properties

The working fluid properties given in this clause are those listed in Clause 6.2. The fluids are, in order
of appearance,

Ammonia
Ethanol
Freon 11
Methanol
Nitrogen
Propane
Water

A sheet dealing with a given fluid is arranged as follows: The available data are summarized in a
figure and the particular expressions used to correlated them are presented in the following. The
sources of the experimental data presented are given in the table below.

FLUID: AMMONIA Ty=239,8 K pe=1,1297x10" Pa
CHEMICAL SYMBOL: NHs Tc=405,6 K pe=235kg.m™
MOLAR MASS: 17,032 Tr=1953K pi=681,8 kg.m™
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Mote: non-si units are used in this figure

Figure 6-1: Relevant physical properties of Ammonia as a function of temperature,
T, The labels correspond to experimental points. The expressions used to calculate
the tabulated values are given below. Calculated by the compiler.

Formulae Used for Calculating the Values of the Physical Properties.

2 3
log Po __ 2,9619 1- T +0,4843 1—l 3+l
p.  TIT, T, T, T. [6-12]

Mate: non-zi unitz are used inthis figure

T 0,3737
hfg :1,9152x106(1——] , 198<T <405
T, [6-13]
Mate: non-zi units are used in this figure
T
p, =470-p, + 493,76[1——]
T, [6-14]
Mate: mon-zi units are uzed inthis figure
217 2
b 20 g g 00111p, )= 48816T)p,
T%°(1+0,00111p, ) [6-15]

Mote: non-zi units are used in this figure
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-19,163+ @ —
1, =10""exp ] .| » 204<T <405
2,6412x10° 2,0062x10
R E
Mote: non-si units are used in this figure
-6 3/2
_LI989A0 T 1957 <405

H 306+ T

Mate: non-zi units are used in this figure

1+11296x1073(T —223,2)~-
~2,6317x107°(T - 223,2)°

Mote: non-si units are used in this figure

k,:0,547|: } , 223<T <373

1,3356
k, = 3,6856 XlO_Z(TLJ , 223<T <400

c

Mate: mon-zi units are uzed inthis figure

T 1,4414
o= 0,1449(1—1_—] , 244 <T <405

c

Mate: non-zi unitz are uzed in thiz figure

Sources of Data.

[6-16]

[6-17]

[6-18]

[6-19]

[6-20]

VARIABLE REFERENCES

Psat Weast (1976) [95].
Raznjevic (1970) [69].
Scollon & Carpitella (1970) [83].

hfg

pI

pv

Lu

(304

ki

kv

o Scollon & Carpitella (1970) [83], Weast (1976) [95].
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FLUID: ETHANOL Tv=351,5K pe=6,178x10¢ Pa
CHEMICAL SYMBOL: C2HsO Tc=516,2 K pe=280 kg.m™
MOLAR MASS: 46,07 Tr=158,7 K puv="735kg.m™
g [ = 1F =
~ : [ 3
w1
B"l.‘g.'-l n nf
h o 2 : ) ) -p";"u
| T " . i y - "-_“__,.p"' -
RN - e ———
g a gt - 5 = m— :
L] ] o P L
u -‘ I B
’h.l ¥ ; ? - 'ﬁz —1 '-"—- :
o = i 3
waizt ¥ 3 L=a===:.g_ i
'n-!-l'.r' * ' A I =
ke T A . =
T Ik

reey
Maote: non-zi units are used inthis figure

Figure 6-2: Relevant physical properties of Ethanol as a function of temperature, T,
The labels correspond to experimental points. The expressions used to calculate
the tabulated values are given below. Calculated by the compiler.

Formulae Used for Calculating the Values of the Physical Properties.

2 3
log Pea = 596421, [T 1 6 6806(1-1 | [ 3+
T T T

P T/T, ; ] ; [6-21]
Mate: non-zi unitz are uzed in this figure
T 0,3218
hfg =11987 xloe(l——j
TC
T [6-22]

p,:560—pv+548,43[1—_|_—j , 283<T <516

C

Mate: non-zi units are used in this figure
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2
P+—5s iaia/at (1-0,000928, ) =180,47Tp,
T°°(1+0,000928p, )

[6-23]

Mate: non-zi units are used in this figure

42764

—6,7461+

=10""ex
a P _ 6,0983x10°  4,4784x10

T 19
~8,6287x107'T¥?
H 188+ T
« —o1gs Lt 2,5253x107(T - 272)~
L] —1,4539%10°(T — 272

Mate: mon-zi units are uzed inthis figure

, 173<T <423

. 263<T <473 [6-24]

} , 273<T <355

1,5837
k, =3,5592 xlO’Z[TLJ , 266<T <348

[6-25]
T 0,8612
o= 0,0468(1—1_—] , 283<T <516

c

Sources of Data.

VARIABLE REFERENCES

Psat Scollon & Carpitella (1970) [83].

hfg

pi

Pv

L Raznjevic (1970) [69].
Scollon & Carpitella (1970) [83].

Uy

ki

kv

c Scollon & Carpitella (1970) [83]; Weast (1976) [95].
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FLUID: FREON 11 Tr=296 K pe=4,374x10¢ Pa
CHEMICAL SYMBOL: CF Cls T.=4712K pe=555kg.m™
MOLAR MASS: 137,38 Tr=162,1K o =1479 kg.m™

eeixg *
|

o x-f »
Gt <

TLES

Maote: non-si unitz are used inthis figure

Figure 6-3: Relevant physical properties of Freon 11 as a function of temperature, T,
The labels correspond to experimental points. The expressions used to calculate
the tabulated values are given below. Calculated by the compiler.

Formulae Used for Calculating the Values of the Physical Properties.

2 3
logPex — 248251, [T\ 64700 1- L |34+
pC T/TC TC TC TC

T 0,3744
hy, = 2,6414><105[1—T—J , 162<T <471

c

p, =1110-p, + 992,60(1— l}
Te [6-26]
1430p7

+
T%°(1+0,000468p,

)}(1— 0,000468p, ) = 60,52T p,
26598 68953x10° , 6,0975x10°

1, =107 exp| —33,078+ T2 T3

} , 233<T <322

- 81254x107'T*"?

U, , 266<T <338
92+T
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k, = 0,110[1— 2,6719x107°(T —233,2)—-4,1589x10°°(T - 233,2)2] , 233<T <322

1,47522
k, =1,4346x107° (Tl] , 266<T <310

c

Mate: non-zi unitz are used inthis figure

- 1,2299
o= 0,0628(1—T—J , 233<T <471

c

Mate: non-zi units are used in this figure

Sources of Data.

[6-27]

VARIABLE REFERENCES
Psat Raznjevic (1970) [69].
he Scollon & Carpitella (1970) [83].
o)
pv
L Scollon & Carpitella (1970) [83].
L
ki Norris et al (1970) [64]; Scollon & Carpitella (1970) [83].
kv Scollon & Carpitella (1970) [83].
o
FLUID: METHANOL Ty=3375K pe=9,709x106 Pa
CHEMICAL SYMBOL: CHsO T:=513,2K pe=358 kg.m™
MOLAR MASS: 32,04 Tr=1752K o =753,9 kg.m™
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Mate: non-zi unitz are used inthis figure

Figure 6-4: Formulae Used for Calculating the Values of the Physical Properties.

2 3
logPeee - 1813211 [T\ 1 6060/ 1-1 |3+
pc T /Tc Tc Tc Tc [6'28]

Mote: non-zi units are used in this figure

0,3623
hy =l,6028><106[1—_|_lj , 283<T <513

. [6-29]
Mate: mon-zi units are uzed inthis figure
T
p =716-p,6+110,82| 1 - —
T, [6-30]
Mate: non-zi units are used in this figure
2
R — 108075, (1-0,000726p, ) = 259,50Tp,
T°%(1+0,000726p, ) [6-31]
Mate: non-zi unitz are used inthis figure
6 8
=107 exp{—14,917 +10840 2’39922X 0, 1’94933X 10 } . 173<T <422
T T
[6-32]

11961x107°T%?
AT 3004 T

, 273<T <473
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k, = 0,213[1— 5,2339x10 (T — 272)-1,6473x10°(T — 272)2] , 272<T <373

Mate: non-zi units are used in this figure

1,4068
k, =3,4511x 1072 (lJ , 273<T <373
T [6-33]

c

Mate: mon-zi units are uzed inthis figure

T \0E
0'20,0453(1—1_—] , 283<T <513

c

[6-34]

Mate: non-zi unitz are uzed in thiz figure

Sources of Data.

VARIABLE REFERENCES
Psat Scollon & Carpitella (1970) [83].
hsg
o)
pv
L Raznjevic (1970) [69]; Scollon & Carpitella (1970) [83].
v
ki
kv
c Scollon & Carpitella (1970) [83].
FLUID: NITROGEN Ty=77,35K pe=3,393x106 Pa
CHEMICAL SYMBOL: N2 c=126,06 K pe=311kg.m™
MOLAR MASS: 28,016 Tr=63,15K pi =810 kg.m™3

39



ECSS-E-HB-31-01 Part 8A
/ E CSS 5 Decembe?rZOH

ot P = s . =2
-
Fn-p:-'ﬂ s G 3. ﬁ___,.....-—-—-""_f'
) 2 - ',..P"-_'*"'-#———_h
[Nh-j} 2w =—f—g— s 1 e
-'li" - ] ;— — =
- 2
ey r ﬁ-—-ﬂmw
k=D b A E g ermns
[“'“--‘{-ﬁ 7 __—m-lm-—-—-n___m:-
k=P
froma] * W e
s e =
v 2
g ® & ) 0
TIX1

Maote: non-zi units are used inthis figure

Figure 6-5: Relevant physical properties of Nitrogen as a function of temperature,
T, The labels correspond to experimental points. The expressions used to calculate
the tabulated values are given below. Calculated by the compiler.

