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(57)  Loop heat pipe apparatus (1) for heat transfer
and thermal control, using a two-phase fluid as a working
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- at least one evaporator (2) to be connected with a heat
source and comprising a thermal stabilization-compen-
sation chamber (10) attached to the at least one evapo-
rator (2) and a secondary capillary pump (40) located
inside the thermal stabilization-compensation chamber
(10),

- at least one condenser (27) to be connected with a heat
sink,

- liquid lines (24) and vapour lines (28) connecting the at
least one evaporator (2) and the at least one condenser
(27), and

- a remote compensation chamber (20),

wherein the thermal stabilization-compensation cham-
ber (10) comprises a two-phase reservoir (5) and a liquid
accumulator reservoir (6) separated by a heat exchange
surface (15), such that the remote compensation cham-
ber (20) is hydraulically connected with the two-phase
reservoir (5) and the liquid accumulator reservoir (6).
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Description
FIELD OF THE INVENTION

[0001] The presentinvention relates to a heat transfer
and thermal control device, in particular for use on a
spacecraft, and more particularly the inventionis directed
to a heat transfer and thermal control device with two-
phase capillary driven loops.

BACKGROUND OF THE INVENTION

[0002] Most of the components and subsystems of a
spacecraft must operate in restricted temperature rang-
es. This makes thermal control a key matter in the design
and operation of a spacecraft with a significant weight,
power and cost impact in the overall spacecraft budget.
[0003] Spacecraft thermal control relies on the global
spacecraft thermal balance: the heat loads must be re-
jected to deep space that works as a thermal sink. Since
no matter links this sink and the spacecratft, this rejection
is made by thermal radiation through dedicated radiators
installed on the satellite external surfaces.

[0004] Spacecraft thermal loads come from the inter-
nal spacecraft equipment dissipation and, externally,
from the sun and the earth or from the celestial bodies
around which the spacecraft orbits. The thermal systems
used in spacecrafts must therefore be able to control
equipment which operates at a specified range of tem-
peratures and also discontinuously.

[0005] At present, known thermal devices for control-
ling thermal loads in spacecraft are two phase heat trans-
fer loops which are also known in engineering practice
as capillary driven and mechanically pumped loops or
heatloops. The purpose of these devices in a spacecraft
is to transfer heat between a heat source (for instance,
an electronic element) and a heat sink (typically, the
space). In two phase heat transfer loops heat is trans-
ferred through an evaporation-condensation cycle of a
working fluid kept inside a hermetically sealed container.
Capillary driven loops have a special porous structure,
called capillary pump or wick, serving for working fluid
continuous circulation in the system. The wick is always
located in the evaporator of the capillary driven loop. The
evaporator is attached to a heat source.

[0006] The above-mentioned capillary driven loop
technology has found a wide application for thermal con-
trol systems in many spacecraft applications, that usually
use loops with a single evaporator. However, many ap-
plications require thermal control of large thermal contact
surface payloads or multiple remotely located heat sourc-
es.

[0007] Developersof multiple evaporators and multiple
condenser designs of capillary driven loops (known in
engineering practice as loop heat pipes (LHPs), capillary
pumped loops (CPLs), hybrid two-phase heat loops) in-
tend to create thermal control systems having the follow-
ing characteristics: optimized functional layout, scalabil-
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ity, expandability, effective heat loads sharing, flexibility
in components locations, thermal coupling between sep-
arate radiators and minimized mass and volume.
[0008] The LHP technology was initially invented in the
Soviet Union, and this technology of a heat transfer ap-
paratus is known as per US 4515209, for example. The
first LHP systems were dedicated to terrestrial applica-
tions. Later, a capillary link (secondary wick) between
the evaporator and the compensation chamber was in-
troduced to provide liquid supply from the compensation
chamber to the evaporator primary wick in zero gravity
(0-g) conditions.

[0009] The developmentand testing of a LHP with two
identical evaporators was first performed by the Institute
of Thermal Physics (Russian Academy of Sciences) in
the mid-80’s. Further developments into a multi-evapo-
rator LHP system, as shown for example in USSR Patent
1395927, were carried out using a LHP with two evapo-
rators and two condensers. The two-evaporator LHPs
can efficiently operate at symmetrical and non-symmet-
rical heatload distributions between the evaporators, and
at different temperatures of the condenser(s) cooling.
However, shutting down the active cooling of one con-
denser would result in an abrupt decrease in the maxi-
mum transport capability of the device.

[0010] Every evaporator in the typical LHP system has
its own compensation chamber, which can be directly
connected to the compensation chambers of other evap-
orators or can have no direct connection with the com-
pensation chambers of other evaporators in the system.
In these devices, evaporators are rigidly connected with
each other and are at a relatively close distance from
each other.

[0011] Despite evident advantages of LHP systems
having multiple evaporators designed to operate over a
wide temperature range, there exists a limitation on the
number of evaporators that can be reasonably used, as
each evaporator comprises a compensation chamber.
As the minimum operating temperature decreases, the
compensation chamber volume increases rapidly when
the number of evaporators increases. This leads to a
limitation on the number of evaporators that can be used
in these systems.

[0012] Besides, certain problems can also exist with
the temperature control in multi-evaporator LHP sys-
tems: the key components for the LHP temperature con-
trol are the compensation chambers. In atwo-evaporator
installation, the LHP can operate at the desired temper-
ature in most of the cases, as the LHP responds very
well to rapid changes of heat load, sink temperature and
set point temperature. However, only one of the compen-
sation chambers has a vapor-liquid two-phase condition
during the operation regardless of how many are under
temperature control.

