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Abstract 15 

 16 
Loop heat pipes (LHP) and other two-phase passive thermal devices, such as heat pipe loops (HPL), 17 

represent a very attractive solution for the energy management of systems characterized by a distributed 18 

presence of heating and cooling zones and by the needs of fast start-up, reliability, low cost and lightness. 19 

Even if the usual application for these devices is in the space sector, there could be a potential significant 20 

application for the automotive industry, for the development of embedded thermal networks for full 21 

electric vehicles (FEV), in order for example to recover the waste heat for cabin heating and cooling or 22 

to improve the aerodynamic efficiency. In the present investigation, the possibility to implement a new 23 

thermal control for an electric vehicle comprising from heat pumps (HP) and LHP, is here evaluated. In 24 

more detail, a 1-D lumped parameter model (LPM) that is able to predict the transient behaviour of a 25 

LHP in response of varying boundary and initial conditions, is developed and validated against literature 26 

experimental data. A novel methodology for treating numerically the condenser is proposed and 27 

validated for three different working fluids. An extensive parametric analysis is also conducted, showing 28 

the robustness of the thermal solution for different conditions and proving the possibility of using the 29 

proposed numerical code both for feasibility studies and for optimization purposes. A feasibility study 30 

utilizing the proposed model is also conducted and the results indicate that an array of LHPs can 31 

effectively transport heat from the motor section of the vehicle to the underbody, reducing significantly 32 

the aerodynamic losses. 33 
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Nomenclature 38 

 39 

𝐴 
Exchange surface (m2) 𝑅𝑑 

Distributed hydraulic resistance 

(bar s/kg) 

𝑐𝑝 
Specific heat (J/kg K) 𝑅𝑝𝑤𝑣𝑜 

Thermal resistance primary 

wick/vapour grooves (K/W) 

𝑔 
Gravity (m/s2) 𝑅𝑝𝑤2 

Thermal resistance primary 

wick/inlet bayonet (K/W) 

𝐻 Total enthalpy (J) 𝑅𝑣𝑜𝑤𝑎𝑙𝑙 
Thermal resistance vapour 

grooves/wall (K/W) 

ℎ Specific enthalpy (J/kg) 𝑅𝑤𝑎𝑙𝑙𝑝𝑤 
Thermal resistance wall/primary 

wick (K/W) 

ℎ𝑐 Convection coefficient (W/K m2) 𝑟 Radius (m) 

ℎ𝐿𝑉 
Specific enthalpy of vaporisation 

(J/kg) 
�̅� Medium pore radius (m) 

𝑘 Thermal conductivity (W/m K) 𝑇 Temperature (K) 

𝑘𝑐 
Constant for pressure losses in a 

turn 
𝑇𝑠𝑎𝑡 Saturation temperature (K) 

𝑘𝑔 Adiabatic index 𝑡 Time (s) 

𝐿 Length (m) 𝑡ℎ𝑖𝑐𝑘𝑒𝑣 Evaporator wall thickness (m) 

𝑚 Mass (kg) 𝑢 Specific internal energy (J/kg) 

�̇� Mass flow rate (kg/s) 𝑉 Volume (m3) 
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𝑃 Pressure (bar) 𝑣 
Fluid velocity/ Specific volume 

(m/s)/(m3/kg) 

𝑃∗ Reduced pressure 𝑥 Vapour quality 

𝑃𝑟, 𝑅𝑒 Prandtl and Reynolds numbers 𝑧 Height (m) 

�̇�𝑐 Heat lost at the condenser (W) 𝛼𝑓 
Dittus-Boelter coefficient  

(W/K m2) 

�̇�𝑒𝑥𝑡 External power (W) Δ𝑥 Length of the condenser node (m) 

�̇�𝑙𝑒𝑎𝑘 Heat leakage (W) 𝜂 Wick tuning parameter 

�̇�𝑙𝑙 Heat lost at the liquid line (W) 𝜇 Viscosity (Pa s) 

�̇� Heat balance resultant (W) 𝜌 Density (kg/m3) 

𝑅𝑐 
Concentrated hydraulic resistance 

(bar s/kg) 
𝜎 Surface tension (N/m) 

LHP Loop Heat Pipe FEV/HEV Full/Hybrid Electric Vehicle 

LPNM Lumped Parameter Network Model CC Compensation Chamber 

Subscripts 

bay Bayonet v Vapour 

CC Compensation Chamber vc Vapour chamber 

c/cond Condenser vg Vapour grooves 

e External vl Vapour line 

evap Evaporator vo Vapour Grooves outlet 

i Internal/node of the condenser wall Evaporator wall 

l Liquid 1 Inlet of CC 

ll Liquid Line 2 Bayonet inlet 

pw Primary wick 2p Two-phase 

sw Secondary wick 3 Bayonet inside the wick 

 40 

1. Introduction 41 

 42 

Worldwide, the growing request to move away from fossil fuels has further pushed the research of 43 

alternative sources of energy in the automotive industry. At the moment, one of the most promising 44 

solutions remains the development of full or hybrid electric vehicles (FEV and HEV), as important and 45 

innovative automotive companies have started to sell electric vehicles on a worldwide scale. A clear 46 

drawback of FEVs is the lack of a sufficient source of waste heat for the cabin thermal management. 47 

Therefore, the need of consumption of electric power for the HVAC system constitutes a considerable 48 

drawback in the overall efficiency of the vehicle. This could be addressed by the implementation of a 49 

Heat Pump with an efficient thermal network, enabling the use of waste heat. This requires the design 50 

and the implementation of a smart thermal management (STM) system characterised by high efficiency, 51 

lightness, low-cost and flexibility, able to transport heat at various operating temperatures. A perfect 52 

example of such systems is the loop heat pipe (LHP). 53 

A LHP is a special type of heat pipe (HP), able to transfer heat for long distances (~10-20 m) [1],[2]. It 54 

was developed in the Soviet Union in the early 1980s. The LHP differs from the standard wicked HP due 55 

to the fact that the wick is present in the evaporator only, allowing heat transfer for long distances, at a 56 

lower weight and cost. It is a two-phase flow based device that exploits cyclic phase-change 57 