Formulae Used for Calculating the Values of the Physical Properties.

2 3
log Pt — 132931 [T 1 03064 1-1 | 341
p. TIT,| (T, T. T. [6-35]

Mate: non-zi unitz are uzed in this figure

0,3770
hy =O,2880><106(1—le , 63<T <126

. [6-36]

Mate: non-zi units are used in this figure

T

p, =622 p, +466,60 1——
T, [6-37]

Mate: non-zi unitz are uzed in thiz figure

1732 p?
b 11320, (1-0,002060, ) = 296,77Tp,
T%°(1+0,00206, )

[6-38]

11988 9,4863x10° 2,5033x107
B

y,=10‘4exp{—50,109+ } , 63<T <110
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~ 1,5540x10°T %2
AT 1304 T

1-1,2470%x107%(T —63,3)-2,7138x10*(T —63,3)" -
—4,2004x10°(T —63,3)°

Mote: non-si units are used in this figure

66 <T <126

k, = 0,158{ } , 63<T <110

[6-39]

C

2,579
k, = 2,8865><102£T1] , 17<T <122

Mate: mon-zi units are uzed inthis figure

_I_ 0,6124
o= 0,0154(1—1_—] , 63<T <126

c

[6-40]

Mate: non-zi unitz are uzed in thiz figure

Sources of Data.

VARIABLE REFERENCES
Psat Scollon & Carpitella (1970) [83].
hrg
o)
pv
w
U Raznjevic (1970) [69]; Scollon & Carpitella (1970) [83].
ki Scollon & Carpitella (1970) [83].
kv Raznjevic (1970) [69]; Scollon & Carpitella (1970) [83].
c Scollon & Carpitella (1970) [83].
FLUID: PROPANE Tr=230,7 K pe=4,256x106 Pa
CHEMICAL SYMBOL: CsHs T.=370K pe=226kg.m™3
MOLAR MASS: 44,09 Tr=83,3K o =>581,8 kg.m™
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Maote: non-zi units are used inthis figure

Figure 6-6: Relevant physical properties of Propane as a function of temperature, T,
The labels correspond to experimental points. The expressions used to calculate
the tabulated values are given below. Calculated by the compiler.

Formulae Used for Calculating the Values of the Physical Properties.

2 3
log P = 278Ny | T 14 gasas1-T |3+
p. TIT, T, T, Te

0,4023
hy =0,6422X106(1—le , 144<T <370

c

T [6-41]
p, =452 p, + 344,64(1—T—j

c

7617 p!
. 1-0,00115p. ) =188 58T
{p TS 0,00115pv)}( p1) P

Mate: mon-zi units are used in this figure

21275 2,3239x10° N

2
1,0312x107 ! o 83T <333 [6-42]
+’T—3

Mote: non-si units are used in this figure

—4,9633+
1, =10""exp
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71 3/2
o J9B0BOXIOTTE
301+T [6-43]

Mate: non-zi unitz are uzed in thiz figure

k, =0,091[1—4,9490x10(T —266,5)] , 266<T <333

[6-44]
Maote: non-zi unitz are used inthis figure
T 1,7045
k, =2,5703x107%| — , 233<T <373
T, [6-45]
Mate: non-zi unitz are uzed in thiz figure
T 1,7733
o=012651-— , 266<T <370
T, [6-46]
Mote: non-zi units are used in this figure
Sources of Data.
VARIABLE REFERENCES
Psat Raznjevic (1970) [69]; Weast (1976) [95]; Scollon & Carpitella (1970) [83];
Das & Eubank (1973) [19].
hsg Raznjevic (1970) [69]; Scollon & Carpitella (1970) [83]; Das & Eubank
(1973) [19].
o)
pv
L Reid & Serwood (1966) [70]; Scollon & Carpitella (1970) [83].
v Reid & Serwood (1966) [70]; Raznjevic (1970) [69]; Scollon & Carpitella
(1970) [83].
ki Scollon & Carpitella (1970) [83].
kv Raznjevic (1970) [69]; Scollon & Carpitella (1970) [83].
o Scollon & Carpitella (1970) [83].
FLUID: WATER (Saturated) T,=373,2K pe=2,212 x107 Pa
CHEMICAL SYMBOL: H.0 Tc=647,3K pe=3155kg.m™
MOLAR MASS: 18,015 Tr=273,2K o =9429 kg.m™
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Mote: non-si units are used in this figure

Figure 6-7: Relevant physical properties of Water as a function of temperature, T,
The labels have been drawn to guide in the selection of the appropriate curve, and
do not correspond to experimental values. After Schmidt (1969) [82].

The table below presents the experimental data used to draw the curves of Figure 6-7.
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TIKI | Vapour pressure, Ht. Of Vapor., hix10 Density, p [kg.m?] |Viscosity, ux10* [Pa.s] Thermal Surface Figure of Merit,
psarx10 [Pal [J.kg] Conductivity, k  |Tension, ox103| Nx10 [W.m?]
[W.m1.K] [N.m]
Liquid Vapor Liquid Vapor Liquid Vapor
290 0,19 2,53 998,8 0,01 10,82 0,087 0,598 0,0192 73,25 1711
300 0,36 2,44 996,6 0,03 8,53 0,091 0,613 0,0198 71,72 204,5
310 0,63 2,41 993,3 0,04 6,92 0,095 0,628 0,0204 70,13 242,6
320 1,06 2,39 989,4 0,07 5,74 0,099 0,640 0,0210 68,47 282,1
330 1,73 2,37 984,6 0,11 4,86 0,103 0,651 0,0217 66,74 323,1
340 2,73 2,34 979,3 0,18 4,18 0,107 0,659 0,0223 65,00 356,3
350 4,19 2,32 973,5 0,26 3,65 0,111 0,668 0,0230 63,15 390,8
360 6,25 2,29 967,1 0,38 3,23 0,115 0,674 0,0237 61,30 420,3
370 9,09 2,26 960,2 0,54 2,88 0,119 0,680 0,0246 59,42 4477
380 12,94 2,24 952,9 0,75 2,60 0,123 0,683 0,0256 57,54 4724
390 18,04 2,21 945,3 1,03 2,37 0,127 0,686 0,0266 55,65 490,5
400 24,68 2,18 937,1 1,38 2,17 0,131 0,688 0,0278 53,77 506,2
410 33,17 2,15 928,5 1,82 2,00 0,135 0,688 0,0291 51,90 518,0
420 43,89 2,12 919,5 2,36 1,85 0,139 0,687 0,0304 50,07 527,6
430 57,23 2,09 910,2 3,03 1,73 0,143 0,685 0,0319 48,27 530,8
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The figures of merit of all those liquids whose physical properties have been tabulated are given in
Figure 6-8.

Each one of the curves plotted in this figure is limited between reasonable bounds imposed by the
limiting values of the heat pipe working pressure. The upper limit, purely structural, is approximately
50x10* Pa, while the lower limit is either 0,3x10* Pa, or the saturation pressure of the working fluid at
freezing point, whichever is larger.

151 e -
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| / 4 —
? A
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i \ GTHAMOL
10 B f g —$1 = .
[ | kiTrosey ]
S i W Ty W W W

Figure 6-8: Figure of Merit, N, as a function of temperature, T, for several heat pipe
working fluids. For each curve, the range of temperature variation is bounded
between the largest and smallest operating pressures. Calculated by the compiler.
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6.4 Compatibility with wicks

The choice of suitable materials for constructing heat pipes is dictated by the compatibility between
the different components. In general, improper choice of components results in a gradual appearance
of non-condensable gasses. The danger of corrosion and dissolution of the wick structure under high

temperature conditions should not be overlooked.

The following table reports some information on the chemical compatibility between typical wick
materials and working fluids.

Table 6-1: Chemical Compatibility between Typical Wick Materials and Working

Fluids.
Working Wick Material
Fluid
Aluminium Copper Nickel Refrasil Stainless Steel
Acetone RL RU PC RU PC
Ammonia RU NR RU RU RU
Ethanol NR
Freon 11 RU
Methanol NR RU RL RU GNT
Nitrogen RL RL
Propane
Water GNC RU PC RU GNT
Explanation: | RU =Recommended by past successful use. RL = Recommended by literature. PC =
Probably compatible. NR = Not recommended. GNC = Generation of non-
condensable gas at all temperatures. GNT = Generation of non-condensable gas at
elevated temperatures, when oxide is present.
NOTE After Basiulis & Filler (1972) [3], Winter & Barsch (1971) [96].
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7
Simple heat pipe

7.1 General

Heat is transferred along a heat pipe by continuous mass transfer and phase changing of suitable
working fluid. The pumping back of the fluid, once condensed, is achieved by capillary action in the
wick. These processes depend exclusively on the surrounding temperature field and, provided that
the heat flow rate is kept below limits, there is, in principle, no possibility of controlling the heat pipe
performance once the heat flow is fixed.

Heat pipes whose performance cannot be varied are called "simple heat pipes", whereas those devices
in which some control of the evaporation, condensation or pumping phenomena can be achieved are
called "variable conductance heat pipes".