[0013] The heat, which passed by thermal conduction
through the capillary pump wall into the central part of
the evaporator, in the direction opposite to the fluid cir-
culation direction, is usually called parasitic heat leak.
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Test results showed that when one of the evaporators
has a very low heat load, a sudden vapour generation
on the inner surface of the capillary pump was observed,
stridently increasing the parasitic heat leak to the com-
pensation chamber which results in a higher operational
temperature of the loop. This causes a hysteresis control
problem for the loop that is hard to predict or prevent.
Also, it was found that situations when the liquid distrib-
utes itself among the compensation chambers (trying to
occupy the lowest pressure spots) can lead to unstable
operation of the system. Furthermore, a problem of con-
trollability for multi-evaporator LHP systems arises when
the amount of evaporators and compensation chambers
increases.

[0014] Therefore, itis possible to conclude that an ex-
pandability limitation is the main problem in multi-evap-
orator LHP systems, as shown in USSR Patent 1395927,
such that two evaporators are used or only three evap-
orators maximum for narrow temperature ranges. A sec-
ondary problem presented by these systems too is poor
controllability.

[0015] Another type of capillary driven loop is CPL, as
for example in documents US 6626231 and US 7118076,
typically comprising one or more evaporators, one or
more condensers, transport lines, one remote compen-
sation chamber and a sub cooler. Location of compen-
sation chamber is the main distinguishing feature be-
tween CPL and LHP designs. LHP compensation cham-
ber(s) is always directly attached to evaporator(s) but
CPL has one remote compensation chamber (also
known as liquid reservoir), separated from evaporator(s)
by small diameter (2-5 mm) connecting tube(s). In CPL,
liquid from the condenser and from the remote compen-
sation chamber flows through the sub cooler before
reaching the evaporators. The CPL comprising a remote
reservoir loses ability for self-start up without special pre-
conditioning. Besides, for any CPL, the tolerance for va-
pour parasitic heat leak is a significant problem of reliable
operability of the system. The growing of a vapour bubble
on the inner surface of the capillary pump leads to the
pump dry out and, finally, to the failure of CPL operation.
In case of LHP, the bubble usually migrates into the com-
pensation chamber (as soon as it is closely attached to
the evaporator) and condenses in sub cooled liquid which
is always presented in the LHP compensation chamber.
[0016] Continued improvements have been made to
the CPLs in the last decades. The two-port evaporator
(one liquidinlet and one vapour exit) initially used in CPLs
generally experienced dry-out due to the appearance of
vapour in the liquid core during start-up and transient
regimes. To prevent vapour from blocking liquid return
to the wick structure, a three-port capillary evaporator
was introduced in the system connecting the remote res-
ervoir line to the liquid core of the evaporator. This con-
figuration allows vapour to expand along the evaporator
core and to migrate into the remote reservoir, instead of
accumulating in the evaporator core and interfering with
liquid returning from the condenser. Initially, three-port
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capillary pumps were used as starter pumps, and then
like the main functional evaporator design. To prevent
vapour from depleted evaporators to flow upstream and
to block liquid return to operating evaporators, a capillary
device, known as a capillary isolator, was introduced,
located upstream of the evaporator inlet. Back pressure
regulators were also installed in many multiple evapora-
tor CPLs to assist start up. These capillary devices, lo-
cated in the vapour transport line, redirect vapour initially
generated at one evaporator to other inoperative (without
heat load) evaporators. This action forces liquid from the
vapour lines and improves the chances for a successful
start up for all evaporators in the system: it is also helping
to promote heat load sharing among evaporators, for in-
stance, when an inoperative evaporator acts as a con-
denser.

[0017] Furthermore, another problem in the known
CPL systems is the formation of non-condensable gases
in the loop, which can lead to evaporator failure if the
non-condensable bubbles reach the evaporator core
blocking the liquid return to the evaporators of the CPLs.
Since evolution of non-condensable gases overthe CPLs
lifetime is practically unavoidable, CPLs should be de-
signed to be tolerant to non-condensable gases in one
way or another. One of the possible solutions is to im-
plement special traps to collect the bubbles. The traps
are usually used for systems with parallel condensers
and are placed at the condenser exit where they can also
serve as capillary flow regulators (if the trap utilizes a
capillary structure to separate gas from liquid). The cap-
illary structure helps to prevent vapour from leaving the
condenser. If one of the condensers becomes fully uti-
lized, then this trap can serve to redirect the flow to the
other condenser(s).

[0018] The following conclusions summarize the is-
sues related to CPL reliability:

- CPL design should never allow bubbles to form in
the liquid side of the loop: a bubble trap should then
be provided at the outlet of the sub cooler to prevent
convection of non-condensable gases or/and vapour
bubbles to the evaporators;

- CPL requires a start up evaporator to clear the va-
pour channels in the main evaporators before heat
is applied to them;

- reducing the diameter of the CPL evaporator ele-
ments leads to many unexpected difficulties: the de-
sign with thinner capillary pump walls leads to higher
probability of vapour bubble formation inside of the
liquid core of the evaporator and as consequence to
failure of CPL operation;

- it is known in the state of the art, that in order to
improve vapour parasitic heatleak tolerance of evap-
orators, itis preferable to connect these evaporators
in series; in this case the first evaporator in series
creates sweeping flow for the previous evaporators.

