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Abstract: Heat switches are devices for controlling heat flow in various applications, such as elec-
tronic devices, cryogenic cooling systems, spacecraft, and rockets. These devices require non-linear
transient thermal simulations, in which there is a lack of information. In this study, we introduce
an innovative 1D thermo-hydraulic lumped parameter model to simulate loop heat pipes as heat
switches by regulating the temperature difference between the evaporator and the compensation
chamber. The developed thermo-hydraulic model uses the continuity, energy, and momentum
equations to represent the behaviour of loop heat pipes as heat switches. The model also highlights
the importance of some thermal conductance parameters and correction coefficients for accurately
simulating the different operational states of a loop heat pipe. The simulations are conducted using
the proposed 1D model, solved through the application of the Mathcad block function. The numerical
model presented is successfully validated by comparing the temperatures of the evaporator and
condenser inlet nodes with those of a referenced loop heat pipe from the literature. In conclusion, in
this research, the mathematical modelling of loop heat pipes as heat switches is presented. This is
achieved by incorporating correction coefficients with Boolean logic that results in non-linear transient
simulations. The presented 1D thermo-hydraulic lumped parameter model serves as a valuable tool
for thermal system design, particularly for systems with non-linear operational modes like sorption
compressors. The graphical and nodal representation of this proposed 1D thermo-hydraulic model
further enhances its utility in understanding and optimising loop heat pipes as heat switches across
various thermal management scenarios.

Keywords: heat switch; loop heat pipe; lumped parameter model; 1D thermo-hydraulic model;
dry-out; start-up; aerospace; space systems

1. Introduction

Heat pipes are highly efficient heat transfer devices, functioning on the principles of
fluid phase transition and thermal conduction. They come in various geometries and sizes,
typically in the form of sealed tubular devices filled with a specific type and amount of
working fluid. The fluid undergoes vaporisation at the evaporator section, which is in
contact with a heat source. Using the pressure generated by temperature differences, the
vapour travels to the condenser, where it releases its latent heat to a cold source. The fluid
then condenses back into liquid form and is passively pumped by the Wick structure back
to the evaporator through capillary action. This combination of liquid and vapour phases
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enables extremely efficient heat transfer. Since heat pipes are closed-circuit systems, they
operate continuously.

Heat pipes exhibit non-linear performance and require modelling encompassing heat
transfer, fluid flow, and thermodynamics. These devices find wide applications in the
aerospace industry, whether as individual heat pipes [1], pulse oscillating heat pipes [2],
or loop heat pipes [3,4]. The advantage of loop heat pipes over standard heat pipes lies in
their ability to dissipate substantial heat power over long distances without any loss in
performance.

Heat switches (HS) are devices designed to regulate heat conduction within specific
temperature ranges, typically from 0.05 K to nearly 400 K [5]. Heat switch technology
finds important applications in “vibration-free” sorption compressors used in cryogenic
Joule–Thompson coolers [5]. These advanced cooling systems are employed in space
and ground scientific missions, such as Planck [6], Metis [7], and other Earth observation
infrared missions [8–10]. The incorporation of heat switches in these systems ensures
reliable performance by eliminating disruptive vibrations, leading to enhanced accuracy
and precision in scientific measurements. Among the various heat switch technologies, the
gas-gap heat switch (GGHS) [5,8,11–19] is most commonly used.

A recent developed sorption compressor system, part of the vibration-free cryogenic
cooler project at Nova University (Portugal), as referenced in [9,10], has implemented a gas-
gap heat switch that did not meet performance expectations. Unexpectedly long periods of
both cooling and heating were observed due to higher thermal conductance in the elements
between the sorption cell and the cooling source. This discrepancy is likely attributed to the
OFF state of the gas-gap heat switch, which is almost three times higher than expected [10].
The design requirements for this cryogenic cooler unit included maintaining an evaporator
temperature (cold tip) at 80 K, achieving a cooling power between 1 W and 1.5 W and
fitting the system within a volume of 0.2 m3. The cooler system comprises four adsorption
cells, each containing 600 m of active medium made of HKUST-1, and a set of valves
that regulate gas flow. After the compressed refrigerant gas exits the compression unit, it
undergoes cooling through the heat exchanger. Subsequently, during its expansion through
a Joule–Thomson valve, the refrigerant absorbs heat from the device being cooled. The
adsorption cells of the compressor operate within the temperature range of 150 K to 400 K.
Electric heaters and heat sinks are employed for heating and cooling the cells, respectively.
Heat switches are used to establish thermal contact between these heated sorption cells and
the heat sink (cold plate at 150 K). The OFF state of the switch is activated when heating
the cell for gas desorption (compression), while the ON state is employed when the aim
is gas adsorption during expansion, allowing heat dissipation into the cold source (heat
sink). The malfunctioning gas-gap heat switch has been identified as a contributing factor,
leading to undesired extended cycle duration and increased heating power requirements
for the sorption cell.

