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Abstract

Optimal mass characteristics for a heat pipe radiator assembly for space application are investigated. The assembly consists of the
heat pipe itself, an evaporator saddle and a radiator. The internal HP geometry and the dimensions of the saddle and radiator panel
are the variables to be optimized. Operational and structural constraints are considered and the assembly is optimized for different oper-
ational modes in 0g and 1g gravity conditions. A new global search metaheuristic, called generalized extremal optimization, was used as
the optimization tool. The results show that under certain combinations of input parameters the assembly with acetone HP can be more
weight effective than the one with ammonia, in spite of the liquid transport factor criterion indicates an opposite trend.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Heat pipes have been applied in thermal control systems
of satellites and spacecraft for many years. It is a very
appropriate device for space applications: it does not need
electric power, has no moving parts, has a very effective
thermal conductance and has a long operational life.

Typically, the heat pipe (HP) consists of a hermetically
sealed tube-type container, having a porous structure fixed
to its internal wall. The HP is filled with a small amount of a
working fluid by such a way that liquid completely soaks
into the wick, whereas vapor occupies the central core.
After applying heat on one end of the HP, the liquid evap-
orates, flows to the colder end and condenses there. Under
capillary action liquid returns through the wick to the evap-
oration section, closing the heat and mass transfer cycle.
Due to the high value of the latent heat of the fluid, the mass
flow rate, needed to transport the heat to a specified dis-
tance, is small enough to be pumped only by capillary ten-
sion forces at 0-gravity (0g) conditions.
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There are two main kinds of HP applications in satellites:
(i) for transferring heat to a radiator over large distances
from areas where there are equipment with high heat dissi-
pation or; (ii) for spreading heat over a structural panel to
minimize thermal gradients over it. In this paper we will
focus on the first kind of application. A typical HP radiator
assembly (HPRA) for transferring heat consists of a HP
coupled, at one end, to a space radiator, while its other
end is connected to a saddle to provide mechanical and ther-
mal interface to the equipment. In Fig. 1 is depicted such an
arrangement.

For HP assemblies, a typical design procedure usually
consists of three practically independent stages: (i) first,
the most effective working fluid is selected for the desired
operational temperature range, then; (ii) a type of HP of
minimal mass is selected that, when filled with the chosen
fluid, is capable of transferring the specified heat flux under
worst hot conditions and, finally; (iii) a saddle and radiator
sized to meet thermal and strength requirements, is added.

Many studies were done on working fluids for space
application HPs in the early 1970s. These studies showed
that ammonia was the best candidate. In spite of being a
hazardous, toxic and high-pressure working fluid, it has
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Nomenclature

A area, m
B width, m
b width, m
Bo bond number
Cp sensible heat, J/kg/K
D diameter, m
E Young modulus, Pa
F force, N
f̂ force per length, N/m
g gravity acceleration, m/s2

h effective height, m, or heat transfer coefficient,
W/K/m2

I moment of inertia, m4

K permeability, m2

k thermal conductivity, W/m/K
L length, m
M mass, kg
M̂ mechanical moment, N m
_m mass flow rate, kg/s
n gravity overload
Q heat rate, W
q heat flux , W/m2

T temperature, K
u yield strength, Pa
w width, m
y deflection, m

Greek symbols

a absorptivity
b design safety factor
cv adiabatic constant
d thickness, m
d 0 tilt, m
e effective porosity, or emissivity
g effectiveness

l dynamic viscosity, Pa s
q Density, kg/m3

r Stefan–Boltzmann constant, W/m2/K4

r 0 surface tension, N/m
r̂ stress, Pa
h wetting angle
k latent heat, J/kg
u angle for artery

Subscripts
a adiabatic
ar artery
A albedo
BOL begin-of-life
c condenser
e evaporator
eff effective
EOL end-of-life
eq equipment
ext external
f fluid
g gravity
h hydraulic
hp heat pipe
IR infra-red
l liquid
p porous
r radiator
t tilt
tst ground testing
tvc shroud of vacuum chamber
v vapor
w wallP

total

Le La Lc
Lp

δ
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Fig. 1. HP assembling geometric parameters.
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the best value of liquid transport factor (LTF), defined in [1]
and [8] as Nl = rkql�1, for the operation temperature range
of electronic equipment (��10 to +45 �C). It is also com-
patible with light-weight aluminum alloys. Even though
other fluids are compatible with aluminum, they practically
are not considered as competitive candidates due to inferior
liquid transport factor.

In space applications, mass optimization is a mandatory
aspect of the design process. Hence, a HP assembly should
have the least possible mass. Although the HP itself is
usually a light-weight unit, the masses of the saddle and
radiator may have significant figures. Moreover, the key
dimensions of these three units are related to each other.
For example, in attempting to minimize the weight of
the assembly, one can wish to select a HP with a minimal
diameter. However, this would lead to a decrease in the
area of contact between the HP tube and the radiator
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and consequently in an increase of the thermal gradient
along the radiator width (see Fig. 1), reducing its thermal
efficiency. This area, where the HP is attached to the radi-
ator, provides near-isothermal conditions; from this point
of view, the higher the HP diameter, the higher radiator
overall effectiveness, and therefore it could has a smaller
area and, consequently, mass for given heat rate. A similar
rationale is applicable to the saddle as well. A long-length
radiator is more effective than, say, a square-shaped one
(keeping the same area of radiation), however the former
design causes the HP length (and mass) to increase. A
shorter saddle certainly has a lesser mass, however reduc-
ing the evaporation area can cause violation of the HP
boiling limit, especially for one with a small diameter. A
HP that uses a working fluid with high saturation pressure,
such as ammonia, must have a thicker wall to meet safety
requirements, causing additional unit mass. In fact, the
choice of the design parameters of a HPRA are also depen-
dent on the strength constraints and the mechanical loads
applied to the assembly.

As far as we know, there are no publications on the opti-
mization of the HP parameters at the assembly level, with
consideration of thermal and mechanical constraints simul-
taneously. In this work we perform a comparison of the
minimal mass characteristics of two HP assemblies, one
filled with ammonia and another with acetone. Both designs
are optimized by the proper selection of design parameter
values to minimize the assembly mass, at the same opera-
tional condition.