[0019] Another solution is to have several parallel
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evaporators connected to the same compensation cham-
ber, located at the evaporating part of the loop, and in-
cluding special long capillary links between the evapo-
rators and the compensation chamber. This system is
known as Free Location LHP, as shown for example in
documents US 5944092, USRR Patent 1626798 or Rus-
sian Patent 2120592. This system was successfully test-
ed on the ground with a favourable gravitational bias of
the evaporators relative to the compensation chamber,
making it easy for the capillary links to distribute the fluid
to each evaporator. Orientation constraint in gravity field
is due to limits imposed by the capillary link. The capillary
link connecting the evaporators to the compensation
chamber limits the separation distance between the
evaporators and the compensation chamber. This limi-
tation is similar to the existing in conventional heat pipes.
Other significant limitations of this design are complexity
and integration difficulties which lead to problems of sys-
tem expandability, scalability and part standardization.
All evaporators have to be below or in the same plane
with respect to the plane of the compensation chamber.
Since the tube connecting each evaporator to the com-
pensation chamber contains a capillary link inside, the
tube internal diameter is typically greater than 4 mm,
since it is practically impossible to allocate a capillary
structure in smaller diameter tubing. Large diameter con-
necting tubing leads to inflexible system and high require-
ments for tolerances for integration purposes. In usual
design of a LHP evaporator with a bayonet tube, a cap-
illary link (secondary wick) supplies the primary capillary
pump with liquid practically only in transient regimes.
However, in this design, the capillary link supplies all
amount of liquid that is needed for the evaporator, which
leads to significant limitations for rates of change of heat
source power or/and heat sink temperature. Other dis-
advantage of such approach is the low thermal conduct-
ance of evaporators due to the permanent presence of
vapour phase in the evaporator core.

[0020] An attempt to overcome some of these signifi-
cant drawbacks led to a so called multi-free LHP CPL
known for example per US 5944092, where functional
evaporators do not have a capillary link to the compen-
sation chamber, only to the liquid line. Limitations of this
design are similar to those of ordinary CPLs with starter
pumps. Capillary evaporators linked to the liquid line can-
not provide a reliable vapour tolerance and, therefore,
this design presents the drawback of the necessity of an
additional special evaporator with dedicated power
source to provide the loop circulation.

[0021] Further designs were made developing the so
called multi-evaporator hybrid LHP, as known for exam-
ple in documents US 7661464, US 6889754, US
7004240, US 8047268, US 7549461, US 81 09325, US
8066055, US 8047268 or US 7251889, suggesting that
a link between evaporators and compensation chamber
could itself be a loop and incorporated this idea in a so
called advanced CPL, as an attempt to incorporate both
the advantages of a robust LHP and the architectural
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flexibility of a CPL. This system comprises two relatively
independently operated loops, a main loop and an aux-
iliary loop. The main loop is basically a traditional CPL
with same as for CPL configuration and operational prin-
ciples, whose function is to transport the waste heat and
reject it to a heat sink via the primary condenser. The
auxiliary loop is used to remove vapour bubbles from the
core of the CPL evaporators and move them to the com-
pensation chamber. The auxiliary loop contains only one
LHP-type evaporator with the attached large compensa-
tion chamber. The chamber is only one and itis common
for all evaporators: the CPL evaporators in the main loop
and the LHP evaporator in the auxiliary loop. In addition,
the auxiliary loop is also used to ease the start-up proc-
ess. In this manner, the auxiliary loop functionally replac-
es the secondary wick of a conventional LHP. The fea-
sibility of this design was however only achieved when
the evaporators were connected in series. This means
that liquid consequently goes through the evaporators:
flow leaving the first evaporator enters the second one,
etc.

[0022] Initially, the multi-evaporator hybrid LHP includ-
ed three evaporators, one of which was a standard LHP
evaporator directly attached to the common system’s
compensation chamber, and two traditional three-port
CPL evaporators. Tests indicated that the system was
not very reliable during power cycling. The sensitivity to
power cycle was attributed to the expansion of vapour
bubbles in the evaporator core. Heat conduction through
the wall of the evaporator capillary pump made it rela-
tively easy to nucleate vapour in the evaporator core. In
case of steady state operation, these bubbles were swept
from the core of functional evaporators by forward flow
of the liquid to the capillary pump. However, as the func-
tional evaporators input power decreased, liquid move-
ment forced by capillary action on the auxiliary evapora-
tor was not enough to efficiently remove all vapour bub-
bles from the evaporator core to prevent vapour blockage
of the capillary pump (dry-out) after sudden increase of
the evaporator power. On the other hand, sudden power
reduction leads to temporary fluid flow break in the con-
denser until new stable temperature/pressure equilibri-
um was established in the system. This flow break there-
fore required a net flow mass displacement from the
evaporator and the compensation chamber to the con-
denser. As a result, nominal forward direction flow was
disrupted. During this reversal flow, vapour bubbles could
then accumulate or even expand in the evaporator cap-
illary pump core, therefore causing evaporator dry-out
and failure of the system.

[0023] To improve vapour tolerance, the internal de-
sign of the evaporators was modified to include a special
phase separation wick, designed to provide better control
of the two phases vapour/liquid distribution in the core of
the pumps. The design modifications were intended to
extend the phase control provided by the secondary wick
in the traditional LHP evaporator to the CPL evaporators.
Despite general successful results obtained during test-
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ing, the operation was verified in relatively limited condi-
tions: mostly in horizontal orientation, evaporators were
located close to each other, and therefore with similar
hydraulic resistance of lines. Therefore, such configura-
tion was not representative of the conditions of potential
spacecraft thermal control application when evaporators
and remote reservoir are spatially separated, and the rate
of evaporators response on variations of the input power
and heat sink conditions depend on the length of the lines
connecting these elements. Therefore, the ability for tem-
perature control was not properly verified.