7.2 Operating limits

Although the heat pipe exhibits a very high thermal conductance, the maximum heat transfer rate it
can afford is limited. The operating limits are due either to a breakdown of the fluid flow or to any
process that fixes a maximum value of the amount of fluid that can be forced through the tube by
increasing the heat transfer.

These operating limits are discussed extensively in the following. Their main features are summarized
in the following table.

LIMIT EFFECT OF INCREASED HEAT FLOW

Capillary The liquid evaporates faster than it can be supplied by capillary pumping to the
evaporator.

Sonic The vapour density decreases and simultaneously the vapour velocity increases
due to heat addition until the velocity equals the sound velocity, and the flow in
the tube is "choked".

Entrainment | The vapour stream shears-off droplets from the liquid-vapour interface, carrying
them into the condenser.

Boiling The liquid in the wick boils-off and a "vapour blanket" appears in the capillary
structure.
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7.2.1 Capillary heat transfer limit

Fluid circulation in a heat pipe is maintained by capillary forces developed in the wick structure at the
liquid-vapor interface. These forces balance the pressure losses due to the flow in both the liquid and
vapor phases. The capillary heat transfer limit will be reached when a given heat flux causes the liquid
in the wick to evaporate faster than it can be supplied by capillary pumping. Under this condition
drying and overheating of the wick will occur, until a "burnout" is reached which usually will result in
the destruction of the pipe.

The limiting heat transfer rate can be predicted in several typical cases as it is indicated in the
following clauses.

7.2.1.1 Mesh screen wick heat pipe

An expression for the capillary heat transfer limit in heat pipes using mesh screen wicks has been
derived by Cotter (1965) [18].

For a heat pipe under steady state conditions in a gravitational field, Cotter equated the capillary
pumping pressure with the sum of the liquid and vapor pressure drops plus the hydrostatic pressure.

Ape= Ap + Apo + pglsineg.

1. The capillary pumping pressure has been introduced in clause 5.2.1
20 c0s6
Apy =———
re [7-1]

Mate: non-zi units are used in this figure

2. The liquid pressure drop in the wick can be expressed by use of Darcy's law for flow
through porous media (Eq. 3,33, ECSS-E-HB-31-01 Part 14, clause 7.4.2.4) with a mean
velocity

Q/h,
pi, (D7 -D;) 7-2]

V =
Mate: non-zi units are used in this figure

as follows:

_ 4/J| (Q . |eff )
aKhy, p,(D? - DZ) [7-3]

Mate: non-zi units are used in this figure

Ap,

For the permeability, K, Cotter (1965) [18] suggests:
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K:Q@

b [7-4]

Mote: non-zi units are used in this figure

where b is a dimensionless constant which depends on the geometry of the capillary
structure. For non-connected parallel cylindrical pores, b~8. For realistic capillary
structures with tortuous and interconnected pores, b ~ 10 to 20.

3. The expression of the pressure drop in the vapor space is in general complex. When the
vapor Reynolds number is small, viscous effects dominate and the Hagen-Poiseuille
formula for the fully developed laminar flow in straight ducts (ECSS-E-HB-31-01 Part 13,
clause 7.2), with D = D» and [ = g, can be used.

Now the mean velocity is

_ Q/hy,

T N2
=D 7-5
Py D [7-5]

Mate; non-zi units are used in this figure

\Y

Hence,

_ 128/Jv (Q . |eff )
" gD} [7-6]

Mote: non-zi units are used in this figure

In the last expression p» depends on pv. Ll is the heat pipe effective length which is the
distance between mid points of evaporator and condenser.

Assuming that the heat pipe is operating under reduced gravity conditions, and that the
vapor flow passage is much larger than the wick thickness, then

Ape ~ Apr,

and the equation for the maximum heat transfer rate, derived by Cotter, may be
expressed as:

Q _NEK(DiZ_sz)
2 rly [7-7]

Mote: non-zi units are used in this figure

In this expression N is the figure of merit of the working fluid, introduced in clause 6.1.
Complete wetting (6 = 0) has been assumed. The remaining variables in the right hand
side of the above equation depend on the heat pipe design.

Values of the figure of merit, N, for several relevant fluids are given in Figure 6-8 (non
cryogenic fluids) and Figure 10-2 (cryogenic fluids).
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The assumptions on which Cotter's formula is based are not generally valid. It is
convenient to write down the complete equation for the fluid flow pressure drop as
follows:

i D? - D?
,lsing Q. 1+32K._4vﬂv_pl}
H Qmax Dv ,U|,0v

Mote: non-zi units are used in this figure

[7-8]

where H is the equilibrium capillary height already quoted in clause 5.2.1, and Qmax is the
value of the maximum heat transfer rate.

Summarizing, the capillary heat transfer limit of a mesh screen wick heat pipe operating
at room or high temperatures and under reduced gravity condition can be deduced from
the above expression of Qmax once the physical dimensions of the heat pipe and the
working fluid are fixed. In other cases, as for cryogenic heat pipes, the situation is far
more complicated as it will be discussed in clause 10.4.1.

7.2.1.2 Grooved heat pipe

Frank et al. (1967) [27] developed a theory to predict the capillary heat transfer limit for a grooved
heat pipe. They assume Poiseuille flow for the liquid and use a modified Poiseuille pressure drop-flow
rate relationship for the vapor:

Apv = FS,leeffmv/ﬂpvrv

The following variables are defined in connection with the above equation and with Figure 7-1 to
Figure 7-5.

Tm=Tw—0/2=10+ 52

L= (wrw")/w;, a= dw ; w= 2rm ; I'= 2N/ fle

F =1, when Re <2200, Laminar Flow

F =0,00494Re%4, when Re > 2200, Turbulent Flow

Finally, lsf has been already defined, and Re is the Reynolds number based on the inner diameter, D;,
of the tube.

Figure 7-1: Sketch illustrating design variables in grooved heat pipes. From Frank
et al. (1967) [27], quoted by Winter & Barsch (1971) [96].
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Figure 7-2: Relation between the dimensionless parameter 16/3(v»/ v)F and the
geometrical parameter, y. From Frank et al. (1967) [27], quoted by Winter & Barsch

(1971) [96].
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Figure 7-3: Optimum value of the dimensionless maximum heat transfer, Quma/I7.?
vs. the geometrical parameter, y. From Frank et al. (1967) [27], quoted by Winter &
Barsch (1971) [96].
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Figure 7-4: Graph for determining F. From Frank et al. (1967) [27], quoted by
Winter & Barsch (1971) [96].
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Figure 7-5: Optimum value of the aspect ratio of the grooves, ¢, vs. the geometrical
parameter, y. From Frank et al. (1967) [27], quoted by Winter & Barsch (1971) [96].

Frank's results are given in Figure 7-2 to Figure 7-5, which can be used for optimizing a grooved heat
pipe, that is to say, for designing the heat pipe whose capillary limit is just above the heat flow rate
which is intended to be transferred.

The procedure for optimizing the heat transfer ratio, Qma//74%, is the following:

1. The operating temperature, the working fluid, the effective flow length, L, and the pitch,
p, are assumed to be known beforehand. In particular, the pitch has a minimum value of
unity, and it is advisable to make it as small as possible. In general, the minimum pitch
value is imposed by manufacture and strength requirements.

2. Assuming that F =1, the geometric parameter y may be found in Figure 7-2.
3. The optimum value of Qma/I7+%s taken from Figure 7-3.
4. A new value of F may be obtained from Figure 7-4. If F <1, the vapor flow is laminar and

no further iterations are required. If, on the other hand, F> 1, the vapor flow regime is
turbulent and the procedure should be repeated using the new value of F to enter in
Figure 7-2.

5. The optimum value of the geometrical ratio acan be found from Figure 7-5 once the
iterative procedure has supplied the value of F.

7.2.2 Sonic limit (choking)

This limit is often encountered in liquid-metal heat pipes operating at low vapor pressure and, hence,
low density.

When heat is added, the vapor velocity increases for two reasons: 1, the vapor mass flow rate increases
due to enhanced evaporation. 2, Even assuming that the mass flow rate is constant, heat addition
causes the Mach number to increase along the tube if the flow is subsonic and to decrease if it is
supersonic (the Mach number is the flow velocity to sound speed ratio). The reader is referred to
Shapiro (1954) [85] or Rotty (1962) [71] for details concerning this effect, which is known as "choking".
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On the other hand, the sound speed, which for a given perfect gas depends only on the temperature, is
not affected by the heat transfer, provided that the liquid and vapor phases coexist in the tube.

From the above reasoning it is deduced that the supersonic conditions can not be reached by mere
heat addition in a gas flow initially at low velocity, and that the maximum heat transfer rate is
attained when the fluid velocity at the evaporator exit reaches the local sonic velocity.

The existence of the sonic limit or the gas-dynamic choking phenomenon in heat pipes was first
suggested and analyzed by Levy (1968) [50], who performed a one-dimensional compressible vapor
flow analysis, by treating the vapor as perfect gas. Levy obtained the following expression of the heat
transfer rate under choking conditions:

ﬂpv ah fg sz

Qmax = W

[7-9]

where:
a, velocity of sound at upstream end of the evaporator. [m.s™].
7, vapor ratio of specific heats.