Another important aspect of HPs designed to space
applications, is that they must work under very different
ambient conditions. At least two extreme orbital cases must
be considered: extreme cold and hot operational conditions.
Usually, the cold condition corresponds to longer eclipse
orbits, low solar intensity and minimal heat dissipation of
equipment, whereas the hot condition corresponds to
shorter eclipses and maximum heat dissipation of equip-
ment. Moreover, although the HP is designed to operate
at 0g conditions, it must be tested at ground conditions
(1g) during its development, qualification, integration and
acceptance tests.

The variety of operational conditions that the HP is
exposed to causes an additional problem: the existence of
excess of liquid in the vapor channel. The excess of liquid
occurs due to the recession of the meniscus under normal
operation and also because of the thermal expansion of
liquid under operation at hot conditions. This excess of
liquid forms a liquid slug, which in 0g conditions partially
blocks the condenser from the cold end, reducing the effec-
tive temperature of the attached radiator. During ground
tests in which the HP is on horizontal position, differently
from the 0g case, the excess of liquid usually forms a pud-
dle, which acts as an eventually artery along the entire HP
length. This artery contributes on supplying liquid to the
evaporator section, improves the integral hydraulic charac-
teristics of the liquid channel and therefore the capillary
limit. Besides, as is shown in [22], the puddle reduces the
effective HP elevation. However, if the diameter of the
HP vapor channel is small, such that the Bond number is
less than 1, the slug may be formed at 1g as well. A detailed
theoretical and experimental study for the conditions under
which a slug forms at the end of the vapor space was
carried out by Eninger and Edwards in 1977 [21].

This excess of liquid causes alterations on the HP char-
acteristics and must be taken into account in the design
procedure. It is noteworthy that a especially dedicated
flight experiment (Shlitt [2], in 1986) was entirely devoted
to the investigation of how the slug of liquid excess can
affect the performance of a HP at 0g with comparison to
ground conditions. In this experiment, the slug occupied
from 5.4% to 8.2% of the HP length from the condenser
end.

As far as we know, there are no publications on the sub-
ject of HP design optimization, considering all operational
and test conditions simultaneously and the related problem
of excess liquid. The usual less complicated approach was
to tackle only the worst hot 0g case [20,3,4]. However
under certain circumstances, the cold condition may cause
the capillary limit to be violated, for instance, because of
the increase of the liquid viscosity or reduction of vapor
density. Thus, the consideration of all operational condi-
tions simultaneously is essential.

To perform the numerical optimization of a HP, it is
necessary to have a proper mathematical model that simu-
lates its thermohydraulic features, as well as an optimiza-
tion algorithm capable of tackling complex design spaces.
The mathematical modeling of heat and hydraulic inter-
linked processes inside a HP presents a complicated issue.
Most of the research is devoted to the mathematical mod-
eling of local processes, particularly to the evaporation–
condensation in the porous structure and in micro-grooved
channels, or on 2D vapor flow simulations inside the HP
core. Although some complex steady state and transient
mathematical models have been developed [5–7], reduced
engineering HP models, developed in the 1970s [1,8] con-
tinue to be used for design purposes. These models, in spite
of being simplified, fit well with experimental data, partic-
ularly for axially-grooved HPs, due to its well-determined
geometry [9,7]. Such models yield effective numerical pro-
cedures and can be combined efficiently with stochastic
optimization algorithms.

The heat pipe comprehensive optimization problem is
considered unsuitable for traditional gradient-based meth-
ods [3]. In fact, it is a complex nonlinear problem with
implicit design variables and subject to many nonlinear
constraints; therefore it is prone to have a design space with
many sub-optimal solutions. In this type of space, a global
search algorithm would have a better chance to find the
global optimum. In a previous work [10] the first and sec-
ond authors used a new global search meta-heuristic, called
generalized extremal optimization (GEO), to optimize a
single unit – mesh type heat pipe, and the same method
is used here to the optimization of the radiator assembly
with axially-grooved HP.
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Summarizing, in this work we present a new approach
to the design of a HPRA for a space application. The main
distinctions from the traditional way of optimal designing
this kind of system are (1) different operational conditions,
which includes flight hot, cold and ground test ones, are
incorporated simultaneously to the optimization problem;
(2) the optimization is done at assembly level, that is,
taking into account simultaneously the HP, radiator and
saddle and; (3) typical stress loads acting over the HPRA
during launch to orbit are also taken into account during
the optimization process. The mathematical model of the
HP is based on the well known and proved simplified HP
models [7,8,11], however we modified them by including
procedures to address excess of liquid at 0g and 1g condi-
tions. This approach is used here to optimize a HPRA with
a grooved type HP, for two working fluids: ammonia and
acetone. The GEO algorithm is used as the optimization
tool.
2. General statement of the optimization problem

The optimization criterion is to minimize the total design
mass of the HP radiator assembly, for a specified heat trans-
ferring capability, over a given distance, under different
operational conditions. All HPRA basic dimensions are
taken as design variables, forming the vector �x to be
optimized.

The other parameters of the problem are separated in
distinct vector groups, as follows: �s – vector of mode-inde-
pendent fixed input parameters (mechanical properties, adi-
abatic length, etc.); �pk – vectors of mode-dependent fixed
input parameters for each kth operational mode; �yk – vec-
tors of mode-dependent regime parameters (temperatures,
pressures, mass flow rates, etc.), whose values are coming
from the HPRA numerical model; �y0 – vector of parame-
ters, depended of all operational modes (liquid excess slug
and artery parameters); �rk – vectors of physical properties
of fluid at current saturation conditions.