[0024] Also known in the art are hybrid cooling loop
technology, as those shown for example in documents
US6990816 and US6948556, which combine the active
liquid pumping with the passive capillary liquid manage-
ment in the wick structure of the evaporator and its lig-
uid/vapour separation. The hybrid cooling loop consists
of an evaporator, a condenser, a liquid compensation
chamber and a pump as the simplest design. Because
of the active amplificatory pumping system, the hybrid
loop system could manage different multiple evaporator
designs. Despite certain advantages, the necessity of
the supplementary loop circulation means can be con-
sidered as a drawback because of the active character
of critical design components which reduces the reliability
and life time of the system.

[0025] Another known system developed is the so
called advanced LHP which is a LHP with two evapora-
tors: main (functional) and secondary (auxiliary) evapo-
rators, as per document US6810946 B2, for example,
incorporating a secondary evaporator to the conventional
LHP design. The secondary evaporator is located in a
cold-biased environmentto ensure thatits capillary pump
is always primed. Electrical heaters are attached to this
evaporator to provide the necessary thermal power for
its functioning. With the secondary pump operating, it
actively removes the vapour that is accumulated in the
compensation chamber by the parasitic heat leaks to the
compensation chamber of the main evaporator and to
the liquid line. This design considers only a single main
evaporator LHP. The main drawback of this approach is
the existence of the additional evaporator and its active
character. In fact, this solution is needed only for a LHP
with not properly designed secondary pump.

[0026] Further, an evaporator with attached compen-
sation chamber was proposed to use in a capillary driven
loop, known for example per documents US7061446,
US7268744 or US7841 392. The undivided large capil-
lary wick is used in the evaporator portion and in the
compensation chamber. The wick has greater transverse
size in the compensation chamber thanin the evaporator
portion. There are no means to guarantee vapour toler-
ance of the evaporators.

[0027] Thus, as a summary, it is possible to conclude
that the main and the most critical element in a capillary
driven loop is the evaporator. The vapour and non-con-
densable gases intolerance, which can lead to total fail-
ure of the system in heat transfer, is the main problem in
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the development of capillary driven multi-evaporator two
phase thermal control systems. Various methods have
been proposed and investigated to solve the problem;
however, the existing technical solutions still cannot
guarantee reliable and stable performance in different
actual thermal conditions of spacecraft operation.
[0028] The present invention is therefore oriented to-
wards these needs.

SUMMARY OF THE INVENTION

[0029] The presentinventiontherefore provides a heat
transfer and thermal control system, in particular, a two-
phase capillary driven LHP system.

[0030] An object of the invention is to provide a two-
phase capillary driven LHP system having reliable oper-
ation at a wide range of operation conditions, providing
at the same time vapour parasitic heat leak tolerance
means for the evaporator and design flexibility by imple-
mentation of remote compensation chamber.

[0031] Anotherobjectof the presentinvention is to pro-
vide a two-phase capillary driven LHP system that can
be expanded, thatis, that can vary the number of its evap-
orators and/or its condensers.

[0032] Other objects of the two-phase capillary driven
LHP system of the invention are the following:

- scalability: the size (both diameter and length) of the
evaporators can vary in a wide range and can be
adjusted for any particular application needed;

- controllability: possibility to control the operating
temperature of the system by thermal control of the
remote compensation chamber;

- capability of heat load sharing when the two-phase
capillary driven LHP system comprises multiple
evaporators: power ranges can be different for each
evaporator, such that some evaporators can have
the maximum heat load while others have no power
application;

- configuration flexibility: theoretically, an unlimited
number of evaporators/condensers can be used; the
distance between evaporators and compensation
chamber can be up to several meters; evaporators,
condensers and remote compensation chamber can
be located in gravity field at various levels with ele-
vation difference up to 1-3 m taking into account only
capillary potential of evaporators secondary pumps;

- functional flexibility: there exists a wide range of heat
input powers for the entire system and for every
evaporator; resistance to rapid change of power in-
puts or/and condenser temperatures occurs (related
to the main objective of the invention: vapour para-
sitic heat leak tolerance);

- integration flexibility: small diameter (1-2 mm) tubing
connecting evaporators with remote compensation
chamber allows easy installation of the system on
the satellite level; also, flexible inserts such as tube
coils or/and flexible hoses can be used for better
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integration of the system;

- evaporators standardization: possibility of using
compensation chambers attached to the evapora-
tors, having standardized dimensions without the
need of effecting any re-qualification of the evapo-
rators for every configuration and size of the system;
this is especially important for the improvement of
the mechanical viability of the two-phase capillary
driven LHP system during vibration, as every evap-
orator of the system has relatively small standard-
ized individual compensation chamber (simpler me-
chanical design as for the evaporators with the large
chambers) and can be mechanically designed and
qualified individually only one time.