More recently Levy (1972) [49] has taken into account both the effects of the shear stress, 7, and the
convective heat transfer, Qwm, on the sonic limit. His results, summarized in the Figure 7-6, indicate
that for a given value of the operating temperature, the shear stress will reduce the maximum rate of
heat transfer based on the sonic limit to a value lower than it is expected from the frictionless analysis,
and that this reduction can be quite large at the lower values of the operating temperature.
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Maote: non-si unitz are used inthis figure

Figure 7-6: Maximum heat transfer, Qmax, based on sonic limit, vs. evaporator
temperature, Tr, for several values of the shear streets, 7, and of the convective heat
transfer, Qcore. Sodium heat pipe. A: 7=0 and Qcono = 0; B: 7 0 and Qcomo 0; C: 7£ 0
and Qcono = 0; D: 72 0 and Qcono # 0. In this case the heat pipe had an adiabatic
length. In curves A, B, and C choking is reached at the evaporator, while in curve
D choking is reached at the adiabatic length end. From Levy (1972) [49].
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7.2.3 Entrainment limit

The entrainment limit has its origin in the interfacial shear due to the flows of vapor and liquid in
opposite directions. When the relative velocity between the vapor and liquid is sufficiently large, the
interface becomes unstable, and liquid droplets are entrained in the vapor. This loss of liquid in the
wick, which thus never reaches the evaporator, amounts to a certain reduction in the maximum
evaporation heat transfer, and this lowered heat transfer rate defines the entrainment limit. The
entrainment phenomenon is governed by the Weber number that compares the vapor inertial forces to
the liquid surface tension forces. Because of the complexity introduced by the presence of the wick
and the curved interface, the available quantitative information, either experimental or theoretical,
concerning the entrainment limit is very scarce despite its undoubted relevance in heat pipe design.

The Weber number, We, is defined as:
We = (anvzl,)/U,

where [ is a characteristic length associated with the wick surface. In screen wicks, I is very nearly
equal to the wire diameter, and it probably depends to some extent on the wire spacing.

An estimate of the entrainment limited heat flux may be established introducing in the energy
equation the assumption, We =1, (Kemme (1969) [40]).

Qmax = (pUG/l,)l/thgAv

7.2.4 Boiling limit

This limit, which is associated with boiling within the wick, is difficult to predict since it requires a
thorough knowledge of the cavity dimensions in the wick and of the effective thermal conductivity of
the saturated wick, among other properties.

Neal (1967) [63] (quoted by Winter & Barsch (1971) [96]), taking into account the superheat required
for the outset of nucleation in the wick, obtained the following expression for the boiling limit.

27k oT, {2 cosHE}

b |n3 pvhfg rb ﬂ(DDv
Dv

[7-10]

Mate: non-zi unitz are uzed in thiz figure

where:

D, Inner diameter of the heat pipe. [m].

Ds, Diameter of the vapor space. [m].

Tsat, Saturation temperature. [K].

hg, Latent heat of vaporization. [J.kg™].

ke, Effective thermal conductivity of the wick. [W.m™.K™].
I, Evaporator length. [m].

s, Radius of the bubble nucleus. [m].

@, Wick porosity

pv, Vapor density. [kg.m™].
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o, Surface tension. [Nw.m™].

6, Wetting angle in the evaporator. [Angular Degrees].

7.3 Performance

This clause contains a compilation of performance curves of typical heat pipes, which has been
prepared by Skrabek (1972) [88].

Several combinations of temperatures, working fluids, wicks, wick and container materials, and heat
pipe diameter have been considered. Such combinations are indicated in the Table 7-1 below.

Table 7-1: Combinations of Temperatures, Working Fluids, Wick and Container
Materials, and Heat Pipe Outer Diameters.

T | Workin | Container Wick Material Heat Pipe
K] g Material Diameter
Fluid Porous Slab Circumferential Screen [m]
m
77 N2 Al SS SS 1,27x1072
—2
273 | NHs Al ss ss 2,54x10
373 H0 Cu Cu Cu

NOTE From Skrabek (1972) [88].

The performances have been calculated assuming a standard heat pipe 1,10 m long and with both
evaporator and condenser lengths equal to 0,1 m. The walls are 0,89x107 m thick, and the wick
porosity is @=0,7.

Since the effective transport length is ley =1 m, Qmar and (Qief)max have the same numerical value.

To perform the calculations it has been assumed that both the heat input and heat output were
uniform.

Two types of performance curves are given for each one of the combinations of temperatures, wick
types and heat pipe diameters.

One type, Figure 7-7 to Figure 7-12, gives the maximum heat transfer capability as a function of
several wick parameters for a"zero g" environment. Also indicated on the curves is the range of wick
thickness over which the vapor flow is laminar (solid lines). Within this range, the results can be
expressed in terms of the Integral Heat Transport Factor, (Q.lf)m, and are applicable to other heat
pipe lengths. When the vapor flow is turbulent, (dotted part of the curves) the plotted, Qma, is only
applicable for the particular length of 1,1 m.

The other type of performance curves, Figure 7-13 to Figure 7-18, provides information about the heat
pipe conductance. Unfortunately, conductance’s are much less amenable to theoretical predictions
than the heat transfer capability. The overall conductance was calculated from the reciprocal of the
sum of five thermal resistances, namely: those corresponding to evaporator-wall, evaporator-wick,
vapor temperature drop, condenser-wick, and condenser-wall.
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The greatest uncertainty exists for data on evaporator-wick and condenser-wick resistances. In the
case of circumferential wicks, the conductance has been obtained from two values of the effective wick
thermal conductivity corresponding to series and to parallel thermal conduction.

Kefparaien) = kw[(1- @) + v,
keﬁ(series) = ka/[?] + @(1-7))] .

In the case of porous slab wicks, Figure 7-16 to Figure 7-18, the overall conductance is given for three
different heat transfer coefficients,h, which are indicated on the respective curve.

For most wick designs, the temperature drops through the wall and through the wick are dominating,
while the temperature drop through the vapor is small. The range for which the latter is less than 1%
of the total temperature drop is indicated by a dotted line.
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Figure 7-7: Heat Transfer, Qma, and Integral Heat Transport Factor, [Q.lef]max, vs.
wick thickness, 6, for several mesh sizes and two heat pipe diameters, D..
Circumferential screen wick. Solid lines: vapour laminar flow; dotted lines:
vapour turbulent flow. From Skrabek (1972) [88].
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Figure 7-8: Heat Transfer, Qma, and Integral Heat Transport Factor, [Q.lef]max, vs.
wick thickness, 6, for several mesh sizes and two heat pipe diameters, D..
Circumferential screen wick. Solid lines: vapour laminar flow; dotted lines:
vapour turbulent flow. From Skrabek (1972) [88].
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Figure 7-9: Heat Transfer, Qma, and Integral Heat Transport Factor, [Q.lef]max, vs.
wick thickness, ¢, for several mesh sizes and two heat pipe diameters, D..
Circumferential screen wick. Solid lines: vapour laminar flow; dotted lines:
vapour turbulent flow. From Skrabek (1972) [88].
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Figure 7-10: Heat Transfer, Qmax, and Integral Heat Transport Factor, [Q.leflmax, vs.

wick thickness, J, for several mesh sizes and two heat pipe diameters, D.. Porous

slab wick. Solid lines: vapour laminar flow; dotted lines: vapour turbulent flow.
From Skrabek (1972) [88].
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Figure 7-11: Heat Transfer, Qumax, and Integral Heat Transport Factor, [Q.leflmax, vs.
wick thickness, 6, for several mesh sizes and two heat pipe diameters, D.. Porous
slab wick. Solid lines: vapour laminar flow; dotted lines: vapour turbulent flow.
From Skrabek (1972) [88].
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Figure 7-12: Heat Transfer, Qmax, and Integral Heat Transport Factor, [Q.leflmax, vs.
wick thickness, J, for several mesh sizes and two heat pipe diameters, D.. Porous
slab wick. Solid lines: vapour laminar flow; dotted lines: vapour turbulent flow.
From Skrabek (1972) [88].
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Figure 7-13: Heat pipe conductance, C, vs. wick thickness, J, for several wick
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conductivities, ke, and two heat pipe diameters, Do. Circumferential screen wick.
From Skrabek (1972) [88].
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Figure 7-14: Heat pipe conductance, C, vs. wick thickness, J, for several wick
conductivities, ke, and two heat pipe diameters, Do. Circumferential screen wick.
From Skrabek (1972) [88].
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Figure 7-15: Heat pipe conductance, C, vs. wick thickness, J, for several wick
conductivities, ke, and two heat pipe diameters, Do. Circumferential screen wick.
From Skrabek (1972) [88].
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Figure 7-16: Heat pipe conductance, C, vs. wick thickness, J, for several values of
the heat transfer coefficient of the wick, i, and heat pipe diameters, D.. Porous
slab wick. From Skrabek (1972) [88].
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Figure 7-17: Heat pipe conductance, C, vs. wick thickness, J, for several values of
the heat transfer coefficient of the wick, i, and heat pipe diameters, D.. Porous
slab wick. From Skrabek (1972) [88].
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Figure 7-18: Heat pipe conductance, C, vs. wick thickness, J, for several values of
the heat transfer coefficient of the wick, i, and heat pipe diameters, D.. Porous
slab wick. From Skrabek (1972) [88].
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8
Variable conductance heat pipes

8.1 General

The purpose of a variable conductance heat pipe (VCHP) is to control the operating temperature of a
given component against variations in the heat dissipation of the component and in the environmental
thermal conditions.