The optimization problem is stated as a mathematical
programming problem having sets of inequality and bound
constraints, and can be mathematically stated as

Objective function: min
�x

MRð�x;�s; �yoÞ.
Constraints:

R0g : Operational mode k :
k2R0g

f1ð�x;�s; �pk;�rk; �ykÞ � 1

� � � � � � �
fmð�x;�s; �pk;�rk; �ykÞ � 1

8><
>:

8><
>:

R1g : Operational mode k :
k2R1g

f1ð�x;�s; �pk;�rk; �ykÞ � 1

� � � � � � �
fmð�x;�s; �pk;�rk; �ykÞ � 1

8><
>:

8><
>:

Rx :
All modes :

umkþ1ð�x;�sÞ � 1

� � � � � �
umkþMð�x;�sÞ � 1

8><
>:

Side bounds : x�i 6 xi 6 xþi ; i ¼ 1; . . . ; n
�

8>>>><
>>>>:
HP radiator assembly model:

�yk ¼ Uð�x;�s; �pk;�rk; �ykÞ; k 2 R0g

�yk ¼ ~Uð�x;�s; �pk;�rk; �ykÞ; k 2 R1g

�y0 ¼ Wð�x;�s; �y1; �y2; . . . ; �yk; . . . ; �yN Þ:

8><
>:

In the general statement of the problem given above, the
following notation was adopted: symbol � means either 6
or P; m – the number of constraints related to operational
modes; N0g � N1g – number of weightless and gravity oper-
ational modes, respectively; U �x; �pkð Þ – either a system of
equations, an algorithm, or numerical procedure, which
calculates all regime parameters for all operational modes
at 0g or 1g ~Uð�x; �pkÞ

� �
conditions; /j(Æ) – mode-independent

constraints (usually, strength relationships); x�i ; x
þ
i – lower

and upper bounds of the design variables.
All constraints are separated in three groups: Rx – all-

modes or mode-independent constraints; R0g – constraints
for the modes of weightless (flight) conditions; R1g – con-
straints for the modes of (ground) test conditions.
3. Operational modes, fixed parameters and optimized

variables

The optimal design problem states that the total mass of
the assembly must be as minimal as possible, under the
condition that the device should transfer a determined heat
rate through a defined distance of adiabatic section (La),
for all operational conditions and at both 1g and 0g envi-
ronments. The design variables are the length of evapora-
tor and condenser sections, the width and thickness of
saddle and radiator, the diameter of the vapor core, the
HP thickness and the internal parameters of the grooves.
The vector of design variables to be optimized is composed
of 11 parameters: �x ¼ fDv; Le; Lc;Be;Br; de; dr; dw; dp; b;wg.

Any combination of a specified heat transport capability
(Qi) with a determined environmental condition is consid-
ered an operational mode. A set of mode-dependent fixed
parameters �pk, defines an operational mode. The modes
considered in this work are summarized in Table 1. The
modes 1, 3, 5 are considered as principal ones for specified
heat load Qmax, whilst other modes are included in the
model for extended studies.

The temperature limits for the equipment that would be
attached to the saddle (Teq,min and Teq,max) are also
components of the input vector �pk and in generally
they are different for each operational mode. Hence �pk ¼
fQx;k;qext;k;T rvc;k;d

0
t;k;T eqmax;k;T eqmin;kg. Other input para-

meters are mode-independent. They compose the vector �s
and are shown in Table 2.

The thermo-physical properties of the HP working
fluid at saturation conditions are also fixed parameters.
In the statement of the optimization problem they compose
the vector �rk, �rk ¼ fP s;k; kk; rk;Cpl;k; ll;k; ql;k;Cpv;k; lv;k; qv;kg.
The properties are dependent of saturation temperature,
which is calculated by the HPRA model from saturation
property tables [12] by interpolation.



Table 1
Operational modes and mode-dependent fixed parameters

Mode: k Mode description Fixed parameters: components of �pk

Qx,k [W]
heat load

qext,k [W/m2]
(external heat
flux at 0g)

Trvc,k [K] (temp
of shroud of
vacuum chamber)

dt,k [m] tilt
at 1g

R0g 1 0g operational ‘‘hot’’ Qx1 = Qmax qext1 = qmax – dt1 = 0
2 0g operational (stand-by) Qx2 = Qmin qext2 = qmax – dt2 = 0
3 0g operational Qx3 = Qmax qext3 = qmin – dt3 = 0
4 0g operational (stand-by) ‘‘cold’’ Qx4 = Qmin qext4 = qmin – dt4 = 0

R1g 5 1g testing, horizontal, ‘‘hot’’ Qx5 = Qtst1 qext5 = 0 Trvc5 = Ttst1 dt5 = dt

6 1g testing, horizontal, ‘‘cold’’ Qx6 = Qtst2 qext6 = 0 Trvc6 = Ttst2 dt6 = dt

Table 2
Values of mode-independent fixed parameters ð�sÞ
No. Symbol Description Unit Value

1 er Emissivity of radiator (White paint S13) – 0.88
2 aBOL Absorptivity of radiator (White paint S13, BOL) – 0.21
3 aEOL Absorptivity of radiator (White paint S13, EOL) – 0.56
4 geq Specific thermal conductance at equipment interface W/K/m2 700
5 hmin Wetting angle of HP grooves deg 5
6 rn Nucleate radius in HP grooves m 2.5 · 10�7

7 Tmax Maximum non-operating temperature �C 85
8 La Length of adiabatic section m 0.4
9 b Safety strength factor – 4 or 2.5

10 _x Max angular velocity of satellite during attitude control system action 1/s 2p/1800
11 €x Max angular acceleration of satellite during attitude control system action 1/s2 2p/9002

12 {ue; uc; uw} Properties of Al alloy: ultimate stress limit, thermal conductivity and density MPa 192
13 {kw, kp} Properties of Al alloy: thermal conductivity W/m/K 168
14 {qw, qc, qe, qp} Properties of Al alloy: density kg/m3 2700
15 yw Maximal allowable deflection in the saddle m 10�4

16 ng Acceleration level for ground mechanical test – 14

4588 V.V. Vlassov et al. / International Journal of Heat and Mass Transfer 49 (2006) 4584–4595
The assembly parts and inner HP temperatures, fluid
mass flow rates, pressure drops and hydraulic diameters
compose the vector of regime parameters �yk ¼ fT eq;k;
T ep;k; T ev;k; T e;k; T ve;k; T vc;k; T c;k; T cp;k; T cw;k; uk; DP l;k; DP v;k;
DP lv;k; DP g;k; Dhp;k; Dhv;k; Dha;k; _ml;k; _mla;kg. Their values are
calculated by a subroutine that encodes the HPRA mathe-
matical model, and that is coupled to the optimization
algorithm.