[0033] These objectives are achieved with a two-
phase capillary driven LHP system, effecting heat trans-
ferand thermal control applications with a two-phase fluid
as a working media. The system of the invention com-
prises at least one evaporator, comprising a thermal sta-
bilization-compensation chamber attached to it, at least
one condenser, liquid and vapour lines, and a single re-
mote compensation chamber, the thermal stabilization-
compensation chamber comprising two-phase and hydro
accumulator reservoirs. The remote compensation
chamber is hydraulically connected with the two-phase
and hydro accumulator reservoirs of the thermal stabili-
zation-compensation chamber. The evaporator compris-
es a primary capillary pump which serves to absorb heat
from the equipment, which has to be cooled, and to pro-
vide fluid heat continuous circulation between the evap-
orator, which is connected to the heat source, and the
condenser, which is connected to the heat sink. A sec-
ondary capillary pump is located inside the primary wick
and inside of the thermal stabilization-compensation
chamber and serves to supply the primary wick with lig-
uid, and to provide fluid/heat intermittent circulation in
transient regimes of operation of the system, between
the inner part of the primary wick and the thermally con-
trolled remote compensation chamber. In steady state
regimes of operation of the system, the thermal stabili-
zation-compensation chamber serves to remove internal
heatleak through a primary capillary pump by convection
and condensation on the heat exchanger surface, which
separates the two-phase and hydro accumulator reser-
voirs in the thermal stabilization-compensation chamber.
[0034] Other features and advantages of the present
invention will be disclosed in the following detailed de-
scription of illustrative embodiments of its object in rela-
tion to the attached figures.

DESCRIPTION OF THE DRAWINGS
[0035] The features, objects and advantages of the in-
vention will become apparent by reading this description

in conjunction with the accompanying drawings, in which:

Figures 1 a, 1b and 1 c show schematic views of the
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LHP device of the invention having a remote com-
pensation chamber and two evaporators.

Figure 2 shows a general view of the LHP device of
the invention having multiple evaporators (4 units)
and multiple condensers (2 units).

DETAILED DESCRIPTION OF THE INVENTION

[0036] The present invention relates to a LHP device
1 comprising evaporator 2 containing a stabilization-
compensation chamber 10, a combination of a primary
capillary pump 30 and a secondary capillary pump 40,
together with the corresponding plumbing components
of the LHP device 1. The primary capillary pump 30
serves for pumping fluid in the LHP device 1, the evap-
oration of which absorbs heat from the system that has
to be cooled. The secondary capillary pump 40 serves
for supplying liquid to the primary capillary pump 30 and,
together with the stabilization-compensation chamber 10
and the remote compensation chamber 20, for providing
means to remove the vapour that is formed by internal
parasitic heat leak of the at least one evaporator 2.

[0037] The present invention relates to a LHP device
1, which can be of the type single evaporator-condenser
or multiple evaporators (and /or condensers) embodi-
ments, as shown in Figures 1a, 1b, 1c. The LHP device
1 of the invention comprises the following components:

- atleastone evaporator 2: the evaporator 2 compris-
es stabilization-compensation chamber 10, a com-
bination of a primary capillary pump 30 and a sec-
ondary capillary pump 40. The primary capillary
pump 30 serves for pumping fluid in the LHP device
1, the evaporation of which absorbs heat from the
equipmentthathastobe cooled. The secondary cap-
illary pump 40 serves for supplying liquid to the pri-
mary capillary pump 30 and, together with the sta-
bilization-compensation chamber 10 and the remote
compensation chamber 20, for providing means to
remove the vapourthatis formed by internal parasitic
heat leak 18 of the at least one evaporator 2;

- oneremote compensation chamber 20 in two-phase
condition for temperature control functions and for
managing changes of liquid phase volume together
with excessive vapour parasitic heat leaks inthe LHP
transient regimes of operation, providing compact
standardized design of evaporator 2 and expanda-
bility in the embodiment having multiple evaporators
2; there is no need of the stabilization-compensation
chambers 14 having large volumes, depending on
total volume of the LHP device 1, as they can have
minimal unified volumes, enough to manage and en-
sure vapour/non-condensable gases tolerance in
steady state regimes;

- atleast one condenser 27;

- vapour line 28 and liquid line 24.

[0038] Figures1a, 1band 1 ¢ show different schemes
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of an embodiment of the invention, showing a LHP device
1 having an arrangement of a remote compensation
chamber 20 and evaporators 2, such that:

- Figure 1 ashows the remote compensation chamber
20 being connected to a two-phase reservoir 5 of the
stabilization-compensation chamber 10 by a two-
phase line 12, the liquid accumulator reservoir 6 of
the stabilization-compensation chamber 10 being
connected to the remote compensation chamber 20
by a liquid line 13. The returned liquid from the con-
denser is always passed through remote compen-
sation chamber 20 before to arrive to evaporators 2.

- Figure 1 b shows the remote compensation chamber
20 being connected to the two-phase reservoir 5 of
the stabilization-compensation chamber 10 by a two-
phase line 12, the liquid line 13 being directly con-
nected to the liquid line 24 returning liquid to a bay-
onet tube 7 at the entrance of the evaporator 2 from
the condenser 27. Via lines 13 and 24 the remote
compensation chamber 20 has a hydraulic link with
the liquid accumulator reservoir 6 of the stabilization-
compensation chamber 10.

- Figure 1 c shows the remote compensation chamber
20 being connected to the two-phase reservoir 5 of
the stabilization-compensation chamber 10 by a two-
phase line 12, the stabilization-compensation cham-
ber 10 also comprising a liquid accumulator reservoir
6 directly connected to the remote compensation
chamber 20 by a liquid return line 13.