(evaporation/condensation) of a working fluid, removing heat from a certain component and 58 

subsequently releasing it to a cold part. It is a passive device since the main motion force of the working 59 

fluid is the capillary action within the porous structure of the evaporator. 60 

A LHP is composed by a wicked evaporator, a vapour line, a condenser, a liquid line and a compensation 61 

chamber, as illustrated in Fig. 1. When the evaporator is in contact with a hot source, the working fluid 62 

inside the wick evaporates and the action of capillarity makes the liquid to move and rewet the dry wick 63 

pushing the vapour to flow through the vapour line to the condenser. In the condenser, condensation 64 

occurs releasing heat to the surroundings. From the condenser, the liquid (usually subcooled) returns to 65 

the evaporator via the liquid line. 66 

Inside the evaporator the liquid flows through the central bayonet (also called evaporator core), wets the 67 

so-called secondary wick (Fig. 1) and then moves to the primary wick. When heat is provided, 68 

evaporation occurs in the primary wick on which vapour grooves or channels are drilled. Hence, the 69 

vapour generated by evaporation, flows mostly into the vapour grooves, due to the lower pressure drop, 70 

while a smaller part flows through non-wicked passages (usually dug into the secondary wick) to the so-71 

called compensation chamber (CC). The application of external heat causes the liquid to evaporate both 72 

at the outer and the inner side of the primary wick and this lost heat responsible for the inner side 73 
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evaporation, known as heat leakage (or parasitic heat or back conduction), needs to be minimized through 74 

a specific design. It is usually estimated being 10% of the total heat [3]. 75 

The CC can be considered as part of the evaporator. It acts as a reservoir where both the liquid and vapour 76 

phases of the working fluid are present. In more detail, it receives vapour from the internal surface of the 77 

primary wick and provides condensed liquid to the secondary wick. Moreover, it provides a continuous 78 

flow of the working liquid to the secondary wick in the case that dry-out occurs. The most common 79 

manufacturing materials for a LHP are stainless steel and aluminium for the pipes and the container 80 

(evaporator wall), and titanium, copper and nickel for the wick structures. The most common working 81 

fluids are water, ammonia and methanol [4]. 82 

   83 
Fig. 1 – Loop Heat Pipe schematic. 84 

In the recent years, extensive research work has been carried out on modelling and design for LHPs, 85 

especially for space applications. In 2005, Maydanik [2] published a review on developments, theoretical 86 

analysis and testing of LHP, reporting the different emerging types of LHPs: large, controllable, high 87 

heat flux, ramified, reversible, flat evaporators and miniature LHPs. 88 

In 2012, Ambirajan et al. [4] summarized the fundamental thermodynamics behind the LHP operations, 89 

highlighting the studies on the different key factors such as filling ratio, evaporator configurations (flat 90 

or cylindrical; with or without bayonet), influence of different parameters on the start-up. Moreover, the 91 

authors reported several thermodynamic models on LHPs and a brief guideline on the main design 92 

aspects. 93 

Regarding the application, it is worth pointing out two reviews published in 2014, Maydanik et al. [5] 94 

and Wang et al. [6], regarding LHP with flat evaporators and for solar heating applications, respectively. 95 

Flat-shaped evaporators are gaining a lot of attention for the fact that they will perfectly adapt to the 96 

surface of the electronic component to cool down, both in space and on ground. Solar heating is one of 97 

the more popular application for LHP that is not dedicated to the space environment only, and Wang et 98 

al. pointed out some interesting aspects on how to make cost effective LHPs, suggesting to consider real 99 

weather conditions and to assess the impact that they might have on economic, environmental and social 100 

aspects. 101 

Quite a great number of works has been published on steady state numerical simulations of LHPs, 102 

summarized in the review by Siedel et al. [7], in which a three categories grouping is presented: complete 103 

LHP numerical models; numerical description of the evaporator only; analytical approaches. 104 

Fewer works has been found on numerical models addressing the transient behaviour of the LHP. In 105 

2008, Kaya et al. [8] presented a numerical model to simulate transient performance of a LHP, indicating 106 

how with low heat powers experimental investigation are needed to assess the heat leakage problem. In 107 

the same year,  Vlassov et al. [9] created a transient mathematical model, coupling evaporator and CC 108 

with a thermal network, for an ammonia-LHP for space application. In 2009, Xin et al. [10] analysed the 109 

transient behaviour of a double LHP system for the Alpha Magnetic Spectrometer (AMS-02) present on 110 

the ISS, by means of SINDA/FLUINT. In the same field, the aerospace company Astrium developed a 111 

semi-explicit thermo-hydraulic model for both steady state and transient condition for design of LHP for 112 

space application [11]. 113 

The main objective of the present investigation is to understand the feasibility of the integration of a LHP 114 

in the heating/cooling distribution system of a FEV. A Lumped Parameter Model of the LHP is developed 115 

in order to assess the feasibility of implementing a thermal control system for a FEV, utilising an array 116 

of LHPs, for the direct heat control of the cabin (increasing passenger comfort) and the reduction of the 117 

cooling drag of the vehicle (increasing the aerodynamic performance). To the authors’ best knowledge, 118 

this is the first case that this solution is investigated through a transient model. 119 
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The proposed feasibility study was conducted in direct partnership with Tata Motors European Technical 120 

Centre (TMETC) inside an Innovate UK project. TMETC provided the necessary boundary and 121 

operating conditions (e.g. external heat transfer coefficients, required heat loads and geometry of FEV) 122 

utilising high resolution 3D Computational Fluid Dynamics Simulations (CFD). 123 

 124 

2. Lumped Parameter Network Model 125 

 126 

A lumped parameter network model (LPNM) represents the behaviour of a physical system concentrating 127 

different sub-components in discrete nodes, where the variables of interest are calculated under 128 

simplified assumptions. In this way, the complexity of integrating the mass, momentum and energy 129 

balance equations along actual geometries are avoided, and this is particularly useful when the system is 130 

large compared with the scale of the phenomena, such as in presence of phase-change. In fact, a CFD 131 

analysis of flows in porous structures with phase change in a system with a global length of several 132 

meters may become unfeasible, and only a hybrid approach [12] may be a good alternative with respect 133 

to the method used in the present paper. For LPNM, the thermal electrical [13] and hydraulic electrical 134 

[14] analogies are typically used to analyse the system. Their principal features are listed in the following 135 

table. 136 

Table 1 - Electric analogies. Rt is the thermal resistance, Rd is the pressure resistance associated to the distributed 137 
losses and Rc is the pressure resistance associated to the concentrated losses. 138 

Parameter Electrical Thermal Hydraulic 

Potential 

(value at the nodes) 
𝑉 

Electric Potential 
𝑇 

Temperature 
𝑃 

Pressure 

Flux 

(value travelling through the network lines) 
𝐼 

Current 
�̇� 

Heat Transfer Rate 

�̇�𝑣 
Volumetric flow rate 

Resistance 𝑅 𝑅𝑡 𝑅𝑑 , 𝑅𝑐 

Fundamental Law 
∆𝑉 = 𝑅𝐼 

Ohm’s Law 

∆𝑇 = �̇�𝑅𝑡 

Newton’s Law 

∆𝑃 = �̇�𝑣(𝑅𝑑) 