A loop heat pipe presents promising alternative heat switch solutions in this sorp-
tion compressor application. This functionality is achieved by enabling the control of
the temperature differential between the evaporator and the compensation chamber, as
described in [20,21]. To implement it, a 1D thermo-hydraulic lumped parameter model
mathematical model, as in [22–30], capable of predicting design and thermal performance,
is necessary. This model should account for transient responses, complex interactions
involving two-phase fluid flow, heat transfer, flow through porous structures, dry-out and
priming phenomena, as well as condensation and evaporation within the loop heat pipe.

This article’s objective is to introduce an analytical 1D thermo-hydraulic mathematical
model, offering a comprehensive understanding of the non-linear behaviour and thermal
performance of loop heat pipes when functioning as heat switches. Currently, there is a lack
of mathematical modelling references to address how the loop heat-pipe responds thermally
in transient simulations, considering various state modes, such as a de-primed wick. By
considering the intricate dynamics of two-phase fluid flow, heat transfer, and various
phenomena, our objective is to provide valuable insights for the design and optimization
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of loop heat pipes as heat switches, particularly for sorption compressors in systems used
for space applications.

The innovation of this article lies in its demonstration of how a lumped parameter
model of a loop heat pipe can be effectively configured to illustrate its non-linear behaviour,
resembling that of a heat switch. This non-linearity is a distinguishing feature due to
the loop heat pipe having five (5) distinct operational states. These valuable insights will
significantly contribute to improving the efficiency and performance of various engineering
applications that require a transient simulation and cannot be analysed by a steady-state
approach.

This paper, which aims to develop a 1D thermo-hydraulic lumped parameter
model [22–30] for a loop heat pipe working as a heat switch, is organized as follows:
Section 2 presents the mathematical model of the loop heat pipe working as a heat switch,
Section 3 focuses on the dimensioning parameters, such as geometry and fluid proper-
ties, which are used in the simulations, and the corresponding results are presented in
Section 4. Section 5 involves a discussion on the challenges and achievements from the prop-
osed model.

2. Modelling

The geometrical configuration of the loop heat pipe used for the proposed mathemat-
ical model is based on Figure 1. It comprises a heat source (Node 8), a vapour transport
line (Nodes 2 to 3), a liquid transport line (Nodes 5 to 6), a condenser (Nodes 3, 4 and 5),
compensation chamber liquid (Nodes 6 to 7) and an evaporator (Node 1).

Figure 1. Loop heat pipe generic configuration.

In this model, the loop heat pipe is analysed as a system of nodes and control volumes,
Mi−j, as shown in Figures 2 and 3. Nodes are used to represent the solid elements, and
control volumes Mi−j are assigned to represent a specific mass of liquid or vapour that
exists on each section. For example, between Node 1 (evaporator entrance) and Node 2
(evaporator exit) there is control volume M1−2, which defines the contained mass in a
vapour state within the evaporator vapour chamber. This logic is applied to the remaining
nodes and control volumes.

With these nodes and control volumes, we define a thermo-hydraulic model that can
be represented as in Figures 2 and 3 using resistive, capacitive, and inductive elements.

By defining the boundary conditions at the evaporator, compensation Chamber and
external temperature nodes, i.e., Q̇evap, Q̇CC and Text, respectively, a 1D model represented
by a set of Ordinary Differential Equations (ODEs) can be obtained. The results of these
equations allow for a comprehensive understanding of the transient thermo-hydraulic
behaviour of the loop heat pipe when operating as a heat switch.
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Figure 2. Equivalent thermal network with nodes and control volumes.

Figure 3. Equivalent hydraulic network with nodes and control volumes.

The circuit elements presented in Figures 2 and 3, the thermal and hydraulic network
systems, respectively, are based on equivalent electrical circuit elements such as Resistive R,
Capacitive C and Inductive L. For clarity and consistency within this article, symbol G is
used to represent thermal conductance, deviating from conventional symbol Rth used for
thermal resistance, given that G = 1

Rth
. This decision was made to avoid confusion with

the use of R f l in the hydraulic model, as previously described.

2.1. Thermal Network Model

The loop heat pipe thermal network consists of two distinct elements: thermal con-
ductance (G) and thermal capacitance (Cth). Thermal conductance can be either axial or
emphradial as shown in (1) and (2):

G =
kA
L

, axial, (1)

G =
2πLk

ln
(

dout
din

) , radial, (2)
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where A is the cross-sectional area through which heat transfer occurs, k is the material
thermal conductivity, L is length, and dout and din are the outside and inside diameters,
respectively, for the case of the evaporator being a radial element. The thermal conductance
values shown in Figure 2, based on the previous assumptions, are as follows:

• G(8−1): Represents the thermal conductance between Node 8 and Node 1 relative to
the heat source and evaporator, respectively.

• G(1−CC): Represents the thermal conductance between Node 1 and the compensation
chamber node.

• G(1−ext): Represents the thermal conductance between Node 1 and the external node,
relative to the evaporator and the external environment temperature node. This
includes the transport pipeline for the liquid phase.

• G(CC−ext): Represents the thermal conductance between the compensation chamber
node and the external environment temperature node. This includes the transport
pipeline for the vapour phase.

The thermal conductance associated with convection between fluids and surfaces, i.e.,
GCC−(6−7) and G(3−4)−ext, is as in (3):

G = hA, (3)

where h is the convective heat transfer coefficient of liquid or vapour, and Ah is the contact
surface area between the fluids. The h coefficient is an empirical value usually obtained
through thermal tests.