[0039] The three presented cases illustrate different
variants of the remote compensation chamber 20 de-
signs and different ways of layout in the LHP device 1.
The two-phase port of the remote compensation cham-
ber 20 is always connected via line 12 with the stabiliza-
tion-compensation chamber 10. However liquid port(s)
of the remote compensation chamber can be connected
to stabilization-compensation chamber 10 in 3 different
manners: directly (Fig 2c), through liquid line 24 in series
(Fig. 2a) and in parallel (Fig 2b). Two is the minimum
amount of fluid ports (one is for two-phase line 12 and
second for liquid return line 13 (see Fig. 2b). The maxi-
mum quantity of fluid ports for remote compensation
chamber 20 can be calculated by multiplying the number
of evaporators by two and adding the number of con-
densers: in this case every evaporator has two individual
lines 12 and 13 joining the stabilization-compensation
chamber 10 with remote compensation chamber 20 and
the remote compensation chamber 20 has additional lig-
uid lines 24 connected with the condenser. Different com-
binations between maximum and minimum amount of
ports are possible and it also provides flexibility in the
system design.

[0040] The numerals shown in Figures 1a-1b-1c and
2a-2b-2c¢ represent the following:

1 LHP device
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2 Evaporator

3 Vapour-liquid interface

4 Separator of low and high pressure sides of the
primary capillary pump 30

5 Two-phase reservoir linked to the internal core of
the primary capillary pump 30

6 Liquid accumulator reservoir

7 Bayonet tube, liquid transport line entrance from
condenser 27

8 Liquid flow direction

9 Heat sink

10 Stabilization-compensation chamber

11 Vapour flow direction

12 Two phase line to the remote compensation
chamber 20

13 Liquid return line of the remote compensation
chamber 20

14 Fluid in liquid state

15 Heat exchanger (heat exchange surface) - sep-
arator of low (liquid) and high (two-phase) pressure
sides of the secondary capillary pump 40

16 Vapour-removing channels inside the primary
capillary pump 30 (evaporator core)

17 Heat input

18 Parasitic heat leak into the central core of the
primary capillary pump 30

19 Vapour-removing channels outside the primary
capillary pump 30

20 Remote compensation chamber

21 LHP device 1 vapour line inlet

22 Vapour bubbles

23 Liquid drops

24 Liquid transport line

25 Porous wick inside the remote compensation
chamber 20

26 Liquid channel

27 Condenser

28 Vapour line

29 Fluid in vapour state

30 Primary capillary pump

31 Fluid in two-phase state

40 Secondary capillary pump

[0041] The evaporator 2 comprises a small stabiliza-
tion-compensation chamber 10 containing a secondary
capillary pump 40, designed in such a way that it effi-
ciently manages the vapour flow due to the parasitic heat
leak 18 into the central core of the primary capillary pump
30.

[0042] The evaporator 2 design comprises a primary
capillary pump 30 with external vapour-removing chan-
nels 19 outside the primary capillary pump 30, a second-
ary capillary pump 40 and a stabilization-compensation
chamber 10 which comprises two chambers, a two-
phase reservoir 5 and a liquid accumulator reservoir 6.
The primary capillary pump 30 also comprises internal
vapour-removing channels 16 in the evaporator 2 core,
to remove the vapour that forms due to the heat leak
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through the primary capillary pump 30. These vapour-
removing channels 16 are connected with the small two-
phase reservoir 5 close to the vapour-removing channels
16 outlets. This two-phase reservoir 5 comprises a heat
exchanger 15 (heat exchange surface) between the two-
phase reservoir 5 and the liquid accumulator reservoir 6
of the stabilization-compensation chamber 10. The liquid
accumulator reservoir 6 and the two-phase reservoir 5
with the heat exchange surface 15 can be called as sta-
bilization-compensation chamber 10. The secondary
capillary pump 40 is located inside of the primary capillary
pump 30 and the stabilization-compensation chamber
10. A porous wick 25 is installed inside of the remote
compensation chamber 20 to manage fluid distribution
in micro gravity conditions. The porous wick 25 prevents
also vapour or non condensable gas bubbles penetration
to the liquid line 13 as well as to the liquid accumulator
reservoir 6.

[0043] Working fluid exists in three states inside of the
LHP device 1 of the invention: vapour 29, liquid 14 and
two-phase 31 states.

[0044] When heat 17 is supplied to the evaporator 2
by the heat releasing equipment or heat source, the heat
evaporates working liquid. Vapour goes from the evap-
orator 2 to the condenser 27 through the vapour transport
line 28, where it is condensed. After that, the working
liquid returns to the stabilization-compensation chamber
10 and to the evaporator 2 through the liquid transport
line 24, to be again evaporated in the primary capillary
pump 30 of the evaporator 2. Unlike ordinary LHP sys-
tems, the proposed LHP device 1 of the invention is con-
trolled by the remote compensation chamber 20, as two-
phases are always present in this chamber.

[0045] Thelink of the secondary capillary pump 40 and
the stabilization-compensation chamber 10 provides the
following functions:

- redistributes and supplies liquid from the bayonet
tube 7 and internal liquid channel 26, supplying it to
the primary capillary pump 30 (mainly in steady state
regimes);

- transports liquid from the remote compensation
chamber 20 through the liquid accumulator reservoir
6, supplyingitto the primary capillary pump 30 (main-
ly in transient regimes);

- together with the stabilization-compensation cham-
ber 10 and remote compensation chamber 20, it pro-
vides vapour parasitic heat leak tolerance passive
means individually for every evaporator 2 (of multi-
evaporator design).

[0046] The LHP device 1 can contain several evapo-
rators 2 and several condensers 27 (Figures 1, 2). It is
provided the opportunity that the evaporators 2 can col-
lect the power from different heat sources, which could
be located far one from the others thanks to the flexibil-
ity/adaptability provided by the LHP device 1 concept:

[0047] Various embodiments of present invention re-
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garding the power rejection are possible. Even for single-
evaporator LHP device 1, several condensers 27 can be
placed in different locations to take advantage of the most
favourable conditions of sink depending on the position
along the orbit (for space applications of the LHP device
1), for example, two parallel condensers 27 can be lo-
cated in opposite faces (Fig. 2).