Finally, there are specific parameters associated to the
phenomenon of liquid excess, whose magnitudes are
defined by characteristics of the operational modes. They
are the length of liquid slug at the end of the condenser
at 0g, Lp and mass of HP fluid charge, Mf. Thus, the vector
�y0 has two components: �y0 ¼ fLlp;M fg. The calculation is
performed by an iterative procedure internal to the HPRA
model, denoted in the general statement of the optimiza-
tion problem as �y0 ¼ Wð�x;�s; �y1; �y2; . . . ; �yk; . . . ; �yN Þ.
4. Objective function and constraints description

The objective function expresses the total mass of the
assembly to be minimized:

min
�x

MRð�x;�s; �y0Þ ¼ M e þM r þMhp þM f :
The components of the objective function are the masses
of the saddle (Me), radiator (Mr), heat pipe (Mhp) and fluid
charge (Mf), respectively. In the model, these components are
expressed straightforwardly through the basic geometric
parameters, which compose a vector of optimized variables ð�xÞ.

Besides the objective function, there are a total of 48
constraints, fið�x;�s; �pk;�rk; �ykÞ. These constraints are sepa-
rated in six groups, one for each operational mode, plus
the seventh group (functions u(Æ)), which unites all opera-
tional modes.

The first two constraints for each mode are derived from
the design requirement that under all operational modes
the equipment operational temperature must be kept
within a defined range:
T min 6 T eq 6 T max; or

f1ð�x;�s; �pk;�rk; �ykÞ :
T eq;k

T eq max;k
6 1; ð1Þ

f2ð�x;�s; �pk;�rk; �ykÞ :
T eq;k

T eq min;k
P 1: ð2Þ

The third constraint is derived from the required heat
transfer capability:

f3ð�x;�s; �pk;�rk; �ykÞ :
Qk

Qx;k

P 1: ð3Þ
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It means that the calculated heat rate being transported
under conditions of the kth operational mode, Qk, should
be equal or greater than the specified Qx,k.

The next constraint is the HP capillary limit:

f4ð�x;�s; �pk;�rk; �ykÞ :
1

DP c max;k
DP l;k þ DP v;k þ DP lv;k þ DP g;k

� �
6 1:

ð4Þ
The pressure drops are classified as regime parameters

(i.e. components of the vector �yk); their expressions are dis-
cussed in the next sections.

The remaining mode-dependent constraints (i.e. f5ð�x;
�s; �pk;�rk; �ykÞ through f7ð�x;�s; �pk;�rk; �ykÞ) are the boiling, sonic
and entrainment limits, respectively. Commonly used
expressions from Chi [8] were adopted here to build up
these constraints.

The previous seven constraints are repeated for the six
operational modes, making up a total of 42 effective con-
straints (functions f(Æ)).

The mode-independent constraints Rx take into account
different cases of mechanical loads over the HPRA. The
stresses on the radiator plate and heat pipe are analyzed
separately, using known plate and beam bending equa-
tions, and isostatic boundary conditions. The radiator is
assumed to be a flat plate rigidly fixed to the HP wall
(Fig. 2, case 2). The magnitude of the mechanical loads
applied to the assembly is equivalent to the maximum
acceleration expected at launch, although not considering
its vibration modes and natural frequencies. Thus, only
the bending effect from the inertia forces (Fc = Mrngg) dis-
tributed over the radiator area (BrLc) is considered. The
corresponding constraint is given by

u43ð�x;�sÞ :
3bqcB

2
r ngg

druc

6 1: ð5Þ

The tube is considered as rigidly attached to the con-
denser and saddle (Fig. 2, case 1), and the equivalent loads
are derived from inertia forces. The radiator stiffness is
Radiator

Evaporator saddle

1)

5)

3)

6)

4)

2)

Fig. 2. Mechanical loading cases.
neglected yielding a conservative evaluation. The maxi-
mum stress associated to the bending momentum applied
on the tube is given by

r̂b ¼
M̂maxðDv þ 2dp þ dwÞ

2Ihp

; ð6Þ

where M̂max is defined from considering the balance of
forces corresponding to loading case 2 in Fig. 2, and

Ihp ¼
p ðDv þ 2dp þ 2dwÞ4 � ðDv þ 2dpÞ4
� �

64

The corresponding constraint is

u44ð�x;�sÞ :
br̂b

uw

6 1: ð7Þ

The evaporator saddle is designed in order to limit
deflection, in order to keep good thermal contact on the
mechanical interface with the equipment. The saddle is
assumed to be a beam of uniform thickness submitted to
a central force Fh (Fig. 2, case 6). This force is derived from
the maximum bending moment that may appear due to the
action of equivalent inertia forces over the HP length

F h ¼
M̂ s

Le

¼ F aLa þ F cð2La þ LcÞ þ F pð2La þ 2Lc þ LpÞ
2Le

;

ð8Þ
where F a ¼ ðMhp þM fÞngg La

L ; Fc = Mrngg; F p ¼ ðMhpþ
M fÞngg La

L .
The corresponding constraint is the limitation of deflec-

tion at the center of the saddle:

u45ð�x;�sÞ :
F hð2Be þ Dv þ 2dp þ 2dwÞ

48EIeyw

6 1; ð9Þ

where yw is the maximal allowable deflection and Ie ¼ Led
3
e

12
.

