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Abstract

Abstract

In the current context, the increase in wildfires is a growing concern worldwide, as
they can cause significant damage to property, communities, and ecosystems. In addition,
firefighters continue to be exposed to the inherent dangers of wildfires.

All this means that firefighting and fire prevention robots are a growing reality. Not
only do robots take some risk away from firefighters, as they are also more efficient.

Since a robot is made up of several electrical components, it is very important that
these components perform well, are reliable, and last a long time. These characteristics
depend mainly on temperature, which makes it extremely important to ensure that the
electrical components operate within certain temperature ranges, especially when the robot
Is in a fire situation, where temperatures are high.

This dissertation aims to contribute to the development of a 100% electric autonomous
all-terrain vehicle, designing a cooling system that allows the vehicle to perform forest
management functions, but above all that can operate in high temperature conditions.

This work starts with a state-of-the-art investigation of the different cooling strategies
for the electric components, batteries and electric motors, and possible cooling systems.

Based on the research, a cooling system was devised. Based on this system,
calculations were performed, which led to the choice of the necessary components for the
proposed system. In addition, a proposal was made for the control system capable of meeting
the needs of the cooling system.

Keywords: Robot, Autonomous, Firefighting, Cooling System, Electric Motors,
Batteries.
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Resumo

Resumo

No contexto atual, 0 aumento dos incéndios € uma preocupacdo crescente a nivel
mundial, uma vez que podem causar danos significativos a propriedades, comunidades e
ecossistemas. Aliado a isto, continua-se a assistir a uma exposi¢do enorme, por parte dos
bombeiros, aos perigos inerentes provocados pelos incéndios.

Tudo isto, leva a que os robds de combate e prevencdo a incéndios, sejam uma
realidade cada vez maior. Nao s os robds retiram algum risco aos bombeiros, como também
séo mais eficientes.

Sendo um robd, constituido por diversos componentes elétricos, € muito importante
gue esses componentes possuam um bom desempenho, fiabilidade e durem bastante tempo.
Estas caracteristicas dependem principalmente da temperatura, 0 que torna de extrema
importancia, garantir que os componentes elétricos operem entre determinados intervalos de
temperatura, principalmente quando o robot estd em situacdo de incendio, onde as
temperaturas sao elevadas.

Esta dissertagdo tem como objetivo, contribuir para o desenvolvimento de um veiculo
100% elétrico autébnomo todo-o-terreno, concebendo um sistema de arrefecimento que
permita o veiculo desempenhar funcdes de gestdo florestal, mas acima de tudo que consiga
operar em condicBes de temperaturas elevadas.

Este trabalho inicia com uma investigacdo do estado-de-arte sobre as diferentes
estratégias de arrefecimento dos componentes elétricos, baterias e motores elétricos, e
possiveis sistemas de arrefecimento.

Foi idealizado um sistema de arrefecimento, com base na investigagéo feita. Com base
nesse sistema, foram realizados calculos, que levaram a escolha dos componentes
necessarios para o sistema proposto. Além disso, foi feita uma proposta para o sistema de

controlo capaz de satisfazer as necessidades do sistema de arrefecimento.

Palavras-chave: Robo, Auténomo, Combate a incéndios, Sistema de
arrefecimento, Motores elétricos, Baterias.
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Introduction

1. Introduction

Every year, wildfires across Portugal and the globe devastate the land they burn,
destroying entire ecosystems, infrastructures and killing people. In Portugal, just in the short
period of January 1st to October 15th of 2022, a total of 10449 fires were accounted, resulting
in 11007 hectares of burned area. The following figure(Figure 1.1) shows the distribution of

the burned territory across the country during this time interval[1].

E.’ICNF

LEGENDA

Bl Area Ardida 2022 (> 10 ha)
(ICNF 15 DE OUTUBRO)

[] Limite de Sub-Regido
(NUTS 111)

0 25 50 km
o ]

Figure 1.1 - Burnt Areas Distribution in Portugal Continental in 2022[1]

Globally speaking, forests represent 4.06 billion hectares, which corresponds to 31%
of the world land area, making this an even more urgent matter[2]. And according to[3],
between 1998 and 2017, nearly 3.5% of global disasters were linked to wildfires. Having in
account this alarming information and the fact that things don’t get better as the years pass
by, a solution that can both prevent and “fight” wildfires and at the same time assure the
safety of firefighters is needed more than ever.

The project E-Forest was created to try and solve this problem. It consists of an
autonomous all-terrain electric vehicle to be used in forest management and firefighting

activities. The current thesis presents the design and implementation of a cooling system for

André Miguel Goulart Ferreira Batalhdo Ramos 1
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this vehicle, taking into account the components good performance and aiming at the same
time to minimize the energy consumption. The project E-Forest results from a coalition
between the University of Coimbra, Jacinto Marques de Oliveira and Bold Robotics Lda. In
this chapter, we discuss the motivation behind this thesis, mainly focused on a firefighting
situation, which is the main challenge of this project, followed by a brief introduction to the
vehicle itself and at last a brief outline of the chapters which will be better explained later

on.