Poiseuille’s Law 

 139 

The final mathematical form of this approach is a simplified ordinary differential equation system (ODE) 140 

for transient conditions. Hence, an approximate, but still accurate solution is achieved, reducing 141 

significantly the computational time. The proposed LPNM code consists of a module for the start-up and 142 

four additional modules (evaporator, liquid and vapour line, and condenser) in accordance to the actual 143 

components division of the simplified system (Fig. 1). 144 

The general model assumptions are: the model is one dimensional; the liquid is assumed to be 145 

incompressible; vapour is assumed to be compressible and it is treated as ideal gas; the vapour line is 146 

assumed to be adiabatic; the working fluid physical properties are calculated as function of temperature 147 

and/or pressure, employing polynomial fits obtained by empirical data [15].  148 

This proposed model stands out as allows to perform transient simulation (most of the LPNM are steady-149 

state) and it introduces a novel numerical treatment for the condenser analysis. Moreover, the model 150 

adapts the condenser nodes in order to ensure mass conservation with different integration time step and 151 

boundary conditions.  152 

 153 

2.1. Start-Up model 154 

Aiming at reproducing numerically a realistic, transient application, all the LHP parts at the beginning 155 

are at the same ambient temperature  𝑇𝑎𝑚𝑏 . The chosen start-up scenario is when the liquid fills 156 

completely both the wick and the bayonet, with vapour present only in the vapour grooves. Consequently, 157 

the vapor expands immediately as soon as the external heat load is applied [16] and the fluid assumes 158 

the corresponding saturation pressure at the initial ambient temperature. Since the LHP is a closed system 159 

with known, constant total specific volume 𝑣𝑓𝑟, the transient condition has to be treated as an isochoric 160 

heating, and pressure needs to be incremented accordingly until the corresponding temperature at the 161 

condenser and the liquid line is high enough to be able to dissipate the total heat input. 162 

The procedure is to “chase” the pressure corresponding to the new value of internal energy of the liquid-163 

vapour mixture, given by the following equation: 164 

𝑢(𝑡𝑖+1) = 𝑢(𝑡𝑖) +
�̇�∆𝑡

𝑚𝑒𝑣𝑎𝑝
 (1) 
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where the internal energy of the mixture is obtained by the following equation 𝑢 = 𝑥𝑢𝑣 + (1 − 𝑥)𝑢𝑙 in 165 

which the initial vapour quality is estimated by the initial specific volume, i.e. filling ratio, 𝑥 = (𝑣𝑓𝑟 −166 

𝑣𝑙)/(𝑣𝑣 − 𝑣𝑙). 167 

This operation is then repeated for every time step according to the classical heat balance equation: 168 

�̇�𝑒𝑥𝑡 = �̇�𝑐 + �̇�𝑙𝑙 + 𝑚𝑒𝑣𝑎𝑝

𝑑𝑇𝑒𝑣𝑎𝑝

𝑑𝑡
 (2) 

where �̇�𝑐 and  �̇�𝑙𝑙  are the heat dissipated respectively at the condenser and at the liquid line (the vapour 169 

line is adiabatic). From equation (2), the parameter �̇� in equation (1) can be easily derived: 170 

�̇� =  �̇�𝑒𝑥𝑡 − �̇�𝑐 − �̇�𝑙𝑙  −
𝑚𝑒𝑣𝑎𝑝(𝑑𝑇𝑒𝑣𝑎𝑝)

𝑑𝑡
= �̇�𝑒𝑥𝑡 − �̇�𝑐 − �̇�𝑙𝑙 −

𝑚𝑒𝑣𝑎𝑝(∆𝑇𝑒𝑣𝑎𝑝)

∆𝑡
 (3) 

To conclude the start-up calculations, the mass flow rate is obtained as: 171 

 �̇� =
�̇�𝑒𝑥𝑡

ℎ𝐿𝑉
 (4) 

where ℎ𝐿𝑉 is the heat of vaporisation. 172 

 173 

2.2. Evaporator model 174 

It was deemed appropriate to decouple the compensation chamber from the evaporator and analyse these 175 

two domains separately. The proposed configuration is represented schematically in Fig. 2. 176 

 177 
Fig. 2. Evaporator / Compensation Chamber schematic. 178 

From the liquid line, liquid enters the compensation chamber. Therefore, it can be assumed that the liquid 179 

inside the bayonet and inside the CC has the same temperature (𝑇𝑐𝑐 = 𝑇2). Since the CC always contains 180 

both liquid and vapour,  𝑇𝑐𝑐 was considered as the saturation temperature for that node. 181 

Applying the energy balance equation to the compensation chamber domain: 182 

�̇�𝑒𝑥𝑡 + �̇�𝑙𝑒𝑎𝑘 = �̇�𝑐𝑝(𝑇1 − 𝑇𝑐𝑐) + 𝑚𝑐𝑐𝑐𝑝,𝑐𝑐

𝑑𝑇𝑐𝑐

𝑑𝑡
 (5) 

leaves 𝑇𝑐𝑐 as the only unknown since 𝑇1 is known from the liquid line last node. 183 

Using the calculated value of 𝑇𝑐𝑐 from equation (5), the pressure in the CC can be also estimated (𝑃𝑐𝑐 =184 

𝑓𝑠𝑎𝑡(𝑇𝑐𝑐)).  185 

The thermal network in Fig. 3 represents the evaporator, with arrows representing the heat flow 186 

directions. Writing the balance equation for every node gives the ODE system that can be solved for 187 

obtaining the temperature values: 188 

 189 

𝑑𝑇𝑣𝑜

𝑑𝑡
= [+

𝑇𝑣𝑜 − 𝑇𝑝𝑤

𝑅𝑝𝑤𝑣𝑜
 −

(𝑇𝑣𝑜 − 𝑇𝑤𝑎𝑙𝑙)

𝑅𝑣𝑜𝑤𝑎𝑙𝑙
 + �̇�𝑐𝑝,𝑣 (𝑇𝑠𝑎𝑡 − 𝑇𝑣𝑜 )]

1

𝑚𝑣𝑜𝑐𝑝,𝑣
 (6) 

𝑑𝑇𝑝𝑤

𝑑𝑡
= [+

𝑇𝑝𝑤 − 𝑇𝑣𝑜

𝑅𝑝𝑤𝑣𝑜
−

𝑇𝑝𝑤 − 𝑇𝑤𝑎𝑙𝑙

𝑅𝑤𝑎𝑙𝑙𝑝𝑤
−

𝑇𝑝𝑤 − 𝑇cc

𝑅𝑝𝑤2
− �̇�𝑙𝑒𝑎𝑘 − �̇�ℎ𝐿𝑉 ]

1

𝑚𝑝𝑤𝑐𝑝𝑤
 (7) 

𝑑𝑇𝑤𝑎𝑙𝑙

𝑑𝑡
= [−

𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑣𝑜

𝑅𝑣𝑜𝑤𝑎𝑙𝑙
−

𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑝𝑤

𝑅𝑤𝑎𝑙𝑙𝑝𝑤
+ �̇�𝑒𝑥𝑡]

1

𝑚𝑤𝑎𝑙𝑙𝑐𝑝𝑤𝑎𝑙𝑙
 (8) 

