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Abstract

The need to reduce harmful emissions and fossil fuel consumption has spurred the development of
environmentally friendly technologies in the energy, industrial, and transportation sectors. One approach
to addressing this problem is the active adoption of electric and hybrid powertrains in transportation,
partially replacing internal combustion engines with them. With the development of electric transport,
the growth of energy availability and the increase in mileage, the problem of ensuring optimal thermal
conditions for the operation of engines, electronics, batteries and other equipment of electric vehicles is
becoming increasingly important. This article examines methods for thermal management of electric
vehicle equipment and the feasibility of using heat pipes and thermosyphons for these purposes. Based
on the information obtained, the goal was to propose an effective, compact device for passive cooling of
heat-loaded components in electric vehicles. The design and test results of an aluminum loop
thermosyphon with two evaporators are presented. This loop thermosyphon is capable of simultaneously
removing heat from two sources and transferring it to a single heat sink, thus replacing two
thermosyphons and increasing the compactness of the thermal management system.

Keywords: electric and hybrid vehicle; thermosyphon; double evaporator loop thermosyphon;
passive thermal management; green technologies in transport

1. Introduction

Air pollution has a negative impact on the environment, poses a health risk, and causes serious
harm to living organisms. Greenhouse gas emissions in the transport sector are projected to increase
by more than 20% by 2030 and by almost 50% by 2050 [1]. The largest contribution to air pollution
comes from automobile transport. Figure 1 shows the distribution of greenhouse gas emissions by
transport sector in the EU as of 2022 [2].
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Figure 1. Greenhouse gas emissions from different modes of transport in the EU as of 2022 [2].
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To improve environmental safety, it is necessary to take measures to reduce the amount of
emissions of anthropogenic pollutants. The intensive development of hybrid and electric
technologies in automobile, urban passenger (electric buses, autonomous trams), aviation and water
transport makes it possible to solve the problems of reducing the consumption of hydrocarbon fuels
and improving the environmental situation. The positive qualities of electric transport include
simplicity and reliability, as well as lower maintenance costs and required electricity compared to
traditional vehicles. A comparison of the energy cost per kilometer for electric vehicles (EVs) and
internal combustion engine (ICE) vehicles is shown in Figure 2 [3]. Due to these advantages, and
despite the fact that EVs have inferior range to their ICE counterparts and the fact that charging the
battery can take several hours, EVs are becoming increasingly widespread.
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Figure 2. Comparison of cost savings per kilometer achieved by vehicles running on different fuel types [3].

Converting a portion of the aircraft fleet to electric power will have a positive impact on
environmental improvement. Given the significant progress in the development of electrical system
components, various aircraft concepts with electric and hybrid (turboelectric) propulsion systems
(PS), including those using components based on high-temperature superconductivity, are being
considered. Currently, the greatest practical impact lies in the development of medium-sized hybrid
aircraft. Small hybrid aircraft have already been put into practice, while large ones, according to the
authors [4], are still the subject of conceptual analysis, a situation that will persist for the foreseeable
future until the evolution of energy storage technologies yields the desired results. The characteristics
of the electronic equipment of an electric aircraft include high heat generation intensity, large
distances between heat sources and sinks, and dense arrangement of components.

Electricjet skis, ferries, and electric boats are now widely used on rivers and seas. Given the cost
and power of currently available batteries, electric propulsion makes sense for smaller pleasure craft
that don't require high-power engines or a long range. The quiet operation of the engine and the
absence of unpleasant exhaust odors make boating more comfortable. Large-capacity vessels utilize
a technology that transfers electrical energy from a heat engine to a propulsion motor. This system
includes power generation, coordination, and conversion of its parameters to control the propulsion
motor. The transition to electric propulsion will enable watercraft to comply with evolving
environmental standards.