[0048] Several means of vapour tolerance manage-
ment are designed for compensating primary heat leak
penetrating through the primary capillary pump 30 to the
evaporator 2 core and for compensating secondary par-
asitic heat leak penetrating through the secondary cap-
illary pump 40 (which is significantly, in order of magni-
tude lower than the primary parasitic heat leak):

- the heat exchanger 15 in the stabilization-compen-
sation chamber 10 provides the possibility to cool
and condense vapour generated by the main (pri-
mary) parasitic heat leak 18; the cold sub-cooled lig-
uid in the liquid accumulator reservoir 6 cools and
condenses vapour bubbles 22 when liquid exists in
the two-phase reservoir 5 or condenses vapour with
forming drops of liquid 23 on the heat exchange sur-
face 15, the heat exchanger 15 being designed hav-
ing a surface area calculated to condensate vapour
corresponding to 10-15% of the evaporator input
heat load 17 (maximum possible values of the heat
leak), so that the two-phase line 12 is usually filled
with liquid, which is the nominal regime of the LHP
operation in steady state conditions, the heat ex-
changer 15 being the main means of vapour parasitic
heat leak tolerance;

- a self-induced "core sweepage" mechanism to en-
sure compensation of the parasitic heat leak during
transient regimes, such that the secondary capillary
pump 40 guarantees the removal of vapour from the
evaporator core 16 to the remote compensation
chamber 20 and the liquid return 13 to the stabiliza-
tion-compensation chamber 10, which is especially
important during transient operation regimes
(change of input heat 17 or/and condenser temper-
ature) with elevated heat leak;

- design of the stabilization-compensation chamber
10 as a cold liquid accumulator, providing effective
compensation of secondary parasitic heat leak
through secondary capillary pump 40.

[0049] Thus, the main vapour / non-condensable gas-
es tolerance means are located in maximum proximity
to the evaporators 2. Moreover, not only the liquid flowing
from the condenser 27 reaches the evaporator 2, but also
liquid storage in the liquid accumulator reservoir 6 can
be supplied to the evaporator 2 when required (mainly in
transient regimes), providing additional reliability for the
system. Besides, several additional redundant means
can be considered: auxiliary LHP and / or thermal elec-
trical cooler, for example.

[0050] Vapour generated by internal heat leak 18 in
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the evaporator core moving to the two-phase reservoir 5
is condensed by the heat exchanger 15 (nominal case
operation). Therefore the two-phase line 12 connecting
the two-phase reservoir 5 and the remote compensation
chamber 20 is usually filled with liquid.

[0051] Duringthe mostunfavourable transientregimes
part of vapour 11, which could not be condensed com-
pletely on the heat exchange surface 15 in the stabiliza-
tion-compensation chamber 10, can go to the remote
compensation chamber 20 to condensate there. The rest
of heat leak (secondary leak penetrating to the liquid
channel through the secondary capillary pump 40 will be
compensated with condensation in the liquid accumula-
torreservoir 6 in the stabilization-compensation chamber
10 by sub-cooled liquid.

[0052] Presence ofthe remote compensation chamber
20 gives the opportunity to manage non-condensable
gas inside of the LHP. In typical LHP, non-condensable
gas is located in the compensation chamber 10 in prox-
imity of the evaporator 2 and can penetrate to the evap-
orator core 16 and thus influence more significantly the
evaporator 2 and therefore, the LHP operation, In the
proposed design according to the invention, non-conden-
sable gas will move to the remote compensation chamber
20 and it will accumulate non-condensable gas prevent-
ing negative impact on LHP operation.

[0053] Suchschemeguaranteesvapour/non-conden-
sable gases tolerance of the LHP device 1 and system
reliability (especially in transient regimes) individually,
passively and automatically for every evaporator 2 (of
multiple evaporator option), without the necessity of hav-
ing an active control. This design is a simpler and more
robust alternative to the active external "forced pumping"
designs of known technical solutions in the prior art
equipped with remote auxiliary capillary or mechanically
pumped loops for the entire system. The secondary cap-
illary pump 40 is working as a capillary pump of the sec-
ondary loop with remote compensation chamber 20 as
acondenser to absorb heatleak through the primary cap-
illary pump 30. Thus, the secondary capillary pump 40
has similar function as a remote auxiliary capillary or me-
chanically pumped loop in known designs.

[0054] A remote compensation chamber 20 (common
for all evaporators 2 of multiple evaporator option) includ-
ed in the proposed design serves to accumulate liquid
and to compensate the liquid volume changes during the
LHP device 1 operation. This large reservoir helps to
avoid the obligation of designing a large volume com-
pensation chamber for the individual evaporators in the
multiple evaporator option (in ordinary LHPs with multiple
evaporators their volumes depend strongly on the total
number of evaporators 2 in the system). Therefore, this
configuration allows having a scalable design which can
be fitted easier to the required number of evaporators 2
and the specific requirements of each application, be-
cause evaporators 2 will have same design independ-
ently on the design and volume of the lines, condensers
27, total number of evaporators 2, etc. Only the volume
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of the remote compensation chamber 20 has to be ad-
justed for specific requirements.

[0055] The design and location of the remote compen-
sation chamber 20 can be selected depending on the
functional purposes and the geometrical constraints.
However, itis recommendable to control the temperature
of the remote compensation chamber 20. For these pur-
poses, several options can be considered and the best
solution can be selected depending on each application
requirements:

- tohavean active control by using a heater or thermal
electrical cooler, to control the temperature and fa-
cilitate the priming of the loop prior to the start up;

- to have a heat link with the environment to maintain
its temperature in a certain range.