 190 

where the signs result according to the arrow directions in Fig. 3. The first equation represents the balance 191 

at the vapour grooves node. Equation (7) represents the balance at the primary wick node considering 192 

the heat leakage and enthalpy of vaporisation as well. The last equation represents the balance at the 193 

evaporator wall node. 194 
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 195 
Fig. 3. Thermal Network of the evaporator. 196 

In equation (6), in addition to the sensible heat terms, also the enthalpy difference between inlet and 197 

outlet of the vapour grooves is considered, in order to take into account the amount of superheat. In the 198 

primary wick, the removal of the latent heat is taken into account through the last term in equation (7), 199 

within the brackets.  200 

Below the thermal resistances are reported:  201 

𝑅𝑝𝑤𝑣𝑜 =
1

ℎ𝑐𝑣𝑔𝐴𝑣𝑔
+

ln (
𝑟𝑝𝑤

𝑟𝑠𝑤
)

2𝜋𝑘𝑝𝑤𝐿𝑝𝑤
 (9) 

𝑅𝑣𝑜𝑤𝑎𝑙𝑙 =  
1

ℎ𝑐𝑣𝑔𝐴𝑣𝑔
+

ln (
𝑟𝑝𝑤 + 𝑡ℎ𝑖𝑐𝑘𝑒𝑣

𝑟𝑝𝑤
)

2𝜋𝑘𝑤𝑎𝑙𝑙𝐿𝑝𝑤
 

(10) 

𝑅𝑝𝑤2 =
ln (

𝑟𝑝𝑤

𝑟𝑠𝑤
)

2𝜋𝑘𝑝𝑤𝐿𝑝𝑤
+

ln (
𝑟𝑠𝑤

𝑟𝑏𝑎𝑦,𝑒
)

2𝜋𝑘𝑠𝑤𝐿𝑠𝑤
+

1

ℎ𝑐,𝑏𝑎𝑦𝐴𝑏𝑎𝑦
 

(11) 

𝑅𝑤𝑎𝑙𝑙𝑝𝑤 =  

ln (
𝑟𝑝𝑤

𝑟𝑠𝑤
)

2𝜋𝐿𝑝𝑤𝑘𝑝𝑤
∙

1
ℎ𝑐𝑣𝑔𝐴𝑣𝑔

1
ℎ𝑐𝑣𝑔𝐴𝑣𝑔

+
ln (

𝑟𝑝𝑤

𝑟𝑠𝑤
)

2𝜋𝐿𝑝𝑤𝑘𝑝𝑤

+

ln (
𝑟𝑝𝑤 + 𝑡ℎ𝑖𝑐𝑘𝑒𝑣

𝑟𝑝𝑤
)

2𝜋𝑘𝑤𝑎𝑙𝑙𝐿𝑝𝑤
 (12) 

 202 

where ℎ𝑐,𝑣𝑔 = 3.66
𝑘𝑙

2𝑟𝑣𝑔
 [3] is the convection coefficient inside the vapour grooves. 203 

Looking at the pressure values, starting from pressure 𝑃1 and using the electric-hydraulic analogy the 204 

pressure inside the bayonet (𝑃3) can be calculated: 205 

𝑃2 = 𝑃1 − �̇�𝑅𝑑12 𝑅𝑑12 =  
8𝜇𝑙𝐿𝑐𝑐

𝜌𝑙𝜋𝑟𝑐𝑐,𝑖
4  (13) 

𝑃3 = 𝑃2 − �̇�𝑅𝑑23 𝑅𝑑23 =  
8𝜇𝑙𝐿𝑏𝑎𝑦

𝜌𝑙𝜋𝑟𝑏𝑎𝑦,𝑖
4  (14) 

In order for the fluid to circulate inside the device, a positive ∆𝑃𝑐𝑎𝑝 due to capillarity needs to be applied 206 

by the wicks, governed by the Laplace-Young equation [17]: 207 

 ∆𝑃𝑐𝑎𝑝 =
2𝜎

𝑟
𝑐𝑜𝑠𝜃 (15) 

where 𝑟  is the medium pore radius and 𝜃 is the equilibrium contact angle of the menisci in the wick 208 

pores. In steady-state conditions ∆𝑃𝑐𝑎𝑝 compensates the sum of all the pressure drops along the LHP. 209 

Thus, the pressure balance equation is the following: 210 

∆𝑃𝑐𝑎𝑝 = ∆𝑃𝑣𝑜 + ∆𝑃𝑣𝑙 + ∆𝑃𝑐𝑜𝑛𝑑 + ∆𝑃𝑙𝑙 + ∆𝑃𝑏𝑎𝑦 (16) 

Given the small size of the pipe, the hydraulic inertia of the fluid is not considered. 211 

Since equation (11) contains two terms, such as 𝑟  and wettability, which are rarely given by the 212 

experimenters, a parameter 𝜂 was added to tune the pressure terms: 213 

𝑃𝑠𝑤 = 𝑃3 + 𝜂
2𝜎

𝑟 𝑠𝑤
 (17) 
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𝑃𝑝𝑤 = 𝑃𝑠𝑤 + 𝜂
2𝜎

𝑟 𝑝𝑤
 

The accuracy of this assumption is assured by the fact that the curvature of the menisci changes naturally 214 

in order to have a capillary pressure which balances the total pressure drop in the loop [18]. To close the 215 

pressure side analysis for the evaporator, the pressure drop inside the vapour grooves is calculated: 216 

𝑃𝑣𝑜 = 𝑃𝑝𝑤 − �̇�𝑅𝑑𝑣𝑔 

(18) 
𝑅𝑑𝑣𝑔 =  

8𝜇𝑣𝐿𝑣𝑔

𝜌𝑣𝜋𝑟𝑣𝑔,𝑖
4  

2.3. Vapour Line model 217 

Vapour is assumed to be an ideal and compressible gas, and the vapour line is adiabatic. Therefore 218 

standard polytropic relations with exponent 𝑘𝑔 are used [19]: 219 

𝑇𝑃
1−𝑘𝑎

𝑘𝑔 = 𝑐𝑜𝑠𝑡 (19) 

where 𝑘𝑔 =
𝑐𝑝

𝑐𝑣
   is the adiabatic index. 220 

From the evaporator values, temperature and pressure at the start of the vapour line are known, hence: 221 

𝑃𝑖+1 = 𝑃𝑖 − �̇�(𝑅𝑑,𝑖 + 𝑅𝑐,𝑖)  + 𝑔𝜌𝑣∆𝑧𝑣𝑙  (20) 

where 𝑅𝑐 =
𝑘𝑐𝑣

2𝜋𝑟𝑖
2 and 𝑘𝑐 is a parameter that takes into account the additional pressure loss given by a turn 222 