Finally, we can address the last two thermal conductances that are associated with the
Wick and evaporator components, i.e., G(1−(1−2)) and G(1−(6−7)), respectively. In both Gs,
it is necessary to understand whether the loop heat pipe is an axial (1) or radial (2) design,
and also include convective coefficient h (3) every time there is a thermal contact between
fluid and solid. However, a different approach is required for the Wick effective thermal
conductivity, kw, as shown in [31]:

kw = ks

[
2 + kl/ks − 2ε(1− kl/ks)

2 + kl/ks + ε(1− kl/ks)

]
. (4)

In (4), ks is the solid material thermal conductivity, kl is the thermal conductivity of the
working fluid in a liquid phase, and ε represents Wick porosity. The thermal capacitances
(Cth) considered for the thermal network from Figure 1 are

• Cth8 : Represents the thermal capacitance of evaporator saddle.
• Cth1 : Represents the thermal capacitance of evaporator grooves that are in contact

with the Wick.
• CthCC : Represents the thermal capacitance of compensation chamber cannister.
• Cth(6−7)

: Represents the thermal capacitance of fluid inside the compensation chamber.

These thermal capacitances are then evaluated by

Cth = Vρcp = Mcp, (5)

where M is the mass, V is the volume of the given node, ρ is material density and cp is
material heat capacitance of the associated node. Similarly, in Wick thermal conductance,
there is also an effective thermal capacity to be estimated:(

ρcp
)

w = ε
(
ρcp
)

l + (1− ε)
(
ρcp
)

s. (6)
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The general transient heat conduction equation governing each solid node (T8, T1, TCC,
T(6−7)) is given by

Ci
dTi
dt

= ±
j(adjacent nodes)

∑
j=1,j 6=i

Gij|Ti − Tj|
{
+ Incoming heat power to node i
− Outgoing heat power f rom node i

, (7)

where Ti is the temperature of node i, Tj is the temperature of adjacent node j, and Gij is
the thermal conductance between i and j.

2.2. Hydraulic Network Model

Modelling fluid processes pose significant challenges in this study. To overcome this
challenge, first, it is necessary to understand the fundamentals of the elements used in the
hydraulic network; Figure 3. The modelling of fluid processes necessitates the use of three
elements, including fluid storage Capacitance, C f l , used to estimate the pressure variation

in P1 due to V̇; and since the vapour phase is compressible, i.e., ∂ρv
∂t 6= 0, it results in

C f l =
Vv

γRgasTv
, (8)

where Vv is vapour tank volume, γ is vapour adiabatic index, Rgas is specific gas constant
and Tv is vapour temperature.

Flow inductance L is used to estimate the “quantity of motion”, ∂ṁv
∂t , and it is therefore

expressed as

L f l =
Le f f

Av
, (9)

where Le f f is the effective length of the pipe at vapour tank exit, and Av is the hydraulic
area of the transport lines.

Lastly, we have the fluidic resistance, R f l , that is obtained from Hagen–Poiseuille and
the Darcy equation:

R f l =
8µvLe f f

ρv Avrv2 , (10)

where Le f f is the effective length of the pipe at vapour tank exit, µv is the vapour dynamic
viscosity, ρv is the vapour density, Av is the hydraulic area, and rv is the internal radius of
the transport lines.

The foregoing three basic elements, C f l , L f l and R f l , are used in the governing equa-
tions of energy, momentum and continuity in order to construct an equivalent hydraulic
network as illustrated in Figure 3. For the hydraulic network, several fundamental assump-
tions are to be considered:

Assumption 1. Fluid path is considered one-dimensional.

Assumption 2. The liquid phase is assumed to be incompressible.

Assumption 3. The vapour phase is represented using ideal gas equations.

Assumption 4. Vapour temperature and pressure variation are derived from the Clausius–Clapeyron
equation.

Assumption 5. The flow is assumed to be laminar for both vapour and liquid phases.
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Assumption 6. Evaporation and condensation phenomena are confined to the evaporator and
condenser zones, respectively.

Assumption 7. The temperature of liquid present in the Wick section of the heat pipe is assumed
to be equal to the temperature of the Wick in that region.

The liquid and the vapour are divided into two different regions, i.e., liquid tanks
and vapour tanks, respectively, as shown in Figure 3. For the vapour, we have three tanks
corresponding to the vapour storage in the evaporator grooves, the adiabatic tube and the
condenser. There are two vapour paths corresponding to the flow through the vapour tanks.
Similarly, three liquid tanks and two liquid paths are assumed for the liquid region. The
liquid region and vapour region are connected by two additional paths, which represent
evaporation and condensation, using latent heat h f g expression ṁ = Q̇h/h f g. The fluid
cycle, represented in Figures 2 and 3, can be summarized in six steps:

Step 1 The evaporator, Node 1, is heated up and the liquid tank M(7−1) produces vapour;
a mass of vapour ṁ1 is produced and flows into vapour tank M(1−2).

Step 2 Pressure, P(1−2), increases inside vapour tank M(1−2) and the mass of vapour, ṁ2,
is pushed into vapour tank M(2−3), i.e., representing the adiabatic vapour tube
pipe.