The thickness of the container wall and end caps must
sustain the internal pressure (Fig. 2, case 5). The longitudi-
nal and hoop stresses can be calculated by considering the
heat pipe as a thin walled tube:

r̂L ¼
P maxðDv þ 2dp þ dwÞ

4dw

; r̂h ¼
P maxðDv þ 2dp þ dwÞ

2dw

:

ð10Þ
The associated constraint is

u46ð�x;�sÞ :
bP maxðDv þ 2dp þ dwÞ

2dwuw

6 1; ð11Þ

where Pmax is the maximal design pressure.
One more condition is related to a possibility to hold the

entire assembling by radiator edge during manipulations
(Fig. 2, case 4). The bending moment is related to whole
mass of the HPRA, assumed of eventual acceleration of
2g. The associated constraint is

u47ð�x;�sÞ :
12gMRð0:5Dv þ dp þ dw þ BrÞdr

d3Lcuc

6 1: ð12Þ

r
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Another condition is a possibility of holding the entire
assembly by the condenser end during hand manipulations
(Fig. 2, case 3). The maximum bending moment is

M̂hdl ¼ 2g ðM e þM fÞð0:5Le þ La þ Lc þ LpÞ þ 0:5MhpL
�

þM rð0:5Lc þ LpÞ
�
: ð13Þ

The associated bending stress is therefore

r̂b ¼
M̂hdlðDv þ 2dp þ dwÞ

2Ihp

;

Ihp ¼
p ðDv þ 2dp þ 2dwÞ4 � ðDv þ 2ð1� eÞdpÞ4
� �

64
; ð14Þ

where e ¼ w
wþb. The resultant constraint is

u48ð�x;�sÞ :
r̂b

uw

6 1: ð15Þ

Thus, the optimization problem is composed by 48 con-
straints bonding up to six operational modes. The developed
algorithm has a feature to switch-off some operational
modes, if necessary.

5. Mathematical model of HP radiator assembly

The key dimensions of the assembly as well as the HP
groove parameters are shown in Fig. 1. At 0g conditions,
the radiator reject heat to space and is exposed to external
incident fluxes. At ground thermal vacuum test conditions,
the radiator emits heat to the vacuum chamber internal
shroud.

The HPRA model presented in this section is a system of
algebraic equations, denoted by fU; ~U;Wg in the general
statement of the optimization problem. The model consists
of hydraulic and thermal parts.

5.1. Hydraulic part

In the HP under 0g conditions, the pressure balance
along the fluid path is expressed as

DP c max P DP l þ DP v þ DP lv þ DP g: ð16Þ
The pressure drop for liquid flow through the wick struc-
ture is based on Darcy’s law

DP l ¼
llðT eÞ _ml

2AlqleK
Le þ

llðT aÞ _ml

AlqleK
La þ

llðT cÞ _ml

2AlqleK
Lc; ð17Þ

where

K ¼
D2

hp

2ðfReÞl
; Dhp ¼

4dpw
2dp þ w

; a ¼ w
dp

; e ¼ w
wþ b

:

For rectangular channels, Shah and Bhatti [13] found that

ðfReÞl ¼ 24ð1� 1:3553aþ 1:9467a2 � 1:7012a3

þ 0:9564a4 � 0:2537a5Þ: ð18Þ

It holds 0.05% error if 0 < a < 1. Following Faghri [7]
this equation is applicable to the configuration of the
grooves shown in Fig. 1. Faghri and Parvani [14] have
developed an analytical model for the pressure lost in the
vapor channel under the assumption of incompressible
flow,

DP v ¼ DP ve þ DP va þ DP vc

¼ 1

2
þ 1

3
Ree

� �
128lv _mv

pqvD4
v

Le þ
128lv _mv

pqvD4
v

La

þ 1

2
� 1

3
Ree

� �
128lv _mv

pqvD4
v

Lc: ð19Þ

The liquid–vapor frictional interaction is described by
the model, given by Schneider and DeVos [15], and recom-
mended by Faghri [7] for rectangular grooves,

DP lv ¼
ll _mlw
AqleK

Leff ; ð20Þ

where w ¼ w3

6ðwþbÞD2
v
� ðfReÞv

lvql

llqv
1� 1:971 � exp � pdp

w

� �h i
.

The possible pressure drop due to small accelerations
caused by actions of the attitude control sub-system can
be estimated, in a conservative approach, by

DP ng ¼ max €x;
_x2

2

� �
qlL

2: ð21Þ

Here €x; _x are the angular acceleration of the satellite
and radial velocity correspondingly. Dependent on the
satellite control system conception, these values could be
either negligible (if only reaction wheels are used) or signif-
icant (if thrusters are used).

At 1g conditions, the body-force term in the pressure
balance along the HP fluid path changes to

DP g ¼ qlgdt: ð22Þ

Besides that, the expression for the capillary pressure is
modified to include the conditions for maintaining the
liquid in upper grooves:

DP c max ¼
2r0 cos hmin

w
� qlgðdp þ dtÞ: ð23Þ

Under ground conditions, if the HP is positioned hori-
zontally, the excess of liquid usually develops a puddle at
the bottom of the vapor channel, if Bo > 1. This puddle
affects the behavior of the HP by several ways [22]. Here
we consider the following: first, the puddle behaves as an
eventual artery providing reduced hydraulic resistance for
liquid return; second, the thermal resistance for heat trans-
fer in radial direction increases; and third, the vapor chan-
nel becomes narrower causing increasing hydraulic losses
in vapor space.

The liquid flow is divided in two parallel paths: through
the HP grooves and through the eventual artery,

_ml ¼ _mlw þ _mar: ð24Þ
The hydraulic diameter of the artery is

Dhar ffi
Dv uð1þ edpÞ � sin u
� �

u 1þ eþ 2dp

ðwþbÞ

� �
þ 2 sin u

2

: ð25Þ
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It is assumed that the liquid–vapor frictional interaction
occurs only over the grooves and not over the puddle
artery, because the velocity of the liquid inside the artery
is lower than velocity inside the grooves.

5.2. Thermal part

At 0g the heat balance at steady state for the heat trans-
fer from attached equipment to the HP evaporator saddle
is defined as

Q ¼ geqLe 2geBe þ Dv þ 2dp þ 2dw

� �
ðT eq � T ewÞ; ð26Þ

where geq is the overall thermal conductance from the
equipment, (or a thermal–mechanical interface) to the
saddle surface, including the thermal contact resistance.
The positions of the reference temperatures are shown in
Fig. 3.