[20]. 223 

In eq. (20), the i subscript is the node number and the last term is the pressure drop due to gravity, which 224 

depends from the position of the condenser with respect to the evaporator, i.e., if the latter is at a higher 225 

elevation ∆𝑧𝑣𝑙, will have a negative sign. 226 

𝑇𝑖+1 = 𝑇𝑖  (
𝑃𝑖

𝑃𝑖+1
)

1−𝑘𝑔
𝑘𝑔

 (21) 

𝜌𝑖+1 = 𝜌𝑖  (
𝑃𝑖+1

𝑃𝑖
)

1
𝑘𝑔

 (22) 

𝑣𝑖+1 =
�̇�

𝜌𝑖+1 𝜋𝑟𝑖
2 (23) 

This sequence will be executed for every node resulting in the calculation of the values for temperature 227 

and pressure at the inlet of the condenser. 228 

 229 

2.4. Condenser model 230 

The first node of the condenser is considered to have a vapour quality of one, assuming that no early 231 

condensation happens inside the vapour line. The vapour superheat is not common and desirable, so this 232 

has been disregarded. Working fluid properties when the considered regime is two-phase flow are 233 

calculated using the following empirical relations: 234 

 Internal convective heat transfer coefficient (Shah’s Correlation [21]): 235 

 236 

ℎ𝑐,𝑖 = 𝛼𝑓 [(1 − 𝑥)0.8 +
3.8𝑥0.76(1 − 𝑥)0.04

𝑃∗0.38 ] (24) 

where 𝛼𝑓 = 0.023𝑅𝑒0.8𝑃𝑟0.3 𝑘𝑙

2𝑟𝑖
 is the liquid convection coefficient from Dittus-Boelter [21] and 𝑃∗ is 237 

the reduced pressure; 238 

 Two-phase density: 239 

𝜌2𝑝 = 𝑥𝜌𝑣 + (1 − 𝑥)𝜌𝑙 (25) 

 Two-phase viscosity [22]: 240 

𝜇2𝑝 = 𝜇𝑙 − 2.5𝜇𝑙 (
𝑥𝜌𝑙

𝑥𝜌𝑙+(1−𝑥)𝜌𝑣
)

2

+ (
𝑥𝜌𝑙(1.5𝜇𝑙+𝜇𝑣)

𝑥𝜌𝑙+(1−𝑥)𝜌𝑣
)   (26) 
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The total number of condenser nodes 𝑛𝑐 is obtained considering that the mass inside the single node 241 

should be equal to the quantity of working fluid passing through the node multiplied by the integration 242 

time step: 243 

𝑚𝑖 =  𝜌𝑙𝜋𝑟𝑖
2𝐿𝑥 = 𝜌𝑙𝜋𝑟𝑖

2
𝐿𝑐𝑜𝑛𝑑

𝑛𝑐

 (27) 

𝑛𝑐 =  
𝜌𝑙𝜋𝑟𝑖

2𝐿𝑐𝑜𝑛𝑑

𝑚𝑖
=

𝜌𝑙𝜋𝑟𝑖
2𝐿𝑐𝑜𝑛𝑑

�̇�ℎ𝑠𝑡𝑒𝑝
 (28) 

Since the mass flow rate is a function of the external heat, the number of nodes are also function of the 244 

external heat. Therefore, the lower the heat input, the higher is the necessary number of nodes and thus 245 

the computational time. 246 

The iterative procedure starts from the pressure evaluation: 247 

𝑃𝑖 = 𝑃𝑖−1 − �̇�(𝑅𝑑 + 𝑅𝑐) (29) 

The equations of conservation for energy and mass for each node i are: 248 

Energy 
𝑑𝐻𝑖

𝑑𝑡
=

𝑑(𝑚𝑣ℎ𝑣 + 𝑚𝑙ℎ𝑙)

𝑑𝑡
= �̇�𝑐,𝑖 + �̇�(ℎ𝑖−1 − ℎ𝑖) (30) 

Mass 𝑚𝑖−1 +
𝑑𝑚𝑖

𝑑𝑡
= 𝑚𝑖 (31) 

From the mass balance, since there is no mass variation in time in the single control volume representing 249 

node i (i.e. there is no mass storage in the node): 250 

𝑑𝑚𝑖

𝑑𝑡
=

𝑑(𝑚𝑣 + 𝑚𝑙)

𝑑𝑡
=

𝑑(𝜌𝑙𝑉𝑙)

𝑑𝑡
+

𝑑(𝜌𝑣𝑉𝑣)

𝑑𝑡
= 0 (32) 

𝜌𝑙

𝑑𝑉𝑙

𝑑𝑡
= −𝜌𝑣

𝑑𝑉𝑣

𝑑𝑡
 (33) 

This allows to further expand equation (26): 251 

𝑑(𝜌𝑣𝑉𝑣ℎ𝑣)

𝑑𝑡
|

𝑖
+

𝑑(𝜌𝑙𝑉𝑙ℎ𝑙)

𝑑𝑡
|

𝑖
= �̇�𝑐,𝑖 + �̇�(ℎ𝑖−1 − ℎ𝑖) (34) 

Both vapour and liquid enthalpies are functions of the temperature only, and, since equilibrium phase-252 

change processes are considered, the temperature is constant for a given pressure, and therefore also ℎ𝑣 253 

and ℎ𝑙 are constant. Moreover, density values 𝜌𝑣 and 𝜌𝑙 are calculated from the two-phase relations as a 254 

function of the pressure difference between two nodes, thus they can exit the derivative too: 255 

𝜌𝑙ℎ𝑙

𝑑𝑉𝑙

𝑑𝑡
|

𝑖
+ 𝜌𝑣ℎ𝑣

𝑑𝑉𝑣

𝑑𝑡
|

𝑖
= �̇�𝑐,𝑖 + �̇�(ℎ𝑖−1 − ℎ𝑖) 256 

−𝜌𝑙ℎ𝐿𝑉

𝑑𝑉𝑙

𝑑𝑡
|

𝑖
= �̇�𝑐,𝑖 + �̇�(ℎ𝑖−1 − ℎ𝑖) (35) 

where: 257 

 ℎ𝐿𝑉 = ℎ𝑣 − ℎ𝑙 is the enthalpy of vaporisation; 258 

 ℎ𝑖−1 − ℎ𝑖 is the difference of enthalpy between two adjacent nodes; 259 

 𝑄𝑐,𝑖 is the heat loss to the cold source at every node, defined according to 260 

 
�̇�𝑐,𝑖 =

𝑇𝑐 − 𝑇𝑖(𝑃𝑖)𝑠𝑎𝑡

𝑅𝑡,𝑖
 (36) 

where the temperature of the node is calculated from the solution of the pressure problem.  261 

Coming back to equation (32), considering that  𝑉𝑙 =
𝑚𝑙

𝜌𝑙
=

𝑚𝑡𝑜𝑡(1−𝑥)