Step 3 Pressure, P(2−3), increases inside the vapour tank M(2−3) and the mass of vapour,
ṁ3, is pushed into the vapour tank M(3−4), i.e., representing vapour on the
condenser tube.

Step 4 The condenser (Node 4) cools down and a mass of fluid ṁ4 is condensed and
flows into condenser liquid tank M(4−5).

Step 5 The condensed liquid pushes a mass of liquid ṁ5 from condenser liquid tank
M(4−5) through the tube pipe, i.e., from Node 5 to Node 6, leaving the tube with
a mass of liquid ṁ6 into compensation chamber tank M(6−7).

Step 6 The liquid entering compensation chamber tank M(6−7) pressure-pushes a mass
of liquid ṁ7 again to Wick tank M(7−1), thus completing the fluid loop.

In the upcoming sections, we develop the energy, momentum, and continuity equa-
tions that are specific to each fluidic element. Separate equations are derived for the vapour
and liquid phases to account for their distinct behaviours.

2.2.1. Vapour Equations

Vapour masses (M(1−2), M(2−3) and M(3−4)) are modelled as an ideal gas ∂Pv
∂ρv

= γRTv

(as in Assumption 3), which means that continuity equation Vv
∂ρv
∂t = ∑ ṁv applied to the

three vapour masses is rewritten as follows:(
MwV(1−2)

R0T(1−2)

)
dP(1−2)

dt
= ṁ1 − ṁ2 → C f l(1−2)

dP(1−2)

dt
= ṁ1 − ṁ2, (11)

(
MwV(2−3)

R0T(2−3)

)
dP(2−3)

dt
= ṁ2 − ṁ3 → C f l(2−3)

dP(2−3)

dt
= ṁ2 − ṁ3, (12)

(
MwV(3−4)

R0T(3−4)

)
dP(3−4)

dt
= ṁ3 − ṁ4 → C f l(3−4)

dP(3−4)

dt
= ṁ3 − ṁ4, (13)

where ṁ is the mass flow rate, P is the pressure, R0 is the universal gas constant, t is
time, V is the tank volume, T is the temperature of the vapour in the tank, Mw is the
atomic weight, and Cth is the flow capacitance. The temperature time derivative, ∂T

∂t , of
the adiabatic vapour masses M is modelled according to the Clausius–Clapeyron relation,
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(
∂T
∂P

)
Sat

= cnst, as discussed in [32], providing a link between vapour pressure P and
temperature T:

T(1−2)

dt
=

(
∂T
∂P

)
Sat

P(1−2)

dt
, (14)

T(2−3)

dt
=

(
∂T
∂P

)
Sat

P(2−3)

dt
, (15)

T(3−4)

dt
=

(
∂T
∂P

)
Sat

P(3−4)

dt
. (16)

Following Assumptions 1 and 5, the 1D momentum equations for the vapour flow
through the vapour ducts are as follows:

ρ
∂u
∂t
− ν

∂2u
∂x2 +

∂P
∂x

= 0. (17)

Integrating Equation (17) for each section in the evaporator and adiabatic pipe effective
lengths, i.e., Le f f(1−2)

and Le f f(2−3)
, respectively, we obtain

∫
Le f f

ρ
∂u
∂t

dx−
∫

Le f f

µ
∂2u
∂x2 dx +

∫
Le f f

∂P
∂x

dx = 0. (18)

Assuming that we have constant fluid properties in time and space, a laminar flow
(using Hagen–Poiseuille and Darcy relations), each term of Equation (18) can be developed
and reduced as follows:∫

Le f f

ρ
∂u
∂t

dx = Le f f ρv
du
dt

=
Le f f

Av

dṁ
dt

= L f l
dṁ
dt

, (19)

∫
Le f f

µ
∂2u
∂x2 dx =

8µvLe f f

ρv Avrv2 ṁv = R f lṁv, (20)

∫
Le f f

∂P
∂x

dx = ∆PvLe f f
, (21)

substituting these three terms into (18) for the evaporator and adiabatic pipe length section,
i.e., Le f(1−2)

and Le f(2−3)
, respectively, we have, finally,

L f l(1−2)

dṁ2

dt
=
(
(P(1−2) − P(2−3))− R f l(1−2)

ṁ2

)
, (22)

L f l(2−3)

dṁ3

dt
=
(
(P(2−3) − P(3−4))− R f l(2−3)

ṁ3

)
. (23)

In (22) and (23), electrical analogy is represented as shown in Figure 3. R f l represents
the resistance of flow through the vapour path, L f l represents a measure of the effort to the
change in the flow rate, ∆PvLe f f

represents the resulting force that causes the flow, and ṁv

represents the flow rate.