It is assumed that over the saddle surface, where the HP
is attached, the temperature does not change, only along its
fin. The thermal effectiveness of the saddle fin is given by

ge ¼
tanhðmBeÞ

mBe

; m ¼
ffiffiffiffiffiffiffiffi
geq

kede

r
:

The heat transfer between the saddle and the HP exter-
nal surface, through the HP wall, and from the HP internal
surface to the evaporator core is defined by the following
balance equations, respectively,

Q ¼ ðT ew � T epÞ
ke

de

LeðDv þ 2dp þ 2dw þ 2BegeÞ;

Q ¼ ðT ep � T eÞ
kw

dw

Le pðDv þ 2dpÞgw

� �
;

Q ¼ ðT e � T veÞ
kpe

dp

pLeDv;

ð27Þ

where gw is the thermal effectiveness of the tube wall, which
is considered as a one-dimensional conducting fin. The
same approach is referred in [23]:

gw ¼
tanhðpDv1Þ

pDv1
; p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp

kwdwdp

s
; 1 ¼ p

2
þ dp

Dv

: ð28Þ

The effective thermal conductivity, kpe, is defined by the
relationship derived for the evaporation from rectangular
grooves by Chi [8].
The heat balance between the radiator and the space
environment in flight conditions (0g) is given by

Q ¼ ðerrrT 4
cw � qextÞLc 2grBr þ Dv þ 2ðdw þ dpÞ

� �
; ð29Þ

where qext is the absorbed external heat flux,

qext ¼ arðqs þ qAÞ þ erqIR: ð30Þ
The thermal effectiveness of the radiator is given by

gr ¼
tanhðrBrÞ

rBr

; r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4errrT 3

cw

krdr

s
: ð31Þ

At the condenser side, the balance of energy is similar to
the evaporator side.

At 1g conditions, the radiator heat balance for the ther-
mal vacuum test is determined by a different relationship in
respect to 0g conditions:

Q ¼ rrerervcðT 4
cw � T 4

rvcÞLc 2grBr þ Dv þ 2ðdw þ dpÞ
� �

: ð32Þ

The vapor temperature in the condenser core, Tce, is
related to vapor evaporator temperature, Tve, through the
Clausius–Clapeyron equation. The overall heat and mass
balances link the hydraulic and heat parts of the model:

Q ¼ kðT vcÞ � _ml; _ml ¼ � _mv: ð33Þ
The HPRA model is solved numerically by a sequence of

calculations with several iteration loops. The parameters
{Tve,k,Tcw,k, uk} are calculated by internal loops for each
kth operational mode, and parameters {Llp,Mf} are calcu-
lated by an external loop. The other parameters are calcu-
lated by consequent substitution.

6. Validation of the model

The numerical model used in this work has been vali-
dated by comparison with published experimental results
of ground performance tests of a grooved aluminum HP,
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published by Schlitt [9]. To perform this comparison, the
model was re-arranged in such a way that all geometric
parameters were fixed to the values presented in that paper,
as well as the mass of fluid charge and HP tilt. The strength
constrains for this comparison were deactivated. Neither
the saddle nor the radiator was considered, following the
described test setup.

Experimental and numerical results are shown in Fig. 4
for two cases with different average work temperature
(203 K and 273 K) and fluid charge (13g and 12.2g). As
can seen, the numerical results fit well the experimental data.

7. The GEO algorithm

The generalized extremal optimization algorithm is a
new global search meta-heuristic developed to be applied
Table 3
Results of optimization

Input Output �x [mm]

Fluid Modes Qx

[W]
Mass
[kg]

Dv Le Lc Be Br

x�: 1. . . 10. . . 10. . . 10. . . 10. .

x+: 103 1014 1014 191 40

Amm 1 20 0.085 4.1 184.7 782.0 5.0 4
Amm 1 40 0.376 8.4 321.2 621.4 5.2 13
Amm 1 60 0.729 11.0 550.2 1253.4 5.0 8
Amm1 80 1.347 13.8 553.8 1168.6 5.0 143.8
Amm 1, 3 20 0.115 6.1 121.0 633.0 5.3 6
Amm 1, 3 40 0.388 8.5 325.6 711.8 5.0 11
Amm 1, 3 60 0.801 10.5 339.8 1089.2 5.0 12
Amm* 1, 3 80 1.362 17.8 398.9 976.8 5.1 15
Amm 1, 3, 5 20 0.115 6.1 121.0 633.0 5.3 6
Amm 1, 3, 5 40 0.389 8.6 324.5 702.0 5.0 11
Amm 1, 3, 5 60 0.800 12.8 328.9 936.5 5.0 12
Amm 1, 3, 5 80 1.296 19.1 466.2 1099.6 5.7 13
Acet 1 20 0.122 6.3 83.0 879.7 5.9 4
Acet 1 40 0.308 7.1 195.9 1156.4 7.3 6
Acet 1 60 0.571 12.6 321.8 1176.5 5.8 9
Acet 1 80 0.927 13.3 346.1 1195.4 12.7 13
Acet 1, 3 20 0.142 6.7 147.8 462.7 5.7 8
Acet 1, 3 40 0.351 9.4 320.7 740.5 6.3 10
Acet 1, 3 60 0.642 18.1 268.2 1093.5 10.1 9
Acet* 1, 3 80 0.965 19.0 407.7 1197.9 6.0 12
Acet 1, 3, 5 20 0.157 8.4 82.7 455.3 5.4 10
Acet 1, 3, 5 40 0.405 19.5 86.0 886.4 6.0 10
Acet 1, 3, 5 60 0.914 19.3 180.3 975.6 7.0 12
Acet 1, 3, 5 80 1.582 66.9 110.0 1153.3 21.3 9

Le < 300 mm and Lc < 800 mm

Amm* 1, 3 80 2.044 20.3 300.0 800.0 22.9 20
Acet* 1, 3 80 1.551 39.1 299.9 799.9 13.6 18

b = 2.5

Amm* 1, 3 80 1.025 19.1 326.2 1257 5.16 12
Acet* 1, 3 80 0.965 19.0 407.7 1197.9 6.0 12

Le < 300 mm, Lc < 800 mm and b = 2.5
Amm* 1, 3 80 1.598 21.7 300 800 11.5 22
Acet* 1, 3 80 1.494 36.2 300 799.9 5.10 22