𝜌𝑙
, it is possible to express the 262 

differential equation of the condenser as a function of vapour quality only: 263 

 −ℎ𝐿𝑉
𝑑((1−𝑥)𝑚𝑡𝑜𝑡)

𝑑𝑡
=

𝑇𝑐−𝑇𝑖(𝑃𝑖)𝑠𝑎𝑡

𝑅𝑡,𝑖
+ �̇�(ℎ𝑖−1 − ℎ𝑖) (37) 

 −ℎ𝐿𝑉
𝑑(1−𝑥)

𝑑𝑡
𝑚𝑡𝑜𝑡 − ℎ𝐿𝑉(1 − 𝑥)

𝑑𝑚𝑡𝑜𝑡

𝑑𝑡
=

𝑇𝑐−𝑇𝑖(𝑃𝑖)𝑠𝑎𝑡

𝑅𝑡,𝑖
+ �̇�(ℎ𝑖−1 − ℎ𝑖) (38) 

Since the total mass in the node is constant 
𝑑𝑚𝑡𝑜𝑡

𝑑𝑡
= 0 and therefore from equation (34), 264 
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 𝑑𝑥

𝑑𝑡
|

𝑖
=

𝑇𝑐 − 𝑇𝑖(𝑃𝑖)𝑠𝑎𝑡

𝑅𝑡,𝑖𝑚𝑖ℎ𝐿𝑉
+

�̇�

𝑚𝑡𝑜𝑡

(ℎ𝑖−1 − ℎ𝑖)

ℎ𝐿𝑉
 (39) 

This approach, to the author’s best knowledge, is a novel treatment regarding the numerical description 265 

of the condenser behaviour. 266 

 267 

2.5. Liquid Line model 268 

The liquid is incompressible and subcooled, and the temperature of the surroundings 𝑇𝑎𝑚𝑏 is known from 269 

the boundary conditions. 270 

The heat exchange at the node is equal to: 271 

 𝑄𝑙𝑙,𝑖 =
𝑇𝑎𝑚𝑏 − 𝑇𝑖  

𝑅𝑡,𝑖
 (40) 

where: 272 

 𝑅𝑡,𝑖 =
1

ℎ𝑐𝑒,𝑖𝐴𝑒,𝑖
+

1

ℎ𝑐𝑖,𝑖𝐴𝑖,𝑖
; 273 

 ℎ𝑐𝑖,𝑖 = 0.023𝑅𝑒0.8𝑃𝑟𝑛𝑑𝑏 𝑘𝑙

2𝑟𝑖
  with ndb being Dittus-Boelter coefficient which is 0.4 for heating and 0.3 274 

for cooling [23] and ℎ𝑐𝑒,𝑖 depending on the application; 275 

For the pressure: 276 

𝑃𝑖+1 − 𝑃𝑖 = �̇�(𝑅𝑑,𝑖 + 𝑅𝑐,𝑖)) − 𝑔𝜌𝑙∆𝑧𝑙𝑙 (41) 

where 𝑔𝜌𝑣∆𝑧𝑙𝑙 is the pressure drop due to gravity, which in this case assists the fluid motion. 277 

To close the solution cycle: 278 

𝑄𝑎𝑚𝑏,𝑖 = �̇�(ℎ𝑖+1 − ℎ𝑖) (42) 

∆ℎ =
𝑄𝑎𝑚𝑏,𝑖

�̇�
= 𝑐𝑝∆𝑇 (43) 

𝑇𝑖+1 = 𝑇𝑖 −
𝑄𝑎𝑚𝑏,𝑖

�̇�𝑐𝑝
 (44) 

The temperature of the last node of the liquid line is the new 𝑇1 for the evaporator at the following time 279 

step, and thus the loop is repeated. 280 

 281 

3. Numerical validation 282 

 283 

In order to validate the developed LHP model, literature available experimental measurements were used. 284 

Satisfactory results were obtained reproducing the results by Pouzet et al. [24], Tharayil et al.[25] and 285 

Chen et al. [26]. 286 

In the first paper [24] the aim of the authors was to investigate the instability of the cyclic behaviour of 287 

the device, with particular attention to the liquid-vapour interface in the compensation chamber and the 288 

reservoir. The procedure is to examine the response to both upward and downward swings of the 289 

externally applied heat, comparing experimental results with their simulations. The externally applied 290 

heat power was varied from 200 W to 400 W and then back to 200 W. The working fluid is R134a and 291 

the chosen materials are Fortal® Aluminium Alloy for the evaporator, copper for the condenser, vapour 292 

line and liquid line tubes and steel for the compensation chamber. 293 

In the following figures a comparison between the numerical and experimental results of the chosen 294 

paper with the numerical results of the present work is conducted. On Fig. 4 the comparisons between 295 

the temperatures of the evaporator wall and of the compensation chamber are illustrated. On Fig. 5 there 296 

is the comparison of the mass flow rates and the temperatures of the vapour grooves and the primary 297 

wick, that in the paper of Pouzet et al. are described as the temperatures above and below the meniscus. 298 
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299 

 300 
Fig. 4 - Comparison between Evaporator wall temperatures (a) and compensation chamber temperature (b) 301 

302 

 303 
Fig. 5 - Mass flow rate comparison (c) and primary wick and vapour grooves temperatures comparison (d) 304 
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From Fig. 4 (a) the comparison indicates that the model is able to capture the trend of the evaporator wall 305 

temperature with a small average error (0.03%), and it also predicts the overshoot in the upward variation 306 

of external heat, something that was not captured by the corresponding numerical model in [24]. Fig. 4 307 

(b) shows the comparison of the compensation chamber temperature evolution with time. The 308 

temperature error is close to the evaporator wall error (-0.9%) and the prediction of the overshoot is still 309 

present. The variation of the mass flow rate that is depicted in Fig. 5 (c) reveals an acceptable prediction 310 

of the experimental values. The over prediction by 22% is due to the implicit imprecision inherent in the 311 

fitted polynomial equation used to calculate the latent heat of vaporization. 312 

A comparison between the primary wick and vapour grooves temperatures in also shown in Fig. 5 (d). 313 

The present model is able to predict the particular, opposite trends of the two nodes (increasing for 𝑇𝑣𝑜 314 

and decreasing for 𝑇𝑝𝑤, as shown in the right hand side of  Fig. 5). In this case the model provides a 315 

temperature prediction that is slightly further away from the experimental value, especially for 𝑇𝑝𝑤  (-316 

0.74% of error for the vapour grooves temperature and 1.84% for the primary wick temperature). In the 317 

analysed work [24], it is suggested that this inverse pattern between the wick and the vapour grooves 318 

allows the evaporator to be thermally stable.  319 

In the second paper [25], the aim was to study the effect of different filling ratios on the heat transfer 320 

performance of a novel miniature LHP. A particular finned geometry was used for the evaporator in 321 

order to increase the allowable heat flux. The LHP was made of copper and the working fluid was water. 322 