Vehicles with electric and hybrid powertrains contain heat-loaded components that require
thermal management. Heat sources include the rotor and stator of the electric motor, power
electronics equipment—switching devices (converters/inverters, high-current chips, switches,
bipolar transistors), navigation electronics, on-board chargers, headlights, etc. (Figures 3 [5], 4 [6], 5
[7], and 6 [8]). The performance and safety of this equipment depends on the effective management
of its thermal operating conditions, so it requires optimal thermal regulation.
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Figure 3. Thermally loaded components of an electric vehicle [5].
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Figure 4. Traction and auxiliary power system of a rapid autonomous tram [6].
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Figure 6. Thermally loaded objects of the ship's electric propulsion system [8].
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Thermal management is key to ensuring such important characteristics of electric vehicles as
energy efficiency and range, reliability, service life, safety, and crew and passenger comfort. The
relationship between thermal management and the main characteristics of an electric vehicle is
illustrated in Figure 7 [2].
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Figure 7. Relationship of thermal management with the main characteristics of an electric vehicle [2].

The successful operation of electric vehicles is determined by the reliable operation of the engine
and the appropriate choice of power sources. Electricity is generated by the battery through a
chemical reaction, accompanied by heat generation caused by internal ohmic resistance and entropy
changes resulting from electrochemical reactions [9]:

l
G =Ri®=TAS T, (1)

where q is the rate of internal heat release per unit volume, R; is the internal equivalent resistance, i
is the discharge rate per unit volume, AS is the entropy change, and F is the Faraday constant.
Different types of lithium-ion batteries have different values of internal resistance and entropy
change. Internal resistance depends on both the temperature and the battery's state of charge.

Batteries must have sufficient specific power and energy, a long service life, and avoid self-
discharge while parked. Lithium-ion batteries are the most promising. They offer higher specific
energy than other energy storage technologies, high voltage, a fast charging process, low self-
discharge, and a long service life. However, these energy storage devices are susceptible to both
overcooling and overheating, and they are also sensitive to temperature differences between
individual cells. Extremely high and low temperatures significantly reduce battery performance and
longevity (Figure 5). The optimal operating temperature range for these batteries is from -25°C to
40°C, with the temperature difference between cells not exceeding 5°C. Low temperatures reduce
their capacity and lead to self-discharge. Excessive or uneven temperature increases in a module or
unit increase the risk of fire and explosion and significantly reduce their service life. Therefore, the
design of an electric vehicle's power plant must include a system for effective heat dissipation and
protection of energy storage devices from thermal runaway, which can lead to fire or even explosion
due to electrolyte breakdown at temperatures above 150 °C. For operation of lithium-ion and other
batteries, a safe and reliable operating area, i.e. temperature and voltage window, must be provided,
Figure 8 [10].
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Figure 8. Lithium-ion battery cell safety window [10].

Various systems can be used for thermal control of heat-generating objects in electric transport:
air, liquid, using phase-change materials, thermoelectric, immersion in boiling liquid, including in
combination with heat pipes [11-20]. The classification of cooling systems is shown in Figure 9 [17].
A free-convection air system is simple, relatively inexpensive, and electrically safe. However, due to
the low heat capacity and thermal conductivity of air, it is effective only when intensive airflow over
the radiators is possible. Liquid cooling is more efficient, but requires a coolant reservoir and an
energy-consuming pumping system. Phase-change materials maintain a constant temperature of the
object and are energy-efficient, but they allow for molten material leakage and are limited in the
available latent heat. Thermoelectric coolers based on the Peltier effect are capable of precisely
controlling the object's temperature, are reliable, silent, compact, lightweight, and easy to operate,
but are less efficient than other systems.
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Figure 9. Classification of batteries thermal management systems. VCC is the vapor compression cycle [17].

In electric vehicles, the dissipated heat is absorbed by the surrounding air. The same approaches
used in electric vehicles can be used to ensure thermal control of electric watercraft. In electric aircraft,
the heat sinks are the oncoming airflow and the aircraft structure, which is also cooled by air. Effective
intermediate links between heat sources and heat sinks are heat pipes (HP) and two-phase
thermosyphons (TS) — autonomous closed devices with a higher effective thermal conductivity than
metals, including copper and silver. The use of passive systems eliminates the need for coolant
pumps and local blower fans, resulting in savings on the electricity required to power electric motors.