Le < 300 mm, Lc < 800 mm, b = 2.5, he = 4.8 * he and hc = 0.21 * hc

Amm* 1, 3 80 1.536 16.3 299.9 800 17.5 23
Acet* 1, 3 80 1.455 36.1 299.9 799.9 5.0 22
to complex optimization problems. It is based on the extre-
mal optimization (EO) method proposed by Boettcher and
Percus [16] , that was inspired by the simplified evolutionary
model of Bak and Sneppen [17]. Belonging to the general
class of stochastic methods, GEO can be turned to a deter-
ministic pure random search through its only adjustable
parameter. It can deal with any kind of design variable
either continues, integer, discrete or a combination of them.
Not depending on derivatives of the objective function or
constraints, it can be applied to highly nonlinear problems,
that presents a multimodal, or even disjoint, design space.
In GEO a string of bits encodes the design variables. Being
an evolutionary algorithm, each bit is considered a species
and has an associated fitness. This number depends on the
adaptability of the bit, that in GEO is related to the
improvement or not on the value of the objective function
�y0

de dr dw dp w bw Lp

[mm]
Mf

[g]

. 0.4. . . 0.12 0.4. . . 0.2. . . 0.01 0.4. . .

0 50 12.5 10 20 2 4.9

5.0 2.1 0.15 0.69 0.54 0.54 0.40 0.0 3.6
1.0 2.9 0.49 1.08 0.64 0.64 0.40 0.0 9.4
0.0 3.8 0.46 1.31 1.38 1.36 0.40 0.0 55.6
5.5 0.60 2.20 1.38 1.22 0.40 0.0 64.9
7.2 2.4 0.12 1.36 0.47 0.47 0.40 5.8 4.0
0.1 2.9 0.46 1.08 0.95 0.95 0.40 15.4 18.4
0.9 5.5 0.46 2.20 0.95 0.94 0.42 15.5 28.2
4.7 5.5 0.83 1.98 0.95 0.95 0.40 3.1 44.1
7.2 2.4 0.12 1.36 0.47 0.47 0.40 5.3 3.9
2.5 2.9 0.46 1.08 0.95 0.95 0.40 15.0 18.4
1.9 5.5 0.64 1.41 0.95 0.95 0.40 8.8 31.2
2.5 5.5 0.56 2.20 0.95 0.94 0.41 7.6 53.7
3.4 3.8 0.10 0.41 1.48 1.48 0.40 0.0 29.6
2.4 5.0 0.22 0.48 1.87 1.49 0.42 0.0 50.2
9.5 6.0 0.31 0.56 1.40 1.38 0.42 0.0 68.8
3.4 5.7 0.48 0.57 1.63 1.50 0.40 0.0 89.8
0.0 2.5 0.31 0.42 1.23 1.22 0.40 0.6 18.0
8.3 2.9 0.29 0.40 1.86 1.50 0.40 18.4 60.9
3.8 5.5 0.38 0.40 1.34 1.34 0.40 10.6 89.1
3.8 5.5 0.51 0.40 1.50 1.49 0.40 12.9 122.4
0.0 5.5 0.30 0.40 0.95 0.88 0.40 10.7 14.6
3.8 7.3 0.31 0.40 1.00 0.88 0.40 9.8 50.0
0.8 9.0 0.55 0.45 1.85 0.67 0.40 11.2 97.3
3.5 16.0 0.46 0.40 0.95 0.81 0.40 2.9 182.9

0.6 9.2 1.03 2.45 0.86 0.48 1.41 3.8 16.4
3.9 7.5 0.86 0.40 1.06 1.06 0.40 2.8 116.7

3.7 6.38 0.48 1.3 0.98 0.95 0.4 3.34 56.28
3.8 5.5 0.51 0.40 1.50 1.49 0.40 12.9 122.4

5.5 7.34 0.94 1.45 0.64 0.53 0.64 5.83 22.84
0.6 7.29 0.83 0.41 0.97 0.89 0.44 2.62 90.84

1.3 7.25 0.97 1.05 0.72 0.72 0.44 0.49 23.6
0.3 6.82 0.83 0.4 0.97 0.97 0.41 2.84 95.75
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if the bit is flipped. GEO has been applied successfully to
real complex design problems, including HP design [3,4].
It also has proved to be competitive to other popular sto-
chastic algorithms such as genetic algorithm and simulating
annealing [18], with the a priori advantage of having only
one free parameter to tune. A detailed description of the
algorithm can be found in [18,19].

8. Results

The optimization was performed considering either oper-
ational mode 1, 1 and 3 or 1, 3 and 5. The last corresponds
fixed specified heat load Qmax considered for ‘‘hot’’ (mode 1)
and ‘‘cold’’ (mode 3) conditions over the radiator, and one
mode for ground test conditions (mode 5). The boundary
limits for the equipment temperature was established as
[�10, +45 �C]. Heat loads Qx,k = Qmax, applied on the evap-
orator, varied 20, 40, 60 and 80 W. At condition of ground
test the temperature of the shroud of vacuum chamber was
set to �170 �C and a reduced heat load was accepted,
namely Qtst5 = 0.75 * Qmax. The best results are given in
Table 3.

It is interesting to note that the optimal values of almost
all design variables, except bw, do not reach its bound lim-
its. It confirms the correctness of the optimization problem
statement: all physical phenomena were modeled appropri-
ately and the optimal design dimensions found did not
reach the constraints boundaries ðx�i ; xþi Þ. In the case of
b, the limiting factor is the technological difficulty to fabri-
cate an extrusion die with such a small opening.

In Fig. 5 the best 300 solutions found during the global
minimum searching are shown as a function of the diameter
of the vapor core, Dv. The figure displays the case for
Q = 60 W, mode 1, with acetone. The other cases had
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Fig. 5. Best 300 results of seeking by GEO and GEOvar.
approximately a similar distribution of points. From
Fig. 5 it can be seen that the optimal point is located well
within the dimensional limits of Dv. The density of shoots
near the optimum is relatively low: the difference between
optimal and nearest (sub-optimal) points is about 2%,
which can be accepted as evaluation of achieved precision.
The refining of solution can be easily achieved by additional
run of the optimization problem with narrowed boundaries.