In the present work the response of the temperatures to varying heat load conditions is numerically 323 

reproduced. Following is the comparison between the evaporator wall temperatures having a step-wise 324 

increment in the external heat of 40 W each step, from 40 W up to 380 W: 325 

 326 
Fig. 6 - Comparison of evaporator wall temperatures with [25] 327 

Fig. 6 shows an excellent agreement between the experiment and the numerical simulations, leading to 328 

an average error of -0.42%.  329 

For the third paper ([26]), the LHP has a disk-shaped evaporator, in order to find the maximum heat load. 330 

The tube material is stainless steel and the working fluid is ammonia. Following is the proof of the 331 

validation with two different cycles of heat load variations, considering two nodes in the evaporator, the 332 

wall and the primary wick: 333 
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334 

 335 
Fig. 7 - Comparison of evaporator wall and primary wick temperatures with [26], in (a) the power cycle is 10-40-336 
80-130-100-70-110-50-20-60-30 W whereas for (b) is 70-30-80-110-90-60-20-120-50-40-10 W 337 

Fig. 7 shows again a very good prediction of the experimental results with an average error of -0.27% 338 

on 𝑇𝑤𝑎𝑙𝑙 and 0.68% for 𝑇𝑝𝑤 for case (a) and -0.21% and 0.90% for case (b), respectively. The two cases 339 

present similar errors for the two nodes, nevertheless there is a slightly bigger error in the prediction of 340 

the primary wick, since in the lumped parameter model this node considers also the solid properties of 341 

the wick, not only the working fluid. 342 

 343 

4. Parametric Analysis 344 

 345 

4.1. Parametric Analysis Results 346 

In order to be able to realise a proper LHP design, understanding the effect of variation of the values of 347 

underpinning variables is essential. Simulations are carried out with an increase and decrease of each of 348 

the selected parameters in a range from -20% to +20%, studying the effect of this variation on the major 349 

LHP performance parameters. The 12 varied parameters chosen are:  350 

1. condenser internal radius 𝑟𝑖𝑐𝑜𝑛𝑑;  351 

2. condenser pipe thickness 𝑟𝑒𝑐𝑜𝑛𝑑;  352 

3. evaporator wall thickness  𝑡ℎ𝑖𝑐𝑘𝑒𝑣;  353 

4. condenser length  𝐿𝑐𝑜𝑛𝑑;  354 

5. primary wick radius 𝑟𝑝𝑤;  355 

6. primary wick length 𝐿𝑝𝑤;  356 

7. porosity of the wicks;  357 

8. vapour groove radius 𝑟𝑣𝑔;  358 

9. vapour grooves number 𝑛𝑣𝑔;  359 

10. liquid line and vapour line internal radii 𝑟𝑖𝑙𝑙/ 𝑟𝑖𝑣𝑙;  360 

11. heat leakage 𝑄𝑙𝑒𝑎𝑘 from the grooves back to the CC 361 

12. length of the liquid (𝐿𝑙𝑙) and vapour line (𝐿𝑣𝑙). 362 

The performance parameters are vapour quality, maximum temperature, total thermal resistance, start up 363 

time and maximum pressure.  364 

This analysis has been performed on the geometries and fluids (ammonia, water and R134a) of the three 365 

papers used for the validation. The results are presented in the following figures. 366 

 367 
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 368 

 369 

 370 

 371 

 372 
Fig. 8 – Parametric analysis results. On the y-axis there is the percentage variation of respectively vapour quality, 373 
maximum temperature, thermal resistance, start-up time and maximum pressure; on the x-axis the percentage 374 
variation of a given geometrical parameter as shown in the legends. The (*) indicates that the parameter variation is 375 
out of the selected scale and it will make the graph unreadable. 376 

4.2. Design Guidelines 377 

First of all, it is evident that some of the investigated geometrical parameters such as 𝑟𝑣𝑔, 𝑛𝑣𝑔, 𝑟𝑖𝑣𝑙 , 𝐿𝑣𝑙 378 

are not represented in the graphs of Fig. 8. Since the effect they provide is less than 1%, they prove not 379 

to be influential parameters regarding the performances, nonetheless they remain considerable in the 380 

design process. Nevertheless, from Fig. 8 it is possible to gather some indications useful from a design 381 
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point of view. Once the main geometrical parameters are fixed by the requirements of the application, 382 

these results can lead to small modifications able to optimize the LHP operation. 383 

For optimization, it is assumed that one should aim to lower thermal resistance, maximum temperature 384 

and pressure for safety reasons. In order to achieve so, this investigations suggests the following design 385 

actions: 386 

1. to consider a trade-off in terms of mass between reducing the internal radius of the condenser 387 

and increasing its length; 388 

2. to make the condenser tube as thin as possible, compatibly with the strength requirement of the 389 

selected applications;  390 

3. to have thicker evaporator wall and a bigger primary wick;  391 

4. to increase porosity where possible;  392 

5. if the weight is not a compelling factor, to increase the radius of the liquid line, also because a 393 

shorter liquid line will reduce the thermal resistance. 394 

Moreover Fig. 8 points out that the heat leakage plays a role on thermal resistance as well, that suggests 395 

considering carefully the shape of the wicks and their coupling. However, a smaller condenser radius 396 

will cause also the LHP to react slowly to variations of the external heat load, as shown by the behaviour 397 

of the vapour quality. 398 

 399 

5. Feasibility Study 400 
 401 

The purpose of this feasibility study is to explore if an array of LHPs is able to transfer heat from a Heat 402 

Pump system positioned close to the electric motor to different locations of an FEV, namely the 403 

underbody and the cabin. This could reduce the cooling drag and improve passenger comfort, 404 

respectively. In the present investigation the case of the underbody is addressed, which represents the 405 

most demanding scenario in terms of power to be dissipated, according to industrial collaborator 406 

specifications. 407 

In order to cool down fluids and different parts of the engine, air is usually directed under the hood 408 

generating an additional aerodynamic loss called cooling drag, which is estimated usually being around 409 

10 % of the total drag of the vehicle [27]. In an FEV, due to the lack of an internal combustion engine, 410 

there is also a lack of huge waste heat amount to be dissipated. Therefore, the under-hood flow can be 411 

instead directed to the underbody of the vehicle. Inside this underbody the condensers of the LHPs can 412 

be placed, dissipating the heat from the motor area. 413 

The boundary conditions are defined by the geometry of the chosen vehicle and by the results of the 3D 414 

CFD simulations performed by TMETC engineers (industrial collaborator) that identified the convective 415 

heat transfer coefficients (HTC) at the underbody. From these simulations, three different zones were 416 

identified with three different HTCs. Moreover, it has been valued that such STM system needs to 417 

dissipate a nominal power of 4kW and a peak power of 8kW. CFD simulations were performed with 418 

three different operating conditions regarding the vehicle speed, namely 30 km/h, 60 km/h and 90 km/h. 419 