An evaporation-condensation cycle occurs within the HP and the TS, both filled with liquid. In
the evaporator, heat from an external source causes evaporation. The vapor moves to the condenser,
where it condenses, releasing heat that can be put to good use. In the HP, the liquid phase returns
from the condenser to the evaporator under the action of capillary pressure in the microchannels of
a porous wick (Figure 10). A thermosyphon is a heat pipe in which condensate flows into the
evaporator under the force of gravity. Therefore, a TS works only if the evaporator is located below
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the condenser. This condition is not required for a HP. However, the design of thermosyphons is
simpler than that of heat pipes, and they are cheaper due to the absence of a wick structure. Heat
pipes and thermosyphons are easy to operate, have no moving parts, require no energy or
maintenance, and can provide virtually lossless heat exchange between the surface of the cooled
object and the external environment. They can be used to effectively remove heat from heat-loaded
objects.

TR ]
(@)

Figure 10. Heat pipe: I) evaporator, II) adiabatic zone, III) condenser, 1) case, 2) capillary wick, 3) vapor channel,

4) vapor flow, 5) liquid flow, Q is a heat flow.

In electric transport, as in transport in general, minimizing the weight and size of components
and systems is crucial. The purpose of this study was to examine various thermal management
methods for electric vehicle equipment and propose an effective, compact device for passive cooling
of heat-loaded components in electric vehicles. This article presents the results of a study of an
aluminum loop thermosyphon equipped with two evaporators. The device is capable of
simultaneously removing heat from two sources and transferring it to a single heat sink, thus
replacing two thermosyphons and increasing the compactness of the thermal control system.

2. Loop Thermosyphons in Thermal Management Systems

Loop thermosyphons (LTS) are becoming widely used. The difference between a LTS and a
conventional TS is the separate flow of vapor and liquid through separate channels for each phase of
the coolant. The coolant returns from the condenser to the evaporator through the liquid pipe under
the force of gravity, while the vapor from the evaporator is transferred to the condenser through the
vapor pipe under the pressure differential between the evaporator and condenser, caused by the
temperature difference in these zones. The absence of friction between the steam and liquid flows
increases the heat transfer capacity of the LTS compared to conventional TS. Figure 11 shows a
diagram of a LTS with a horizontal evaporator and condenser [21].
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Figure 11. Loop thermosyphon with a cylindrical horizontal evaporator and an air-cooled radiator in the

condenser.

Loop thermosyphons offer greater installation flexibility than TS. The evaporator and condenser
of a loop thermosyphon can be positioned horizontally. The presence of tubes for vapor and liquid
flows allows heat flow from the cooled object to a remote heat sink. This type of thermosyphon is

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0133.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2026

7 of 14

used to cool various heat-sensitive equipment, including in electric vehicles. Figure 12 [22] shows an
example of a loop thermosyphon being used in a power electronics temperature control system.

Air cooled
condenser

Air flow

Vapor tube

Evaporator >
- Liquid
return tube

Power module
Courtesy Aavid

Figure 12. Loop thermosyphon with air-cooled radiator for thermal control of the power module [22].

The authors of the study [23] experimentally investigated the use of a LTS in a potential thermal
control system in railway traction motors as an alternative to a traditional forced-air cooling system
(Figure 13). The LTS system demonstrated suitable performance in normal operation under overload
conditions of up to 560 W.

o e

Heat collectors with~~
flat evaporators

T

@ )

Figure 13. Cooling system of an electric motor with a LTS: (a) general view, (b) flat LTS evaporators on the stator
of the electric motor, (c) stator segment in combination with a flat LTS evaporator, (d) internal structure of the
LTS evaporator [23].