2.2.2. Liquid Equations

For liquid masses (M(4−5), M(6−7) and M(7−1)), the continuity equations are as follows:

dM(4−5)

dt
= (ṁ4 − ṁ5), (24)
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dM(6−7)

dt
= (ṁ6 − ṁ7), (25)

dM(7−1)

dt
= (ṁ7 − ṁ1). (26)

The liquid flow inside the Wick porous medium and the adiabatic liquid line is
modelled with the Darcy equation:

∆P =
µLV̇
κA

, (27)

where κ is the porous Wick permeability, L is the length of the Wick, A is the sectional area,
V̇ is the volumetric flow and µ is the liquid viscosity. Taking into account that the liquid is
assumed to be incompressible (as in Assumption 2), the liquid flow in the Wick and the
adiabatic liquid line are purely flow resistive, where the fluid velocity is constant and the
liquid mass flow rate is estimated by the local pressure drop using the Darcy equations:

ṁ6 =

(
P(4−5) − P(5−6)

)
R f l(5−6)

, (28)

ṁ7 =

(
P(6−7) − (P(1−2) − fε∆Pcap)

)
R f l(7−1)

, (29)

where R f l represents the liquid flow resistance. Additionally, the Wick capillary pump func-
tionality, fε∆Pcap, is included in (29), which generates a differential pressure between liquid
and vapour fluids through capillarity. This effect follows the Young–Laplace equation:

∆Pcap =
2σ

rc
, (30)

where ∆Pcap is the capillary liquid/vapour pressure build up, rc is the capillary radius,
and σ is the surface tension. Correction coefficient fε suggested in [22,23] accounts for the
influence of the Wick dry-out on pressure drop ∆Pv−l and is calculated as follows:

fε =

−
(

M7−1
M(7−1)0

)
+ 1, if 0 ≤ M7−1 ≤ M(7−1)0

P1−2−P7−1
2σ/rc

, if M7−1 > M(7−1)0

, (31)

where M(7−1)0
is the maximum liquid mass storage by capillary action on the Wick.

2.2.3. Solid/Fluid Coupling Equations

When we look into the latent heat (h f g) expression ṁ = Q̇h/h f g, it is possible to reach
an expression that can relate the thermal resistance between solid and fluidic networks.
The links between the vapour temperature nodes (T(1−2), T(2−3) and T(3−4)) and the solid
Wick temperature nodes (T8 and T1) are obtained as follows:

ṁ1 = fṁ1

Q̇8

h f g
= fṁ1 G(1−(1−2))

(
T1 − T(1−2)

)
h f g

, (32)

ṁ4 =
Q̇ext

h f g
= G((3−4)−ext)

(
T(3−4) − Text

)
h f g

, (33)

where Q̇8 is the input heat on the evaporator, Q̇ext is the output heat on the condenser, and
h f g is the latent heat of vaporisation/condensation. Recalling that the evaporating liquid
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temperature is assumed to be equal to the Wick temperature (as in Assumption 7), i.e.,
T1 = T(7−1), leads us to the energy equations between solid and fluid nodes that govern
the entire loop heat pipe:

M8cp8

dT8

dt
= Q̇evap − G(8−1)(T8 − T1), (34)

M1cp1

dT1

dt
= −G(8−1)(T8 − T1)− fG(1−(1−2))

G(1−(1−2))

(
T1 − T(1−2)

)
− G1−ext(T1 − Text)− G(1−(6−7))

(
T1 − T(6−7)

)
−

−G(1−CC)(T1 − TCC),
(35)

MCCcpCC

dTCC
dt

= Q̇CC − G(1−CC)(TCC − T1)− G(CC−(6−7))

(
TCC − T(6−7)

)
− G(CC−ext)(TCC − Text), (36)

M(6−7)cp(6−7)

dT(6−7)

dt
= −G(CC−(6−7))

(
T(6−7) − TCC

)
− G(1−(6−7))

(
T(6−7) − T1

)
+
(
ṁ6cp6 T6 − ṁ7cp7 T7

)
. (37)

Previous Equations (34)–(37) are developed using general transient heat conduction Equation (7)
with the help of Figures 2 and 3 as a reference.

2.3. Operational Constraints

In order to simulate the loop heat pipe operating as a heat switch, it is necessary to
add operational constraint functions to the mathematical model. These functions must
provide the five operating states of the loop heat pipe:

Step 1: The loop heat pipe must be in a stabilised condition, i.e., where the Wick (M7−1),
compensation chamber (M6−7) and condenser (M4−5) are primed with liquid;

Step 2: Heat power is applied to evaporator Node (8) causing an increase in condensation
mass at the condenser (M4−5);

Step 3: The applied heat power is at the maximum capillarity limit, resulting in Wick
dry-out;

Step 4: Heating or cooling of the compensation chamber cannister (MCC) results in a
reduction or increase in liquid in the compensation chamber (M6−7), respectively.

Step 5: Applying heat in the evaporator (M8) and compensation chamber cannister
(MCC) results in the reduction in liquid in the Wick (M7−1) and the compensation
chamber (M6−7), resulting in shut-off of the loop heat pipe.

The previously described operational States can be visualised in Figure 4, showing
how the fluid in the liquid and vapour phases migrates internally between the different
regions of the loop heat pipe.

To integrate these five operational States in the loop heat pipe mathematical model, it
is necessary to add the correction coefficients, fṁ1 and fG1−(1−2)

, as follows:

fṁ1 =


{

1, if ṁ1 < ṁ4.
ṁ7, otherwise.

, if M7−1 < M(7−1)0
.