For the present feasibility study, the only modification made on the LPM, is to add the conductive thermal 420 

resistance of the underbody in the overall thermal resistance of the condenser. 421 

Two design ideas for the condenser were formulated:  422 

 Design 1: Four equal condensers running the entire length of the underbody and subjected to 423 

the three different HTCs; 424 

 Design 2: Three different condensers occupying one zone each and therefore subjected to a 425 

single HTC. 426 

These two design concepts are depicted in Fig. 9. 427 

 428 
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                 429 
 430 

Fig. 9 - Condenser design: design 1 (left) and Design 2 (right). 𝑻𝟏, 𝑻𝟐, 𝑻𝟑 are the film temperatures at the underbody. 431 

For both designs, the chosen materials are stainless steel for the pipes and the evaporator casing and 432 

nickel for the wicks, while the working fluid is water. In agreement with the best practice information 433 

found in literature, the selected filling ratio for all the simulations is 60%. Following the results of this 434 

investigation are presented, firstly focused on dissipating the nominal power. 435 

 436 

5.1 Condenser Design 1 437 

This design consists in having four identical LHPs aiming to dissipate 1kW each, with the condenser 438 

subjected to the three different HTC regions, as illustrated in Error! Reference source not found. (left). 439 

An optimised, final geometry was considered through an optimisation process, in order to be able to 440 

dissipate the required amount of heat. 441 

The results of this design idea are presented in Table 2: 442 

 443 
Table 2 - Design 1 results 444 

 Vehicle Velocity Cases 

Performance Parameter 30 km/h 60 km/h 90 km/h Units 

Maximum Temperature 105 87 77 °C 

Thermal Resistance 0.0066 0.0053 0.0043 K/W 

Start-up time 1100 509 315 s 

Maximum Pressure 0.969 0.489 0.330 bar 

 445 

As expected, increasing the speed of the vehicle improves the heat exchange at the underbody, since 446 

higher HTCs are encountered. Therefore, this leads to lower maximum temperature, start-up time and 447 

pressure. The total mass of the four LHPs is estimated around 12 kg in this case. 448 

 449 

5.2 Condenser Design 2 450 

In this case, three identical LHP condensers occupy one zone each, therefore they will be subjected to 451 

the same HTC throughout, as represented in Fig. 9 (left). In this case due to the higher HTCs in the 452 

second and third zone, the corresponding condensers radius and therefore their total mass is accordingly 453 

reduced without affecting the overall heat transfer capacity. For this design, each of the LHPs is subjected 454 

to 1.3 kW of external power. 455 

The results of this design concept are presented in Table 3: 456 

 457 
Table 3 - Design 2 results 458 

 Vehicle Velocity Cases 

Performance Parameter 30 km/h 60 km/h 90 km/h Units  

Maximum Temperature 82 75 64 °C 

Zone 

1 Thermal Resistance 0.004 0.003 0.002 K/W 

Start-up time 518 379 223 s 
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Maximum Pressure 0.39 0.30 0.19 bar 

Mass 3 kg 

 

Maximum Temperature 96 87 73 °C 

Zone 

2 

Thermal Resistance 0.0048 0.0043 0.0033 K/W 

Start-up time 926 618 335 s 

Maximum Pressure 0.66 0.47 0.27 bar 

Mass 2.7 kg 

 

Maximum Temperature 112 83 71 °C 

Zone 

3 

Thermal Resistance 0.005 0.004 0.003 K/W 

Start-up time 1200 526 306 s 

Maximum Pressure 1.24 0.40 0.25 bar 

Mass 2.3 kg 

 459 

Similarly with the Design 1 concept, Table 3 shows that having higher vehicle velocity enhances the heat 460 

transfer. In this case the total mass of the LHPs array is 8 kg. 461 

From a performance point of view, the two designs are similar, however the second design presents 462 

slightly lower values of thermal resistance and total mass. On the other hand, there is the technical 463 

complexity in the Design 2 concept since three different LHPs need to be manufactured. 464 

 465 

5.3  Peak Power Simulations 466 

Since from TMTEC evaluations the peak power for the considered STM system is estimated to be 8 kW, 467 

it was deemed appropriate to simulate the proposed concepts subjected to the peak power for a certain 468 

amount of time. Hence, a transient heat input was provided to the first design, due its simplicity. In more 469 

detail the heat input is varied from 1kW to 2 kW and back to 1kW at 1100 s time intervals. For all three 470 

vehicle velocities considered the same heat input was utilized. 471 

In Fig. 10 the results of temperature and pressure for the three velocity cases are presented: 472 

 473 

 474 

 475 
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 476 
Fig. 10 - Results on the feasibility study for peak power 8 kW (2kW for each LHP). 477 

From the graphs of Fig. 10 it is evident that the designed LHP can reach steady state conditions even 478 

with 8kW of heat input load. However, especially at really low vehicle velocities, in order to match the 479 

increase of temperature required for dissipating the greater heat input, the pressure will reach critical 480 

levels. Therefore, this value can be supported by this LHP system only for a short amount of time (a few 481 

minutes), which stays in agreement with peak power working mode. 482 

 483 

6. Conclusions 484 

 485 

A one-dimensional model for a Loop Heat Pipe was created aiming to conduct quick feasibility studies, 486 

especially for implementing this technology in the thermal control system of a FEV. The model was 487 

developed by means of the lumped parameter methodology in order not to have significant computational 488 

requirements, in fact the code is able to maintain a computational time close to the real time of the 489 

considered phenomena. Octave, an open-source software is utilized for the implementation of the LPM. 490 

In the mathematical formulation of the model, a novel strategy that accounts for the underlined phase-491 

change phenomena in the condenser has been formulated, using the time derivative of the vapour quality 492 

computed at each node. A validation processes has been carried out to prove the code reliability, 493 

employing literature available data. Three different configurations were examined along with three 494 

different working fluids (R134a, water and ammonia) and the results were replicated with a percentage 495 

error always less than 2% and in most cases less than 1%. Furthermore, a comprehensive parametric 496 

analysis has been performed on all the geometrical LHP parameters used in the code. The single effect 497 

of each one of them was investigated looking at the performance response of the LHP. This led to a better 498 

understanding of the most influential parameters and to some important design suggestions for optimize 499 

the device operation efficiency. Finally, a feasibility study on the possibility to implement LHPs within 500 

the thermal control management system of a FEV was conducted. Two different design ideas were 501 

evaluated, proving in both cases the ability of the proposed configurations to dissipate the required heat 502 

loads. In future works, there is the need to tune the present LPNM with in-situ experimental data, in order 503 

to verify the influence of additional parameters like filling ratio, condenser geometry configuration and 504 

heat leakage estimations. 505 

 506 
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