Inasmuch as the heat pipe transfers energy between two points utilizing a continuous circulation,
some change in the conductance of the heat pipe may be exerted by controlling the mass flow using
either of the following techniques:

1. Interruption of the fluid flow, either the liquid flow in the wick or the vapor flow in the
core, by means of suitable thermostatically controlled valves.

2. Reduction of the condensation rate; this is normally achieved by a non-condensable gas
which tends to collect in the condenser, partially displacing the condensable gas from
there.

The second technique is the most widely used up to the present and the only one which is considered
here.

In the beginning of the process both condensable and non-condensable fluids are uniformly mixed
throughout the pipe.

During the start-up period the heat addition and consequent evaporation at the evaporator induces
pressure waves which sweep both condensable and non-condensable gases toward the condenser
zone.

Capillary pumping through the wick drives back the condensed gas to the evaporator, while there is
no driving force for the non-condensable gas which is trapped (diffusion effects apart) in the
condenser end, reducing the volume of the active condenser zone.

For a given mass of either fluid the volume of the inactive portion of the condenser depends on the
pressure and temperature, which are controlled by the heat input and subsequent evaporation.

Passive mode of operation. When the pressure increases the interface separating both gases recedes in
the condenser, increasing the condenser volume and thence the heat transfer capability, without
requiring external power.

Active mode of operating. It is possible to decouple somewhat the volume of the non-condensable gas
from the heat addition by means of an auxiliary non-condensable gas-heater with a feed-back
temperature sensor attached to the heat source.

In order to decrease the stiffness of the non-condensable gas volume, placed at the end of the
condenser, a gas reservoir could be provided. Two basic configurations have been considered which
differ in the position of the reservoir relative to the pipe.
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In the cold reservoir configuration, Figure 8-1, the reservoir is placed at the end of the condenser and
is wicked in order to assure the return of the condensable gas which may enter there. In this
configuration the partial vapor pressure of the non-condensable gas is controlled by the temperature
of the environment surrounding the reservoir. The addition to the reservoir of a feed-back controlled
heater to devise an active variable conductance heat pipe is straightforward, at least in principle.

—= WICK

el VA s
_ m INSULATION

VAPOR —pii==  j|| CONDEMNSER

Figure 8-1: VCHP with cold reservoir.

The coupling of the non-condensable gas pressure with the heat source temperature can be made
more exclusive with the hot reservoir configuration, Figure 8-2. There the reservoir (unwicked) is
placed adjacent to the evaporator, thence its temperature is approximately equal to that of the
evaporator. As Figure 8-2 shows, the condensed fluid has no chance of reaching the hot reservoir since
it has an easier path to the evaporator through the wick, whereas the gas reservoir is unwicked.
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Figure 8-2: VCHP with hot reservoir. (a) Internal hot reservoir. (b) External hot
reservoir.

8.2 Design considerations

This part concerns several aspects of VCHPs, namely: diffusion effects, working fluid selection, and
reservoir sizing.

8.2.1 Diffusion of the working fluid

The thermal control achieved by a VCHP is defined in terms of a nominal control temperature and
control range. For example, a component at 293 * 2 K has a nominal control temperature of 293 K and
a control range of 4 K. When variable conductance is accomplished by means of a non-condensable
gas the control range is determined by the volume of the gas reservoir, whereas the nominal control
temperature depends on the mass of the gas.

Diffusion, neglected up to now, influences the performance of the VCHP. When the partial pressure of
the working fluid is below the equilibrium saturation pressure at the reservoir temperature, the
working fluid, diffused as a gas into the reservoir, remains there, not being sucked by the wick.
Thence, the volume of the non-condensable gas increases and the heat pipe conductance decreases.

In order to estimate the diffusion effects on the heat pipe thermal conductance, it is assumed that at
instant ¢ = 0 the reservoir is filled with pure non-condensable gas, while the remainder of the heat
pipe, except evaporator and wick which are irrelevant in this analysis, is filled by the working gas.
The rate at which the concentration, 1, of the working gas in the reservoir approaches (by diffusion) its
steady state value is a function of heat pipe geometry, the diffusion coefficient of the working gas
through the non-condensable gas, and the distance between the condenser and the reservoir.

Figure 8-3 shows the ratio n(t)/n(w) for a hypothetical non-condensable gas heat pipe. n(t) is the
number of moles of working fluid vapor diffused into the reservoir up to time t. The ordinate on the
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right hand side shows the change by mass diffusion in nominal control temperature which this
particular system experiences.

These results have been obtained analytically by solving the laminar diffusion equations in a system
having two cylindrical regions of different length and area, which represent the separation tubing and
the reservoir.
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Figure 8-3: Vapor concentration at the reservoir, n(t), over its steady-state value,
n(w), and control temperature range, AT, as functions of time, t. From Hinderman.
Waters & Kaser (1972) [35].

8.2.2  Working fluid selection

In addition to the already mentioned criteria for selecting the working fluid of a constant conductance
heat pipe, two new criteria should be considered in the selection of working fluid for VCHPs. These
are, 1) freezing point, and, 2) slope of the vapor pressure versus temperature curve.

1. In a non-condensable gas VCHP, the working fluid should have a freezing point lower
than the temperature of the remaining components of the system, including reservoir and
the inactive portion of the condenser. Otherwise the frozen working fluid will not return
to the evaporator which will result in drying of the wick.

2. The motion of the interface between vapor and non-condensable gas and, therefore, the
control of a non-condensable gas VCHP for a given reservoir volume, is a function of the
ratio of the internal pressure change to evaporator temperature change, which depends
on the working fluid properties. The most effective fluid for a given control temperature
range, AT = Temwx—Temin, will be that having the highest value of the dimensionless
pressure ratio, 7, defined as:

Tr = p(TEmax)/p(TEmin)
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If AT is small, of the order of 5 K, one can assume that the latent heat of vaporization, hg, is

independent of the temperature over the range of interest, and the vapor pressure can be
approximated by the integrated Clausius-Claperyon equation,

p = Aexp[-/RgT],

where A is a constant having the dimension of pressure, and

7T:|0(TE,W):eXIO _E[L_ 1 ]

"oplT R T

E min g [8'1]

E min

Mate; non-zi units are used in this figure

Values of 7 for several working fluids are given in Figure 8-4.
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Mote: non-si units are used in this figure

Figure 8-4: Dimensionless pressure ratio, 7, vs. control temperature range,
Temax—TEemin, for several working fluids. From Hinderman, Waters & Kaser (1972)
[35].

8.2.3 Reservoir sizing

The size of the reservoir can be determined by expressing the gas inventory at the hot and cold
operating conditions.
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Figure 8-5: Sketch of a variable conductance heat pipe. 1: Evaporator. 2: Adiabatic
Section. 3: Condenser. 4: Adiabatic Section. 5: Reservoir.

It is assumed that under cold operating conditions the condenser is blocked and the interface between
vapor and non-condensable gas is positioned between the sections 1 and 2 of Figure 8-5.

Under hot operating conditions the heat pipe is fully operational with the abovementioned interface
positioned between the section 3 and 4 of Figure 8-5

Data regarding the reservoir to condenser volume ratio, Vr/Vc, for different ranges of evaporator and
reservoir temperatures are given in the following four figures.
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Figure 8-6: Dimensionless reservoir to condenser volume ratio, Vr/Vc, vs.
evaporator temperature variation, (Temax—TEmin), for two different working fluids,
and a given reservoir temperature variation, (Trmax—Trmin) = 28 K. From Edelstein &
Hembach (1972) [23].
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Figure 8-7: Dimensionless reservoir to condenser volume ratio, Vr/Vc, vs. reservoir
temperature variation, (Trmax—Trmin), with fixed evaporator control temperature
variation, (Temax—TEmin) = 6 K. From Edelstein & Hembach (1972) [23].
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Figure 8-8: Dimensionless reservoir to condenser volume ratio, Vr/Vc, vs.
evaporator temperature variation, (Temax—TEmin), for ammonia working fluid. From
Edelstein & Hembach (1972) [23].
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Figure 8-9: Dimensionless reservoir to condenser volume ratio, Vr/Vc, vs.
evaporator temperature variation, (Temax—TEmin). Solid lines: cold reservoir. Dashed
lines: hot reservoir. (A) and (M) correspond to ammonia and methanol
respectively. Ts is the sink temperature; in one case the back of the radiator is
pained black (222 K < Ts< 254 K), and in the other it is aluminized (196 K < Ts< 245
K). Evaporator temperature, Tt = (287 + (Temax—TEmin)/2) K. From Kirkpatrick &
Marcus (1972) [42].
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9
Existing System

Data corresponding to the products supplied by the main European manufactures are given in this
clause.