1, otherwise,

(38)

fG1−(1−2)
=




1, if P6−7 ≤ P4−5.{

1, if ṁ1 < ṁ4.
ṁ7h f g

T1−T1−2
, otherwise.

, otherwise.
, if M6−7 < M(6−7)v .

1, otherwise,

(39)

where fṁ1 and fG1−(1−2)
are correction coefficients used in ṁ1, from Equation (32), and

G1−(1−2), respectively.
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The red and blue arrows shown in Figure 4 indicate the boundary condition inputs for
heating (red) and cooling (blue).

Figure 4. Operating States of the loop heat pipe as a heat switch.

3. Materials and Methods
3.1. Geometry and Working Fluid

The numerical model presented here is representative of a radial loop heat pipe with
similar parameters as in [33], shown in the Table 1:

Table 1. Loop Heat Pipe input properties for a numerical model.

OD ID Lenght Mass Material Permeability Porous
Radius

Evaporator 20 mm 16 mm 150 mm 1.5 kg Copper — —
Vapour line 5 mm 4 mm 2000 mm — S. Steel — —
Liquid line 5 mm 4 mm 2600 mm — S. Steel — —
Condenser 20 mm 16 mm 85 mm 1.4 kg S. Steel — —

Wick 16 mm 6 mm 120 mm 123 g S. Steel 5× 10−14 1.0 µm
Fluid — — — 66 g Water — —

The objective of the presented results is to show a loop heat pipe working as a heat
switch; therefore, no dedicated correlation process was performed in relation to an already
validated model [33].

3.2. Numerical Implementation

The system of equations obtained from the lumped parameter model is in the form of{
dy
dt = f (t, y)
y(t0) = y0

, (40)
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where
y =

(
T8, T1, ṁ1, T1−2, ṁ2, T2−3, ṁ3, T3−4, ṁ4, M4−5, ṁ6, T(6−7), M6−7, TCC, ṁ7, M7−1

)T
. (41)

This is a system of first-order linear differential equations. Once the initial conditions
and boundary conditions are defined correctly, the system can be solved with the help of
numerical schemes like Odesolve, returning a solution to an ordinary differential equation
(ODE), subject to initial value or boundary value constraint. This numerical model is
developed with the use of Mathcad® software 15.0 using ODE solve blocks.

4. Simulation Results
4.1. Loop Heat Pipe Model Validation

In accordance with the geometrical properties provided in Section 3.1, a validated
loop heat pipe model [33] was chosen as a reference for this article. To ensure the accuracy
and credibility of the presented model, a validation study was conducted by comparing
our analytical model with experimental tests performed on a loop heat pipe [33]. Through
this rigorous process, we obtained comparable results, thereby validating the lumped
parameter model. In Figure 5, the result is visible in the experimental test from [33], and
the current model is also visible, where Q̇evap = 10 W is applied for 1.4 h on the evaporator
(T8), and the external boundary temperature condition is Text = 23 ◦C.

Figure 5. T8 and T2−3 response comparisons between modeling results and experimental data.
(Q̇evap = 10W, Text = 23 ◦C) .

The comparison of results in Figure 5 shows a good approximation between the
proposed analytical model and experimental tests [33], where the temperature difference at
steady-state conditions is approximately 0.1 ◦C and −0.5 ◦C, respectively, at T8 and T2−3.
After 1.4 h, the power is turned off, i.e., Q̇evap = 0 W, and the loop heat pipe model returns
to the initial temperature state of 23 ◦C.

4.2. Loop Heat Pipe as a Heat Switch

In this section, we show transient simulation results of the developed lumped pa-
rameter model, which clarify the operation of the loop heat pipe functioning as a heat
switch. Figures 6–8 provide valuable insights into the behaviour of a loop heat pipe as a
heat switch, clarifying its internal temperature, mass balance, and pressure dynamics.

The numerical simulation begins from an initial stationary state at an ambient temper-
ature of Text = 23 ◦C, without any heating or cooling power applied. After a few seconds,
the evaporator (Node 8) and the condenser (Nodes 3–5) are subjected to a heat power
input of Q̇evap = 20 W and Q̇CC = 40 W, respectively, with a duration of 60 and 12 min as
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shown in Figure 6. This initiates the temperature increase in the evaporator (T8) and the
compensation chamber (TCC), resulting in the natural evaporation of liquid from the Wick
(M7−1). The liquid inside the compensation chamber (M6−7) also shows a reduction, as in
Figure 7. During this initial period, the pressure differential between the compensation
chamber (P6−7) and the condenser (P4−5), denoted as ∆P = P6−7 − P4−5, shows a positive
value. This means that there is no liquid flowing from the condenser (M4−5) to the com-
pensation chamber (M6−7), which results in a dry-out of the liquid in M6−7, as shown in
Figure 7. This dry-out phenomenon first occurs in the compensation chamber (M6−7) at
approximately 0.1 h, followed by the Wick (M7−1) at approximately 0.65 h.

Once the Wick and the compensation chamber have undergone dry-out, i.e., M6−7 =
M7−1 = 0, the loop heat pipe is considered in an off-state, and its temperature increases
linearly, as illustrated in Figure 6, from 0.65 h to 1 h. In this model, there are no significant
heat leaks that could cause the temperature of the evaporator (Node 8) and the compen-
sation chamber to cool down and restart the loop heat pipe operation. This means that it
forces the device to a start-up.