3. Materials and Methods

3.1. Aluminum Thermosyphon with Two Evaporators and One Condenser

The Luikov Heat and Mass Transfer Institute of the National Academy of Sciences of Belarus
has accumulated extensive experience in the development and research of heat transfer systems and
heat exchangers, including those applicable to electric transport [21,24,25]. Considering the need to
reduce the weight of vehicle equipment, an aluminum loop thermosyphon with two multi-channel
evaporators and one condenser was developed (Figure 14). The evaporators are flat for easy
mounting of the cooled components on their surface. The tight fit of the temperature-controlled
components to the evaporator minimizes thermal contact resistance. Since wetting a large vertical
surface is difficult, the evaporator's interior is divided into parallel channels, improving the supply
of liquid to the zones of vapor generation. The evaporator is made of ALS-7PK70_011.1 extruded
profile. Curved meniscus formed on the channel walls generates the capillary pressure necessary for
the liquid phase to spread along the channel's height. Dividing the evaporator's interior into channels
also helps regulate the flow and laminarize the resulting vapor, which is discharged through the

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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vapor manifold and vapor tube into the condenser. The liquid tube (condensate line) runs along the
liquid collector along its entire length (Figure 15), the condensate flows into the gap between the tube
and the collector body, changes direction to the opposite, fills the gap and, moving along the formed
slot channel, supplies the evaporator 1 with the liquid phase, then the evaporator 2.

Cross section of the evaporator 4
(dimensions in mm)

Figure 14. Aluminum loop thermosyphon with two evaporators: 1, 2) evaporators; 3, 8) vapor and liquid

collectors; 4) vapor tube; 5) filling nozzle; 6) condenser; 7) liquid tube.

by —— — ——
\

Figure 15. The end section of the condensate line in the liquid collector: 1) evaporator 1, 2) evaporator channel,
3) flow of generated vapor, 4) evaporator 2, 5) liquid collector, 6) liquid tube (condensate line), 7) condensate
flow.

3.2. Experimental Equipment and Experimental Procedure

3.3.1. Experimental Setup

The experiments were carried out on a setup equipped with thermosyphon mounting units, systems
for supplying heat to evaporators and cooling the condenser, and a data processing unit (Figure 16).

2

Figure 16. Experimental setup diagram: 1) personal computer, 2) experimental data, 3) Agilent Data Loger
multimeter, 4) coolant, 5) signals from thermocouples, 6) thermosyphon evaporators, 7) pulse power supplies,
8) heaters, 9) thermosyphon condenser, 10) cryothermostat.
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The heat flow to the evaporator was supplied by an ohmic heater powered by a Mastech
HY10010E DC power source with a voltage setting accuracy of 1 V and a current of 0.1 A. Heat was
removed from the condenser by a flow-through liquid heat exchanger of the "pipe in pipe" type, the
temperature of the coolant in the heat exchanger was stabilized by an LOIP FT-316-40 cryothermostat
with a temperature maintenance accuracy of +0.1 °C. T-type (copper-constantan) thermocouples were
installed at the temperature measurement points. The signals from the thermocouples were
processed by an Agilent 34980A multimeter and transmitted to a computer for data analysis. To
minimize heat transfer to the external environment, the thermosyphon components were insulated.

3.3.2. Experimental Procedure

During the study of the KTS, temperatures were measured on the surface of the thermosyphon,
and heat transfer coefficients on the vapor generation surfaces of the evaporators were determined..
Acetone was used as the working fluid, taking into account the chemical compatibility of these
materials [26]. Before the experiments, the thermosyphons were leak-tested with an excess air
pressure of 0.3 bar for 24 hours.

The experimental methodology involved a stepwise change in the value of the supplied heat
flow, either increasing or decreasing, in accordance with the experimental program, and a holding
period between changes in the heat load for a certain period of time, during which the thermal
parameters of the thermosyphon, which have undergone changes, stabilize, and a steady-state mode
of its operation is established. The heat flux supplied to the evaporators was estimated based on the
electrical power level of the IxU heaters, taking into account heat losses in the wires and leaks through
the thermal insulation. Heat losses by radiation to the environment were determined as

Qraa = go—Arad(T;‘rf - T;mb)» 2)
where £ = 0.77 is the degree of surface blackness; ¢ = 5.67x10®% W m2 K+ is the Stefan-Boltzmann
constant; A is the area of the radiating surface, m? Tsrf is the average temperature of the outer
surface of the thermal insulation; Tun is the ambient temperature (room temperature).