9.1 Eads Astrium

Following tables show the extended catalog of heat pipes from Eads Astrium
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Table 9-1: Selected Aluminium Heat Pipe Profiles.
Profile Profile Mass and Heat Transport Qualification,
Designa- Geometry Dimensions Capability (Wm) Application, Remarks
tion
WR 4 m = 0.24kg/m 90,0 » National Qualification
n = 18 800 - — Programme (1975)
700 - 7 > — * Astro 8
W=30 mm a0 * ESTEC Life Test
H = 125mm i N (from 1975 to 1986)
D =12 mm
d =82 mm i I
30,0
20,0
.o
00
<70 -60 .50 40 30 -30 .10 O 10 20 30 40 50 60 7O RO S0
Temperature in [*C]
WR 6 m = 0.30kg/m | soo * Cryogenic Heat Pipes
n =20 a0 T for SCIAMACHY
40,0 on Envisat
W =12 mm 350 (filled with methane)
H =12 mm 10,0 /
D=2 mm 50 £
d =54 mm 200 //
150
oo
50
<70 60 -50 -40 30 -20 -10 0 10 20 30 40 50 €0 70 80 90
Temperature in [*C]
WR 9 m = 0.34kg/m 00 * 24 years ESTEC Life Test
n =20 . _ Programme
e (from 1978 to 2002)
W =30 mm a0 * SPAS-01 Heat Pipe
H =10 mm 7~ = Experiment (STS-07
D=9 mm / and STS-11)
— mm 300 ~
d b N /
7
10,0
0.0
<70 <60 -50 -40 -30 -20 70 0 W0 X0 30 40 50 &0 70 30 0
Tamparsturs in [*C]
WR 11 m =0.58kg/m [ 2000 * OMUX Radiator
n =30 100 — + AHR-Advanced
100 = = Heat Pipe Radiator
140.0
W=355 mm 1200
H=1 mm 1000
D =145 mm 800 Vi
d =86 mm 00
00
00
00 ——e—
=70 -60 -50 40 -30 -20 10 O 10 20 30 40 50 &0 70 B0 50
Temperaturs in [*C)

Legend: /m - Mass / W - Profil width / H - Profil height / D

- outer tube diameter / d - Vapour diamete / n - Number of grooves
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Table 9-2: Aluminium Heat Pipe Profiles (cont.)
Profile Profile Mass and Heat Transport Qualification,
Designa- Geometry Dimensions Capability (Wm) Application, Remarks
tion
WR 12 m = 0.57 kg/m 300 * EUROSTAR
n =32 Qualification Programme
2000 e * ERS-1 and ERS-2
W =31 mm S My HPA-Radiator Panel
H = 15.5mm 1500 3 <
D=1 mm /"
d =92 mm 100,0
500
o0
<70 <60 -50 -40 .30 -20 «10 O 10 20 30 40 50 &0 70 80 YO
Temperature in [*C]
WR 16 m =0.68kg/m 2000 * OMUX Radiator
n =32 1800 — + AHR-Advanced
1600 - = s Heat Pipe Radiator
W =30 mm 1400 -
H =16 mm 1200 7
D =15 mm 1000
d =92 mm 800
60,0
40.0
20,0
00
<70 60 -50 40 -30 -20 10 0 10 20 30 40 50 &0 70 B0 0
Temperatuse in {*C]
WR 17 m =015 kg/m 450 == * OLYMPUS Qualification
n =20 w0 —— + OLYMPUS Radiator
/- e
350 Panel
W=9 mm %00 + HALEX Experiment
H =95 mm 1 // (STS-41G)
D=9 mm
m d =5 mm i IS
B0
0.0
50
00
T0 €0 -30 40 30 -20 10 © 0 20 30 40 30 €0 70 80 %0
Temperature in [*C]
WR 18 m =0.35kg/m e * OLYMPUS Radiator
n =20 o - Panel
A * ERS-1 Tape Recorder
W =30 mm =00 ~ + GOME
H =%5 mm 00 v * AMOS NIS Panel
D=9 mm / « SILEX
d =5 mm e * EOS Cooling Unit
200 |— + EOS Radiators
0o
00
<70 -60 -50 <40 -30 -20 -0 © 10 20 30 40 50 &0 70 80 %0
Temperature in [*C]

outer tube diameter / d - Vapour diamete / n - Number of grooves
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Table 9-3: Aluminium Heat Pipe Profiles (cont.)
Profile Profile Mass and Heat Transport Qualification,
Designa- Geometry Dimensions Capability (Wm) Application, Remarks
tion
WR 19 m = 0.27 kg/m 100 * ERS-1and ERS-2
n =22 %00 — - Y Radiator Panel
1400 - = =
W =12.5mm b I y
H =13 mm s /. N\
D =125 mm e
d =7 mm i
s00 4—~
400
0.0
00 -
<70 60 -50 40 30 -20 -10 O 0 20 30 40 50 &0 70 BO 90
Temperature in [*C]
WR 20 m = 0.45kg/m 1660 * SCIAMACHY Radiator A
n = b — = Polar Platform
' * TerraSAR-X LCT
Ul * Tandem-X LCT
W=30 mm 100,0
H =13 mm o =
D =125mm il
d = mm b
00
00
oo
70 -60 -50 -40 30 20 10 O 10 20 30 £0 50 &0 FO 80 %O
Temperature in ["C]
WR 21 m =0.73kg/m | 3000 * OMUX Radiator
n =32 * Radarsat HPMC Panel
e — = Cryosat-1 Panel
o
W =395mm = Pt \\ * Cryosat-2 Panel
H =155mm
D=1 mm 1500
d -92 mm 5
1.0
00
o
<70 60 <50 <40 -30 20 <30 O 0 30 30 40 50 &0 VO 80 SO
Temparature in [*C]
WR 22 m = 0.47 kg/m 500 * TELECOM 2
n =32 NIS Radiator Panels
w00 = * ERS-1 and ERS-2
W =30 mm 7 S ATSR Heat Pipe
H = 156 mm 1500 = ER5-2
D =15 mm / Gome External HP
d =92 mm 100.0 L
500
05
<70 60 -50 -40 -30 -20 <%0 0 10 20 30 40 50 &0 PO 0O 30
Temperature in [*C]

outer tube diameter / d - Vapour diamete / n - Number of grooves
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Table 9-4: Aluminium Heat Pipe Profiles (cont.)
Profile Profile Mass and Heat Transport Qualification,
Designa- Geometry Dimensions Capability (Wm) Application, Remarks
tion
WR 24 m = 0.47 kg/m | “00 + Profile Characterization
n =24 350,0 = =
9.0 =
W =130 mm 7
H =156 mm g 7
D =15 mm %00 >
d =91 mm 1500 |4
1000
500
OIO-N-GG-WW-W-N-'ID 0 W 20 30 40 30 60 70 B 90
Temperaturs in [*C]
WR 25 m =0.45kg/m | 200 * Profile Characterization
n =20 =
2000 <
W =30 mm 150,0 / \
H =13 mm /
D =12.5mm 100,0
d =68 mm s
50,0 1
olotﬂl-&ﬂ«ﬂlﬂ‘!ﬂ‘ﬁ-lo 0 0 20 ¥ 40 30 S0 70 80 %0
Temperaturs In [*C]
WR 26 m = 0.39kg/m 1800 * Profile Characterization
n = 13 180.0 —
oo - -
W =30 mm o /
H =115 mm 2
D =11.0 mm e
d -56 mm .
0.0
w0 /
200
QO-WNWN-W-N-W 0 70 20 30 40 50 &0 O B0 W0
Temparature in [*C]
WR 27 m = 0.03kg/m 4“0 * Mini Heat Pipe
n==a6 35 e
/ R
a0 =
D=4 mm 3
=16 mm 2 /7
20
/
0 15 -
1.0 /
05 |
”IO~N-W-W-W-W'W~ID 0 10 20 30 40 30 &0 TO BO %O
Temperaturs In [*C]

outer tube diameter / d - Vapour diamete / n - Number of grooves
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Table 9-5: Aluminium Heat Pipe Profiles (cont.)
Profile Profile Mass and Heat Transport Qualification,
Designa- Geometry Dimensions Capability (Wm) Application, Remarks
tion
WR 28 m = 0.40kg/m 2000 « Profile Characterization
= 2d —
250,0 // 3
W=30 mm | 00 Wi N
H = 14.2 mm %
D =131 mm 1500
d=7 mm
1000 {—
500
a0
-70 60 -50 -40 -30 -20 10 0 10 20 30 40 S0 £0 70 B0 S0
Temperature in [*C]
WR 29 m = 0.14 kg/m 300 * Cryosat-1
n =10 * Kompsat-3
i e FPA Heat Pipes
W=22 mm 200 7 ¥
H =6.2 mm 4
D = mm 150 \\
d =31 mm :
wo y
S
50
00
=70 <60 -50 -40 -30 -20 <10 0 10 20 30 40 50 &0 70 B0 SO
Temparature in ["C]

Legend: /m - Mass / W - Profil width / H - Profil height / D -

outer tube diameter / d - Vapour diamete / n - Number of grooves

7 7 AI
3o |
Mass and Dimensions
M ass *) 0.33 ko/m
Total width: an  mm
Total height 12 mm
Vapour core diam. 54 mm
Nurnber of grooves. 20

Thermal Performance
Ammonia
o Y
— /T 1N\
: :
‘- A
g |
E " Methana Ethane
L] \\
100 150 Te:;'atm I;]ﬂﬂ 200 k- 400
Qualification, Application

+ ASTROS (1978) (WRE/Ammonia)
+ Cryogenic Hezt Pipes

« M ethane Qualficztinn

« SCIAMACHY TBU (Methare)

Figure 9-1: WR7 Heat Pipe Profile (Cryogenic Application)
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M
o™~ o
v,
— Z =
3
Mass. *) 0.57 kg/im
Total width: 15 mm
| otal height 31 mm