To demonstrate the functionality of the loop heat pipe as a heat switch device, a cooling
effect of Q̇CC = −70 W is imposed on the compensation chamber with a duration of 12 min.
This restarts the device in an operational mode. In order to initiate the operation, it is crucial
to establish a negative pressure differential between the compensation chamber (P6−7) and
the condenser (P4−5 = P3−4), i.e., ∆P = P6−7 − P4−5 < 0 Pa. This pressure differential
is essential for facilitating the suction of liquid into compensation chamber M6−7 and
Wick M7−1, as illustrated in Figure 8 at 1.1 h.

During the 12 min of Q̇CC = −70 W, the compensation chamber temperature re-
duces linearly to TCC ≈ 0 ◦C. At 1.1 h, the liquid inside Wick (M7−1) and compensation
chamber (M6−7) starts to increase and evaporator temperature T8 starts to decrease.

Finally, without any input heat load, the loop heat pipe returns to the equilibrium
ambient temperature of Text = 23 ◦C.

Figure 6. Chart with changing in temperatures in evaporator and compensation chamber (T8 and
TCC), and heating/cooling loads (Q̇evap and Q̇CC) over time.
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Figure 7. Chart with changing in liquid masses in condenser, compensation chamber and wick (M4−5,
M6−7 and M7−1), and heating/cooling loads (Q̇evap and Q̇CC) over time.

Figure 8. Chart with changing in differential pressure (∆P = P6−7 − P4−5) and heating/cooling loads
(Q̇evap and Q̇CC) over time.

5. Discussion

Loop heat pipes are commonly analysed using various analytical models, including
steady-state and transient models. In this study, we presented the lumped parameter model
which exhibits thermal performance comparable to that reported by other researchers [33],
indicating its reliability. It is worth noting that different authors may adopt distinct mod-
elling approaches, highlighting specific elements of the loop heat pipe or incorporating
additional components like radiators in the condenser line with sub-cooling effects, as
discussed in [24].

The primary objective of this article was to simulate the heat switch effect that occurs
during loop heat pipe dry-out. To achieve this, the model required adjustment parameters.
For instance, we set hCC to a value of 50 (W/(m2◦C)), resulting in a thermal conductance of
GCC = 0.267 (W/◦C), ensuring reliable behaviour of the condenser. However, it is crucial to
correlate this value with dedicated experimental data to enhance the model accuracy in
order to find the correct thermal conductance coefficient hCC due to convective effects.
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Additionally, the investigation of the convection coefficient between the vapour and
condenser lines (G(3−4)−ext) is another important aspect that required adjustments to
achieve a closer fit between the test data curve from [33] and our model.

During the development of this lumped parameter model, another interesting find-
ing emerged, which highlighted the criticality of correction coefficients, namely fṁ1 and
f G1−(1−2), to simulate the five operational states of the loop heat pipe. Similar to fε, as
suggested in [22,23], these correction factors account for the influence of Wick dry-out.

Interpreting these results in light of previous studies and working hypotheses, it is
evident that the lumped parameter model demonstrates thermal performance consistent
with that in the established literature, validating its efficacy as a modelling approach for
studying the heat switch effect during loop heat pipe dry-out. However, further investi-
gation is warranted to refine and validate the model by comparing it with experimental
data and exploring the convection coefficient between the vapour and condenser lines
(G(3−4)−ext) in greater detail.

An intriguing discovery emerged during the analysis of simulated results, as illus-
trated in Figures 6–8. This discovery relates to the connection between the startup event,
occurring at Time = 1.1 h, and the cooling process (Q̇CC) within the time frame of 1 to
1.2 h, specifically at the compensation chamber. In these figures (Figures 6–8), a significant
observation is that T8 initiates cooling before the compensation chamber completes its
cooling phase, which concludes at 1.2 h. This phenomenon can be attributed to the negative
pressure differential (∆P) between the compensation chamber (P6−7) and the condenser
(P4−5 = P3−4), defined as ∆P = P6−7 − P4−5 < 0Pa, as observed in Figure 8. This pressure
differential plays a crucial role in facilitating the inflow of liquid into the compensation
chamber (M6−7) and the Wick (M7−1), as depicted in Figure 8 at 1.1 h, enabling the device
to restart. This means that the start-up of the device could be achieved even with reduction
in cooling power (Q̇CC) or its time frame. Given the transient nature of heat switch thermal
simulations, a transient model proves to be a valuable tool, facilitating dimensioning and
allowing for the determination of the appropriate amount of heating or cooling power and
the respective application period.

From a broader perspective, this research contributes to the existing knowledge on loop
heat pipes by offering insights into their behaviour during dry-out and also highlighting
the significance of accurate parameter adjustment and correlation with experimental data.
Future research endeavours should concentrate on refining the model by incorporating
additional components such as condenser plates and examining other aspects of loop
heat pipe operation, such as the impact of dry-out effects and the optimization of thermal
conductance values like GCC and G(3−4)−ext.