Temperature measurement uncertainness were calculated using the formula

Utotal = \/Uiznstr + UEIC + Urzand' ©)

Here:

Uinstr is the uncertainty of the device, depending on the resolution of the data recorder and the
accuracy of voltage measurement (specified in the device documentation);

Uric is the cold junction compensation (automatically measured terminal temperatures in the
data logger);

Urand is the uncertainty of random fluctuations; it is much smaller than the instrument error and
the cold junction compensation error and can be neglected.

Calculations showed that the measurement uncertainties did not exceed 6.6 %.

4. Results and Discussion
4.1. Study of a Two-Evaporator Aluminum Thermosyphon

The ability of a loop thermosyphon with two evaporators to remove heat from two heat-loaded
objects with the same or different levels of heat generation was experimentally tested. The heat
transfer characteristics of the thermosyphon were determined using the following heat load
application schemes:

— evaporator 1 is loaded while evaporator 2 is unloaded;

— both evaporators are loaded.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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4.1.1. Operation of a Two-Evaporator Thermosyphon with One Evaporator Heat Loaded

In the first stage, the heat load on the evaporator was applied to evaporator 1 and increased from
40 to 80 W in 20-W increments. Experiments with varying amounts of charged fluid showed that for
this heat load configuration, within the studied range of transferred heat fluxes, the optimal fill factor
Y = Viyr/Ve (Vuris working fluid volume) is 30-70%, at which the intensity of heat exchange during
vaporization on the evaporator walls is highest. The surface temperature values of the thermosyphon
components are shown in Figure 17. The location of the thermocouples is shown in Figure 18.
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Figure 17. Temperature distribution over the surface of a thermosyphon (= 40 %).
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Figure 18. Thermocouple arrangement diagram on a thermosyphon.

At heat fluxes of 40 and 60 W, the heat-loaded evaporator 1 is practically isothermal. As the heat
load increases, the temperature at the top of the evaporator (thermocouple 8) rises because the liquid
level in the vertical channels of the evaporator decreases. This decrease occurs because the intensity
of the vaporization process increases, and the condenser at y = 40% loses its ability to supply the
evaporator with liquid sufficient to wet the entire heating surface. However, the thermosyphon
continues to function reliably, and a 40% filling level, as with a single evaporator, ensures this
stability. An increase in temperature with increasing heat load in the upper part of a vertically
positioned evaporator has also been noted in studies [27,28], the authors of which also attribute this
phenomenon to localized dehydration of the heat exchange surface.

4.1.2. Operation of a Two-Evaporator Thermosyphon with a Heat Load on Two Evaporators

Figure 19 shows a graph of the temperature field evolution on the surface of a loop
thermosyphon over time when it was filled with 33% working fluid (acetone). The heat flow (Q =40
W) was supplied to evaporator 1; evaporator 2 functioned as an auxiliary condenser and accelerated
the start-up of the thermosyphon. During the transition phase (section I on the 7 axis), transient
heating of evaporator 1 occurs. Vapor does not enter the thermosyphon vapor tube until the
saturation temperature in the vapor manifold reaches 60°C. After the temperature of evaporator 2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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rises to the saturation temperature during the condensation of vapor from evaporator 1, the operation
of the LTS condenser is activated and a steady-state heat transfer process is established (stage II).

Vapor Evaporator wall
80 1 collector J
70
60 |
o 50 Vapor tube
2 :
I
20 L—" Liquid tube
18, L, w
0 10 20 30 40 50 60 70
T, minutes

Figure 19. Starting a two-evaporator condensing unit with a load on evaporator 1. Working fluid is acetone (y =
33%), Q=40 W.