Vapour care diam 92 mm
Murmber of grooves:. 32

Mass and Dimensions
Mass: %) 0.34 kogm
Total width: L mm
Total height: 95 mm

Vapourcore diam.: 50 mm
Murmber of grooves: 20

Thermal Performance

50
o
1 ‘x\
il ™~
g 1 :
£ lic®
z X
i. :
g. “\‘
E AN
100
50
-80 —an -20 o 20 r.] ] (]
“Temperature [*C|
+« EUROSTAR Qualification
« EHS-172
+ RACARSAT
+ Life test at 100°C since 1981
+ Performance Tests with Fluorocarbons
Figure 9-2: WR12 Heat Pipe Profile
Thermal Performance
1
" Ammonia
/‘"\
E
S // \
3" 7
g. A
»
E - Ethane
0
74
4 \\
#IW 130 o0 L 30 00

Qualification, Application

« Lifetests since 1978 (WRE)
« OLYMPUS Qualification

« FRS-1/2, GOMFE-1/2

« AMOS

« SILEX

« APCF (R114)

+ Kornpsat-2 (EQS Cooling)

Figure 9-3: WR18 Heat Pipe Profile
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‘Thermal Performance
7 | 220
Ammonia
(2] 00 = R ]
s ey yd e
) N
5 i g a0 -
£ / = \
12.5 3 . / {
E ‘.F
! \
| S 7
/ u
100
|
@ |
=00 =4 =30 ] 0 0 w (]
Temperature ['C]
Mass and Dimensions | oualification, Application
M azs: 027 kafm = ERS1/2 (Y Panel)
Total width: 125 mm « BDPU ﬁﬂﬂd)
Total height: 130 mm + Polar Platform ~ (WR20)
Vapourcoedam: 7.0 mm « SCIAMACHY  (WR20)
Mumber of grooves, 22
Figure 9-4: WR19 Heat Pipe Profile
Thermal Performance
200
Ammionia

E

; -
‘Mass and Dimensions

Mass *) D44 kg/m

Total width: 30 mm

Total height 13.0 mm
Vapour core diam.: 7.0 mm
MNumber of grooves. 22

Transport Capability [Wm]
S

-89 -4 -2

Teu;:erl(m [*C]
Qualification, Application

+ Polar Platform

+ SCIAMACHY Rad. A
* ERS-1; ERS-2

+ BDPU (R114)

+ TeraSAR-X

+ TanDEM -X

Figure 9-5: WR20 Heat Pipe Profile
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Transport Capability [Wm]
H

\
A
50
-0 40 -20 o -] A0 .0 L]
Temperature [*C]
Mass and Dimensions Qualification, Application
Mass: *) 048 kg/m + ERS-1/2 (ATSR GOME Ext)
Total width: 30 mm + TELECOM 2
Total height 156 mm
Vapourcorediam: 82 rmm
Number of grooves: 32
Figure 9-6: WR22 Heat Pipe Profile
Thermal Performanc: (Eff. Length = 2m)
Ammonia
T //
g~ —2
5 N
. .
= \
100 !
-80 - -20 o 20 40 L] L)
Temperature ['C]
Mass and Dimensions. | aualification, Application:
Mass: 7) 0436 ka/m + Profile Characterzation
Total width: 30 rmm + Burst Pressure Test:
Taotal height 188 mm + Flexible Heat Pip2

Vapourcore diam: 8.1 mm
Number of grooves: 22

Figure 9-7: WR24 Heat Pipe Profile

86



ECSS-E-HB-31-01 Part 8A

5 December 2011
‘Thermal Performance (Ef. Length = 223m)
Ammonia
)Al-ﬁi
74 &y

/ ™~

Transport Capability [Wm]
g g
e

- =40 =30 Q 0 L = L]
Temperature ['C]
Mass and Dimensions  Qualification, Application
Mass: 7) 042 ka/m = Profile Characterization
Total width: 30 mm
Total hzight: 130 mm

Vapourcore diam. BY mm
Murmber of grooves: 20

Figure 9-8: WR25 Heat Pipe Profile

Thermal Performance (¢ff. length: 1.97 m)

: e
- pral

g e
)/

7 N

Transport Capability [Wm]
]

. l

-90 -4 -2 ] 20
Temperature [*C]

Mass and Dimensions | Qualification, Application

Mass *) 0.38 kgfm + Profile Charzctenizaton
Tatal wiclth: 30 mm

Total height: 115 mm

Vapour core diam.. 58 mm

Mumber of grooves: 18

Figure 9-9: WR26 Heat Pipe Profile
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WHZF: EfE Longth = 2525 mrm
3
g 0.440.03
bl s FY
[+ —
: 7 ;F\\ E 7 TN
AN HE . <
| 3 . 3 /_, i
] W7 B - -
& //
g9 E
w0 E.@
5 H y
’
03
(]
%0 -4 k] g 0 0 £ ) 00
Tarnparaiune ]
Mass and Dimensions Qualification, Application
Mass 24 o/m + Prcfile Characterization
Outer diameter: 4 mm + Burst Pressure Tes:
Vapourcorediam: 16 mm + MHTS (ESA Study
Murmbercf graoves B
Figure 9-10: WR27 Heat Pipe Profile
Thermal Perfermance (Effective Length: 2.23 m)
300
* | 7 [
280
(o] /
3 [
. 200 : / ~3

@
=

Heat Transport Capability [Wm]
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Figure 9-11: WR28 Heat Pipe Profile
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Figure 9-12: WR29 Heat Pipe Profile

Figure 9-13: WR7 Heat Pipe used for SCIAMACHY on ENVISAT
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ASTRIUM Heat Pipe Qualification and Space Application Programmes

Heat Pipe Project
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TanDEM-X LCT Radiator

ESA MINI HEAT PIPE

KOMPSAT K3A KISS

Figure 9-14: EADS ASTRIUM HP experience
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9.2 Euro Heat Pipes

9.2.1  Aluminium Heat Pipes
This chapter deals with the products from Technical Data Sheet n® 1A: EHP Aluminium Heat Pipes.

Figure 9-15: EHP: typical Aluminium extruded HP
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Table 9-6: EHP Aluminium Heat Pipes Performance

Items EHP performances Comments
Type CCHP Constant conductance HP
Material Aluminium 6063 (T5)
External coating Alodine or BR127
Working fluid NH3 High purity NH3 type N50

Capillary structure

Extruded re-entrant grooves

Off-the-shelf HP

Size 6, Size 11 (round and squared

LW = lightweight version

dimensions shapes) & 11.1LW & 13.2 & Other sizes from 3 to 30mm
13.2LW & 15 & 19LW & 20 & upon request
25mm
HP length <4m
Bending radius >3.5x 0D 11.1LW & 13.2LW heat pipes

are cannot be bent

Maximal power load

See figure 1

Homogeneous heat
spreading on evaporator

Maximum evaporator 7 W/cm? Typical at saddle level
heat flux
Maximum condenser heat 5 W/cm? Typical at saddle level
flux
Evaporator conductance >5.000 W/m?K > 120 W/mK Typical 0G performances at
T>-20°C
Condenser conductance >3.500 W/m?2K > 85 W/mK Typical 0G performances at
T>-20°C
Mass (without NH3, Size 6mm (squared) : 150g/m Size | With 1 saddle 22 x 1.5mm
before machining) 11mm (round) : 274g/m Size with 2 saddles 30 x Imm
11mm (squared) : 307g/m Size with 2 saddles 30 x Imm

11.1LWmm : 147g/m Size 13.2mm
: 300g/m Size 13.2LWmm : 264g/m
Size 15 mm : 367g/m Size 19 mm
LW : 540g/m Size 20 mm : 566g/m
Size 25 mm : 575g/m

without saddle (squared)

with 2 saddles 30 x Imm

with 2 saddles 30 x Imm

with 2 saddles 30 x Imm

with 2 saddles 38 x 1.5mm

with 2 saddles 35 x 1.5mm
without saddles (round)

Operating T° range

-60°C / +80°C

Non op T° range

-65°C / +90°C

This range can be extended
to lower temperature on
demand, but it has to be
studied due to ammonia
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Items

EHP performances

Comments

freezing below — 77°C.

Proof pressure

> 65 bar for 13.2LW > 110 bar (> 2
x MNOP) > 125bar for 11LW

Cold proof tests

Burst pressure

> 78 bar for 13.2LW > 150bar for
11LW

> 166 bar (> 4 x MNOP)

Hot burst tests (at +150°C)

Mechanical environment

-sinus 5-25Hz : +/-10mm -sinus 25-
100Hz : 25G -random 20-2000Hz :
30.7Grms -constant acceleration :

35G -20.000 pressure cycles
between 1 and 42 bars

Thermal cycling 1000 cycles between —50°C (1min) Typical
and +80°C (Imin) 5 cycles
between —70°C (2 hours) and
+120°C (2hours)
Ageing tests Ageing tests for more than 10
years on 3 HP
He leak rate <3.10-7 atm.cm 3 /s Typical
Life time 15 years Typical
Qualification level 0G in orbit qualification & ESA- External and embedded
PSS-49 applications
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—AG110 &AGLIIIW ====AG13? &AG132| VW AG) 5 === AGX]) ====AG250

e

—AG110 & AGI11LW —AG132 & AG132LW —AG150 AGO60

Figure 9-16: Heat transport capability - NH3 (Note: AG110 = size 11 mm in tens of
millimetres.)
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Table 9-7: Available HP Profiles
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Figure 9-17: HP Profile Tolerances
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Figure 9-18: HP Profile Tolerances (cont.)
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Figure 9-19: HP Profile Tolerances (cont.)
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Figure 9-21: ESA AEOLUS - ALADIN instrument with HP network
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9.2.2 STAINLESS STEEL HEAT PIPES. This part deals with the

products from Technical Data Sheet n° 1B: EHP Stainless
Steel

Heat Pipes dia 9.5mm.