[0056] The LHP device 1 of the invention can comprise
several optional additional elements, such as:

- asubcooler located between the condenser 27 and
the outlet of the liquid line 24;

- a capillary blocker can be installed at the outlet of
parallel condensers 27 for a better vapour distribu-
tion between them;

- additional capillary blockers could be also introduced
at the outlets of the liquid lines 24 of multiple evap-
orators 2 to prevent the liquid line 24 and the evap-
orators 2 to experience pressure drops.

[0057] The LHP device 1 of the invention may further
comprise external auxiliary means such as cold bias links
or thermal electric coolers for subcooling the liquid inside
the liquid accumulator reservoirs 6 in the stabilization-
compensation chambers 10.

[0058] There also exist other auxiliary elements to pro-
vide subcooling to the liquid accumulator reservoirs 6 in
the stabilization-compensation chamber 10: this cooling
is settled mainly as additional means to remove the back
conduction of the evaporators 2 and parasitic heat leak
totheliquidline 24. Thus, several options are considered:

- cold bias links;
- thermal electric coolers located on the stabilization-
compensation chamber 10.

[0059] All the above-mentioned options should be
carefully evaluated for every particular case depending
on the operational conditions desired for the LHP device
1.

[0060] Although the present invention has been fully
described in connection with preferred embodiments, it
is evident that modifications may be introduced within
the scope thereof, not considering this as limited by these
embodiments, but by the contents of the following claims.
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Claims

Loop heat pipe apparatus (1) for heat transfer and
thermal control, using a two-phase fluid as a working
media and comprising:

- at least one evaporator (2) to be connected
with a heat source and comprising a thermal sta-
bilization-compensation chamber (10) attached
to the at least one evaporator (2) and a second-
ary capillary pump (40) located inside the ther-
mal stabilization-compensation chamber (10),
- at least one condenser (27) to be connected
with a heat sink,

- liquid lines (24) and vapour lines (28) connect-
ing the at least one evaporator (2) and the at
least one condenser (27), and

- a remote compensation chamber (20),
characterized in that the thermal stabilization-
compensation chamber (10) comprises a two-
phase reservoir (5) and a liquid accumulator res-
ervoir (6) separated by a heat exchange surface
(15), such that the remote compensation cham-
ber (20) is hydraulically connected with the two-
phase reservoir (5) and the liquid accumulator
reservoir (6).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to claim 1, wherein the
primary capillary pump (30) comprises outer vapour
channels (19) to collect and remove heat from a
cooled device and inner vapour channels (16) to col-
lect and remove vapour produced by parasitic heat
leak penetrating through the primary capillary pump
(30).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to claim 2, wherein the
inner vapour channels (16) are linked with the two-
phase reservoir (5) of the stabilization-compensation
chamber (10) where the removed vapour generated
due to parasitic heat leak is condensed on the ded-
icated heat exchange surface (15).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of the preceding
claims, wherein the secondary capillary pump (40)
contains an inner liquid channel (26) with a bayonet
tube (7) for liquid returned from the condenser (27)
and the remote compensation chamber (20)

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of the preceding
claims, wherein the remote compensation chamber
(20) has an internal capillary structure which sepa-
rates the liquid return line (13) from entire volume of
the remote compensation chamber (20) to prevent
vapour flow/bubbles penetrating into the liquid return
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10

10.

1.

12.

13.

line (13) and into the liquid accumulator reservoir (6)
of the stabilization-compensation chamber (10).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of the preceding
claims, wherein the remote compensation chamber
(20) is connected with the two-phase reservoir (5) of
the stabilization-compensation chamber (10) by the
two-phase line (12) and with the liquid accumulator
reservoir (6) of the stabilization-compensation
chamber (10) by the direct liquid return line (13).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of claims 1 to 5,
wherein the remote compensation chamber (20) is
connected with the two-phase reservoir (5) of the
stabilization-compensation chamber (10) by the two-
phase line (12) and with the liquid accumulator res-
ervoir (6) of the stabilization-compensation chamber
(10) by the liquid return line (13) and the liquid trans-
port line (24).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of claims 1 to 5,
wherein the remote compensation chamber (20) is
connected with the two-phase reservoir (5) of the
stabilization-compensation chamber (10) by the two-
phase line (12) and with the liquid accumulator res-
ervoir (6) of the stabilization-compensation chamber
(10) by one liquid line (13) which has two functions:
to transport liquid to the bayonet (7) entrance of the
evaporator (2) from the condenser (27) via the liquid
transport line (24), and to return liquid from the re-
mote compensation chamber (20).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of the preceding
claims, further comprising several evaporators (2).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of the preceding
claims, further comprising several condensers (27).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to claim 9 or 10, compris-
ing a capillary blocker in the liquid transport line (24)
in the liquid inlet of every evaporator (2).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to claim 10, comprising a
capillary blocker in the liquid outlet of every condens-
er (27).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to any of the preceding
claims, further comprising external auxiliary means
for subcooling of liquid inside of liquid accumulator
reservoirs (6) of stabilization-compensation cham-
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bers (10).

Loop heat pipe apparatus (1) for heat transfer and
thermal control, according to claim 13, wherein the
external auxiliary means for subcooling of liquid in-
side of liquid accumulator reservoirs (6) of stabiliza-
tion-compensation chambers (10) are cold bias links
or thermal electric coolers.
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