The graph in Fig. 6 depicts the best 300 values found for
the design variables w and dp. The domain of non-feasible
combinations of variables may be evidently detected in the
left-upper area of the graph. The zone of near-optimal
solutions (optimum + 5%) forms an apparent ravine with
a steep slope to the left and a smooth slope to the right.
This gives a good notion about the behavior of the objec-
tive function in the selected cut-plane of the design space.

Optimal geometries for the assemblies, obtained by the
present study, are summarized in Fig. 7. It is remarkable
Assembling optimal geometry: Dv: Grooves:
Ammonia
mode 1:

Acetone
mode 1:

Ammonia
modes 1,3:

Acetone
modes 1,3:

Ammonia
modes 1,3,5:

Acetone
modes 1,3,5:

Fig. 7. Optimal configurations of the assembling for the heat loads of
60 W and for safety factor b = 4.
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that all optimal configurations have a long-length radiator
and long-length evaporator saddle. The optimal values of
the radiator form factor, Br/Lc lay within the range of
about 0.05–0.15. In general, some real restrictions of satel-
lite layout and equipment interfaces areas may limit some
dimensions. Nevertheless, it is important for the designer
engineer to know about the optimal geometries and mini-
mal reachable values of assembly mass. Any divergence
from the optimal geometry may cause a mass penalty for
the HPRA, that can be re-calculated by introducing the
additional constraints.

As an example, two cases with two supplementary con-
straints to the length of saddle (Le < 300 mm) and con-
denser (Lc < 800 mm) have been run for the maximal heat
load. The results show that such an adaptation to real pro-
ject and corresponding deviation from the optimal geome-
try ‘‘costs’’ about from 50% to 61% of mass increasing for
both assemblies. Remain optimal dimensions are changed
to compensate such implementation of the additional con-
straints, as it may be seen from Table 3 (the lines are marked
by asterisks). The left graph in Fig. 8 shows the optimal
mass characteristics of two HPRA designed for ammonia
and acetone, considering three operational modes, 1, 3
and 5. The total mass values differ no more than 18%, with
the ammonia HPR assembly having the best mass charac-
teristics. The fifth mode is a mode of ground testing, and
if this 1g mode were not considered and only 0g modes were
accounted (i.e. 1 and 3), the result is remarkably opposite:
the acetone HP presents better mass characteristics by
about 29% (Fig. 8, graph on the right).

Another parameter to be evaluated, is the chosen value
for the safety factor. A magnitude of 4.0 may be too much
conservative for well-developed technology of ammonia
HP. In the NASA safety requirements [24], the factor 2.5
is recommended for HPs, keeping 4.0 for other unspecific
pressurized components, which include also recent HP-like
technologies, LHP, for example [25]. To see sensitivity to
this parameter, the optimization was repeated assuming
b = 2.5 for 80 W heat load under 1 and 3 modes. The
results, given in Table 3, show a decreasing of the ammonia
assembly mass around 25%, since the lower safety factor
makes possible to reduce wall thickness of the high-pressure
ammonia HP. The optimal configuration of acetone HP
assembly stays unchangeable.

If both b is reduced to 2.5 and additional constraints to
the lengths are applied, the acetone HP assembly wins the
trade by only 7%.

In the present model the equivalent heat transfer coeffi-
cients vary within the ranges he = 1300–1600 and hc =
62,000–70,000 W/m2/K. However for ammonia HP the
experiments reveal he � 7000 and hc � 13,600 W/m2/K
[9,23]. To evaluate the effect of this uncertainty in optimal
parameters, the corresponding factors 4.8 and 0.21 have
been introduced in the model to take into account the
experimental data; then additional runs have been per-
formed. Results, also placed in Table 3, show an improve-
ment of mass characteristics from 3% to 4% for all designs,
keeping comparative trends unchangeable.

Finally, all results from Table 3 have been checked out
for Bo number. The values vary as following: for ammo-
nia Bo = 1.05–26.7 and for acetone 3.4–34.5. It confirms
the accepted preposition that slug does not form at 1g

conditions. However, for the heat load lesser than 20 W,
when optimal HP diameter becomes smaller, the excess
liquid configuration at 1g may switch to slug for ammonia
HP.

9. Conclusion

In this paper the optimal characteristics of a heat pipe
assembly for a space application were analyzed. The assem-
bly consisted of a grooved type heat pipe coupled to a radi-
ator plate and a saddle. The design variables comprised all
dimensions of the assembly. The optimization was per-
formed for different operational modes considered simulta-
neously, in 1g and 0g. As far as we know, this approach has
never been done before. Puddle and slug formations due to
excess of liquid were accounted. Mechanical strength con-
straints were also included in the problem. Two working
fluids were considered.

For the optimization, the generalized extremal optimiza-
tion method was used. It is a recently developed stochastic
algorithm, that has been applied effectively to complex
optimal design problems.
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Results show that for the operational modes at 1g and 0g

the best HP design found for acetone had a poorer mass
characteristic compared to HP designed with ammonia
(the difference is up to 18% in the ammonia favor). On the
other hand, if only the 0g modes were taken into account,
the assembly with acetone HP can be much more weight
effective than the one with ammonia (from 7% up to 29%
in the acetone favor, depends of input parameters). It is
interesting to note, that the liquid transport factor criterion
indicates an opposite trend: the LTF for ammonia is higher
than for acetone by 3.34–5.47 times (from +45 �C to
�20 �C).

The results also show that an adaptation to real project
and corresponding deviation from the optimal geometry
may ‘‘cost’’ from 50% to 61% of mass increasing for both
assemblies, depending of input parameters for given restric-
tions on lengths.

This result indicates clearly that using acetone in this
kind of HP assembly is a good alternative for the use of
hazardous high-pressure ammonia when designing it for
only 0g conditions. Note that the optimal design parame-
ters for each working fluid are different. Because having a
lighter device in orbit is the goal for a space application,
the requirement for ground testing should not be the design
driver. Hence, one should provide special suitable condi-
tions for ground testing of such HP.
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