Types: Constant Conductance Heat Pipe — Variable Conductance Heat Pipes

Figure 9-22: Constant Conductance Heat Pipe

Figure 9-23: Variable Conductance Heat Pipe

Interface: direct circular shape or Brazed aluminium saddle (shape according to customer need).
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U-shape

C-Shape H-Shape

| 1

Figure 9-24: Heat Pipe Profiles examples Table 9.2-3. Stainless Steel Heat Pipes
types.

Table 9-8: Stainless Steel Heat Pipes types

HEAT PIPE
TYPE Improved A95
CCHP/VCHP Both
Artery/Screen-wicked/Groove Screen-wicked
Working fluid High purity Ammonia
GEOMETRICAL DATA
Body 9.5 mm
O.D. 8.5 mm
LD. 3m
Maximum length 40 mm
Minimum bending radius SS 321

Material SS 321 - shape and size according to customer need
and working conditions

Reservoir
Multilayer screen mesh

Wick

Configuration Material

General
Mass

SS 316

160 g/m, (without saddle)

Circular body or Aluminium saddles (interface
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HEAT PIPE

Interface according to customer design, )
PERFORMANCES
Qmax (20°C) >100 Wm
Tiltmax at 50 % Qmax >10 mm
bending Included in performance
Kevap (20°C) >1.2 kW/mz2K (= 0.4 W/cm?)

>2.7 kW/m:2K (= 1.3 W/cm?)
Keond (20°C) >2 kW/.m2K (saddle I/F, C-shape)

Max radial flux density

Operating temperature range

Non Operating temperature range
Maximum storage temperature

Proof Pressure / temperature

Burst pressure / temperature
Introduced working fluid quantity
VCHP mode

Thermal / Pressure cycling

>4 W/cm2 (Condenser saddle I/F)
> 8 W/cmz (Evaporator saddle I/F)
-50°C to +80°C

-130°C to +130°C

110°C

110 bar / 130°C

> 166 bar / 156°C (tested: > 215 bar)
16 g/m

Control of equipment temperature down to +0.4°C
Qualified

Mechanical

Qualified wrt sinus, random, pyro and shock test
OTHER ESA Qualification according to PSS49 (1988) 10 years
Qualification without any degradation (performance NCG, ...) 20

Life testing (ground)
Storage (ground — at CNES)
Flight Experience

years without any degradation (performance NCG,

)

. No degradation of performance between 1-g
and 0-G

o More than 10 years flight without any
degradation

103



/ E m/ ECSS-E-HB-31-01 Part SA
5 December 2011

Figure 9-25: “Thank to 40 state-of-the art variable conductance heat pipes located in
the avionics bay the ATV is able to carry away the heat and release the energy
directly into space or, otherwise, to warm up other parts in a very economic fashion
Astrium — ESA “Jules Verne goes hot and cold” — Successful achievement of the
Qualification Thermal Test campaign — 14 Dec 2006.
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Figure 9-26: Stainless Steel HP Performance curves
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Figure 9-27: Stainless Steel HP Performance curves (cont.)
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9.3 Iberespacio

9.3.1 Axial Grooved Heat Pipes

A Heat Pipe is a two phase (liquid-vapor) flow heat transfer device made of a tube with a capillary
structure and partly filled with a fluid. The heat transfer is achieved by the fluid evaporation /
condensation. The fluid circulation is due to capillary forces.

The Axial Grooved Heat Pipes capillary structure is made of extruded aluminium alloy. External
coating according to customer requirements. New profiles upon customer request.

Figure 9-28: Axial Grooved HP profiles

Technical characteristics:
— Constant Conductance Heat Pipes
—  Aluminum alloy extrusions
—  Working fluids: High purified ammonia, propylene, ethane, methane, nitrogen, toluene
—  From 1D to 3D shaping

—  25years life time from the moment of charging
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Table 9-9: Geometrical Parameters

¢ 8 mm ¢ 10 mm ¢$125mm | ¢ 14 mm ¢17mm | ¢20 mm

26 30 30 30 30 30
H 8,0 39,0 12,5 14,0 17,0 20
B - 10.0 - - - -
D 8,0 10,0 12,5 13,0 17,0 19,5
H1 - 25,4 - - - ]
T 1,0 1,25 1,25 1,25 1,25 1,25
T1 1,0 0,65 0,6/1,25 1,25 1,25 0,8
Mass 140 412 334 417 491 548
g/m

ACHP- Y00

AGHP-80 ACHE- 12 Z748 770
2 =
4 4 g
Npe | Type 2 Tipe 3

Figure 9-29: Axial Grooved HP profiles drawings
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Figure 9-30: Dependence of AGHP Heat Transfer Capacity on Working Fluid
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Figure 9-31: Influence of tilt angle on AGHP maximum Heat Transfer Capacity at

20°C
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9.3.2  Arterial Heat Pipes

The Arterial Heat Pipes capillary structure is made of machined stainless steel and an artery for flow

separation.
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Figure 9-32: Thermal performance of Arterial HP with different working fluids
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Figure 9-33: Experimental data for Arterial HP with ammonia
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Technical characteristics:

J Diode heat pipes, flexible heat pipes, variable conductance heat pipes, cryogenic heat pipes,
high temperature heat pipes and routing heat pipes

J Working fluids: High purified ammonia, propylene, ethane, ethanol, methane, nitrogen, ace
complicated tone, toluene, oxygen, Freon-13

J From 1D to 3D shaping

. Body and capillary wick material: stainless steel
. Contact surface of saddles material: Al alloys (including low CTE), Cu
J 25 years life time from the moment of charging

Figure 9-35: Arterial HP typical configurations
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Figure 9-36: Arterial HP for rotator application. Length 2400 mm. Power 150 W.

9.4 Thales Alenia Space

9.4.1 Technical Description
. Type: Constant Conductance Heat Pipes
J Construction: Axially grooved heat pipes
. Material: Aluminium 6063
J Working fluid: Ultra high purity ammonia (99.9995% minimum)
. Operating Temperature Range: -60/+90°
0 ThalesAlenia Space catalog: 5 mono-core heat pipes + 2 dual core heat pipes
J Heat Input: Up to 10 W/cm?
o Life expectancy:
—  Storage: 10 years
— In Orbit: 20 years
J Profile Geometry:
—  For external and embedded applications
— Diameter from 11mm to 22mm
—  Lengthup to4m

. Heat transport Capability at Og (minimum):
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Figure 9-37: 0g guaranteed heat transport capability for ThalesAlenia Space Heat

Pipes

Nota: Mono-core J12.2 and the two dual core heat pipes have the same heat transport capability
because these heat pipes have the same internal geometry. The second pipe of dual core heat pipes is
considered as a redundant pipe (non operating in nominal functioning).

— Heat transfer coefficient:

o At evaporator, > 60 W/mK

o At condenser, > 100 W/mk

Table 9-10: Thermal Performances of ThalesAlenia Space Heat Pipes
(*): QLmax 6mm guaranteed

Diameter g11 | ©9122 | 914 | O19 | O22 Dual Dual

core J core O

125 | 125H

H29 shape
QL 0g guaranteed (20% | T=80° | 28 | 116 | 75 | 312 | 725 116 116
security margin) T=20°| 62 | 140 | 125 | 320 | 740 140 140
QLmax 4mm guaranteed | T=80° | 23 74 55 225 450(*) 74 74
(20% security margin) | _pge | 50 9 | 105 | 245 | 530(%) 96 96
Density (W/cm?) 66 | 53 10 6 7.7 >10 >10
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Table 9-11: Mass of ThalesAlenia Space Heat Pipes

Diameter O11 | 9122 | 914 | 919 | 922 | Dual core d | Dual core O
12.5 H29 12.5 H shape
Mass (g/m) 348 339 395 564 668 From 465 to From 465 to
586 519 (*)

This mass per length unit includes ammonia end caps and aluminium profile without flange

machining.

(*): after flange machining

9.4.72 External Geometries

Mono-core heat pipes:

0. 1,100
0. 541000

Hlo1TA]

[Z[0. 5/ aoa
//[0.3]B
! | ‘
] o
=o. 1]c]
H
t t

Dual core heat pipes:

Figure 9-38: Mono-core heat pipe profile
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Figure 9-39: Dual-core heat pipe profiles
Table 9-12: External geometries of ThalesAlenia Space Heat Pipes
Diameter | 911 | 9122 | G914 | 919 | 922 | Dual core O Dual core O
12.5 H29 12.5 H shape
F (mm) 30 30 30 38 39 12.5 12.5
H (mm) 11 12.2 14 19 22 From 25.4t029 | From 25.4 to27
t (mm) 1.5 1.5 1.5 1.5 1.5 / From7.2to 8
L (mm) / / / / / / 30

Possibility to bend these heat pipes.

Standard bending radius = 5 times heat pipe diameter

Necessity to have straight parts before and after the bent section of heat pipe.
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L end > 20mm
—p

v

/ & | L beginning > 8mm
i

R

#5 Bending origin

Figure 9-40: Minimal dimensions of straight parts for & 12.2 bent heat pipe

Note: the bending origin is located on the shortest straight side of heat pipe.
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10
Cryogenic heat pipes

10.1 General

Cryogenic Heat Pipes operate in the temperature range from 2 K to 200 K.

After Haskin (1967) [33] reported the work on a Nitrogen heat pipe to control the temperature of an
infrared detector, the investigations on the perform