6. Conclusions

In this study, we developed a lumped parameter model that incorporates solid and
fluidic networks to analyse the behaviour of a wicked heat pipe. By formulating a system
of first-order linear differential equations, we obtained a comprehensive mathematical
representation of the loop heat pipe operation. The model was solved using Mathcad
ODEsolver and validated through comparisons with experimental data from the literature.
Notably, we successfully demonstrated the loop heat pipe’s effectiveness as a heat switch
device. Our investigation led to several key conclusions.

Firstly, we found that the lumped parameter model exhibits excellent agreement with
experimental results, underscoring its potential as a tool for evaluating the performance
of loop heat pipes as heat switch devices. The model’s ability to replicate experimental
outcomes validates its reliability and accuracy.

Secondly, our study introduced a novel mathematical model capable of predicting
the transient behaviour of loop heat pipes as a heat switch. By adopting an innovative
approach to switch the loop heat pipe on and off, we unlocked the possibility of leveraging
loop heat pipes as heat switch devices. This advancement expands the application potential
of loop heat pipe technology.
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Furthermore, we identified the convective heat transfer coefficient, denoted by h, as
a critical factor influencing the performance of loop heat pipes as heat switch devices.
This coefficient plays a crucial role in facilitating heat transfer between the compensation
chamber canister and its fluid, as well as between the vapour and the condenser pipe. To
ensure accurate predictions, it is imperative to correlate the h coefficient using experimental
data, enhancing the model’s reliability.

To simulate the five operational states of the loop heat pipe effectively, we introduced
a set of corrective coefficients, namely fṁ1 and fG1−(1−2)

. These coefficients were essential
for accurately capturing the intricate dynamics of the loop heat pipe system, enabling us to
analyze and understand its behaviour comprehensively.

Moreover, we observed that applying cooling power to the compensation chamber
resulted in a reduction in pressure within the chamber, leading to the cooling of the
evaporator. This cooling effect played a crucial role in restarting the fluid loop within the
loop heat pipe. Our current model provides valuable insights into estimating the required
cooling power for successful loop heat pipe startup, aiding in the design and optimization
of loop heat pipe-based systems.

While our research made significant strides, further improvements to the mathemat-
ical model are necessary to broaden its applicability. Specifically, simulating loop heat
pipes with different geometries and achieving higher accuracy requires a more detailed
representation of the processes occurring within the compensation chamber. By refining
the model and incorporating these enhancements, we can advance our understanding of
loop heat pipes and unlock their full potential in various engineering applications.

The conclusion of this article highlights the suitability of a lumped parameter model
as a mathematical approach for predicting the non-linear behaviour of a loop heat pipe
operating as a heat switch. However, in order to determine the fidelity and limitation of
this non-linear behaviour, it is advisable to perform a model correlation against dedicated
test campaigns.

As a future development on the validation of these devices, a valuable recommen-
dation is to establish a correlation between this simplified model and more advanced
simulation software such as Thermal Desktop® 6.3 and ESATAN® 2023 that use specialised
toolboxes for loop heat pipes.
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Abbreviations
The following abbreviations are used in this manuscript:

HS heat switch
GGHS gas-gap heat switch
LHP loop heat pipe
Evap evaporator
CC compensation chamber
LPM lumped parameter model
ODE ordinary differential equations
Q̇evap input heat power on the evaporator, W
Q̇CC input heat/cool power on the evaporator, W
T temperature of node(s), ◦C
M mass of node(s), kg
cp specific heat at constant pressure, J/(kg·◦C)
Cth thermal capacitance of node(s), J/◦C
G thermal conductance, W/◦C
C f l fluid storage capacitance, s2·m
P absolute pressure, Pa
V̇ volumetric flow rate, m3/s
ρv volumetric mass density of vapour, kg/m3

t time, s
Vv volume of stored vapour, m3

γ adiabatic index
Rgas specific gas constant, J/(kg·K)
R0 universal gas constant, J/(K·mol)
Tv vapour temperature, K
L f l fluid inductance, 1/m
Le f f fluid tube effective length, m
Av vapour hydraulic area, m2

Ah convective surface area, W/(m2·◦C)
R f l fluid flow resistance, s2·m
Rth thermal resistance, ◦C/W
L length, m
k thermal conductivity, W/(m·◦C)
dout outside diameter, m
din internal diameter, m
h convective heat transfer, W/(m2·◦C)
kw equivalent thermal conductivity of Wick, W/(m·◦C)
ks thermal conductivity of solid, W/(m·◦C)
kl thermal conductivity of liquid, W/(m·◦C)
ε Wick porosity, %
V volume, m3

h f g fluid latent heat, J/kg
Qh input heat power, W
ṁ mass flow rate, kg/s
Mw fluid atomic weight, g/mol(

∂T
∂P

)
Sat

Clausius–Clapeyron relation at saturation curve, g/mol

µ fluid dynamic viscosity, Pa·s
κ Wick permeability, m2

∆Pcap capillary pressure generated between liquid/vapour, Pa
rc capillary meniscus radius, Pa
σ fluid surface tension, N/m
fε correction coefficient to account the Wick dry-out
fṁ1 correction coefficient on ṁ1
fG1−(1−2)

correction coefficient on G1−(1−2)
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