Next, the optimal amount of working fluid was determined for efficient operation of the device
when both evaporators are under load. In this case, the processes in evaporators 1 and 2 interact with
each other, ultimately affecting the operation of the entire device. The amount of working fluid in the
thermosyphon loop Optimization is complicated by the fact that the evaporators may operate with
unequal heat flows. It was experimentally established that when both evaporators are turned on in
the current range of thermal loads of 40-100 W for each evaporator, effective heat transfer by the
thermosiphon is ensured at a filling ratio of 60%.

The operation of a loop thermosyphon with two evaporators under asymmetric heat loads was
studied. At constant heat loads of 40 W, 60 W, and 80 W on evaporator 1, different heat flows were
supplied to evaporator 2 (Figure 20).

v/
40,

Figure 20. Asymmetric load on a condensing unit with two evaporators: 1, 2) evaporators 1 and 2; 3) vapor line;

4) condenser; 5) condensate line; Q1, Q2 are heat loads on evaporators 1 and 2.

Experiments have shown that the operation of evaporator 2 has little effect on the thermal
characteristics of evaporator 1. Figures 21a and 21 b show data obtained at heat load values of 40 W
and 80 W on evaporator 1. The heat transfer coefficients were determined as

Qi
Ai(Tey = Tyy)

where Ai is the contact area of evaporator 1 or 2 and heaters.
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Figure 21. Heat characteristics of evaporators 1 and 2 at heat loads Q1=40 W (a) and Q1 =80 W (b) per evaporator
1 (M) and variable load Q: on evaporator 2 (Hll).

It has been established that increasing the heat load on one evaporator while maintaining a
constant load on the second evaporator has virtually no effect on the intensity of heat exchange in the
second evaporator and is accompanied by a minor (no more than 3 °C) increase in its surface
temperature. This circumstance must be taken into account when designing thermal control systems
for onboard equipment in electric vehicles. Nevertheless, the results of the study indicate that the
two-evaporator thermosyphon of the presented design is capable of simultaneously cooling several
objects with different levels of heat generation, while the negative impact of evaporator 2 on the
thermal properties of evaporator 1 is minimal.

5. Conclusions

The rapid development of hybrid and electric technologies in automobile, aviation, and water
transport is helping to reduce fossil fuel consumption and improve environmental conditions. As the
energy requirements of vehicles increase, the challenges of ensuring optimal thermal performance
for engines, electronics, batteries, and other equipment are becoming more pressing. Heat pipes and
thermosyphons can be used to effectively remove heat from heat-stressed objects.

The relevance of the conducted research is associated with the growth in the power of electronic
and electrical equipment, accompanied by increased heat generation, and the resulting need for new
cooling systems that are capable of removing high-density heat flows from heat-stressed electronic
elements.

The following results were obtained:

1. A series of tests was conducted on an aluminum loop thermosyphon with two flat multi-channel
evaporators connected by common manifolds for transporting vapor and working fluid. The use
of aluminum as a structural material provides significant weight savings, which is crucial for
transport, especially aviation. The thermosyphon's flat evaporator maintains good thermal
contact with the objects being cooled. Consequently, not just one, but several cooled elements
can be connected to a thermosyphon evaporator consisting of several multi-channel evaporators.

2. When designing thermal control systems for on-board equipment of electric transport, it should
be borne in mind that an increase in the thermal load on one evaporator with a constant load on
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the second evaporator is accompanied by an insignificant (no more than 3 C) increase in the
temperature of its surface.

3. The created device can be recommended for use in passive cooling systems for powerful
electronic components of electric and hybrid transport, avionics, telecommunications
equipment, laser technology, and other heat-loaded objects.

Future research should focus on modifying the heat-exchange surfaces of thermosyphon
evaporators to increase the intensity of heat transfer during vapor generation. A successful solution
to this problem will enable the improvement of the heat transfer capacity of the two-phase loop
thermosyphon and the miniaturization of the device.
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