S JACINTO RoBoTics

1.1. Motivation

An approach to a fire event can be done in two perspectives, fire prevention and
firefighting, and the E-Forest autonomous vehicle was built based on both requirements.

Being a 100% electric vehicle, which means its batteries, electronics and motors are
electric, it is very important to guarantee good operational temperatures, to assure better and
long-lasting performances from its components, since they are very sensitive to temperature.
The forest management scenario isn’t that problematic to the implementation of a cooling
system. On the other hand, it’s much more challenging to implement a cooling system in a
firefighting scenario, where the environment temperatures will be very high. This is the first
and main purpose for the work presented in this thesis.

There is a large amount of literature regarding the appliance of cooling strategies to
the electric components individually, especially batteries and electric motors, these being the
most important components, but there is a lack of information about an integrated system

that contemplates both of them together. This is the second aim for the work in this thesis.

1.2. Objectives

The primary goal of this dissertation is to implement a cooling system for an autonomous
vehicle for forestall management and firefighting. To complete this goal, a few steps were

proposed. To start, a state-of-art, for a better understanding of the subject, should be done.

2 2023
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After that, the project of the cooling system and selection of components must be done. After
that, the development of a software of the control system, has to be done for the good
functioning of the system. Finally, the cooling system has to be tested in lab environment

and then tested on the vehicle prototype.

1.3. Outline

This thesis is organized as follows. In the 2™ chapter, a state-of-the-art about cooling
systems applied to electric components (batteries and motors) is presented, mentioning also
some existing firefighting robots. The 3™ chapter details the conception of the cooling
system components, as well as the calculation methodologies and approaches. Also, a
proposal for the control system is made. The 4" chapter includes the results and selection of
the cooling system components. Finally, in the 5" chapter we present and discuss our

conclusions, along with some suggestions for future work.

André Miguel Goulart Ferreira Batalhdo Ramos 3



Design  of a cooling system for an all-terrain electric vehicle for firefighting

4 2023



State-of-Art

2. State-of-Art

This chapter presents the recent advances in robots used for firefighting applications.
Furthermore, the current state-of-art in cooling systems, mainly focused on cooling strategies
applied to batteries and motors is also presented. It starts by explaining the various already
existing strategies, their advantages and limitations, allowing a comparison between them.
These are followed by demonstrating some experimental research regarding each of the

strategies mentioned.

2.1. Firefighting Ground Robots
Firefighting robots result from the urgent need of reducing firefighters’ exposure to
danger. Being a mechanical structure, they can be very resistant to high temperatures and
concentration of gases and dust scenarios, and have the advantage of carrying large amounts
of water or equipment. Thereby, they can also assure a faster, safer and more efficient way
of spraying water or delaying external agents in forest regions. The following pictures shows

some of these robots.

Figure 2.1 - Fire Ox[4]

Fire Ox[4] was created by Lockheed Martin. It is a 6-wheel semiautonomous military
vehicle adapted for firefighting purposes. It possesses a 250-gallon (946 liters) tank and a
1000 Watts electrical generator. This robot can be handled using a remote control with RGB
and infrared cameras. The autonomous technology of the robot can help with hazmat

(hazardous materials) situations, injury evacuation and trenching, among others.

André Miguel Goulart Ferreira Batalhdo Ramos 5
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Figure 2.2 - Multiscope Rescue with hydra (left)[5] and hose cartridge (right)[6]

Multiscope Rescue with hydra[5] and hose cartridge[6] were both developed by
Milrem Robotics. The hydra vehicle is used in extinguishing fires and the hose cartridge is
used to assist in the transportation of hoses in dangerous and difficult access scenarios, like
warehouses and tunnels. The first one can shoot 3000 liters per minute of foam and/or water
with a maximum range of 62 meters. None of these robots are able to carry water, and they

must be connected to a water source through a firefighting hose.

Figure 2.3 - Colossus[7]

Colossus[7] was announced by Shark Robotics in 2017. It was built to be as modular
as possible. Regardless of the situation, the robot takes less than 30 seconds to be adapted to
the new necessary form, without the need of additional tools. It is always operated remotely
by a trained firefighter. Similarly, to the previous solutions from Milrem Robotics, it does

not carry water.

Figure 2.4 - RTE robot[8]

RTE robot[8] was developed by Rosenbauer. It was specially created for the use of

fire departments and emergency services. It is a multi-functional, wireless remote control,
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electric vehicle from the crawler type, that can carry up to 650 kg of cargo. It can function
to transport things or to firefighting. In firefighting scenario, it can eject 3800L/m at throw

ranges of 80m.

Figure 2.5 - Magirus Wolf RI[9]

Magirus Wolf RI[9] was invented by Magirus. It was designed to for a wide range of
applications, such as firefighting operations, firefighting support, hazardous substance
detection and logistics tasks. It can expel up to 2000L/m with throwing distances of 65m

for water and 45m for foam.

Figure 2.6 - Dronster[10]

Dronster[10] was created by Vallfirest. It is a remote-control emergency robot for
forest management and to perform indirect wildland fire attacks, structural fires and rescue

operations. It is adapted to pass through irregular and sloped grounds.

Figure 2.7 - MVF-5[11]

André Miguel Goulart Ferreira Batalhdo Ramos 7
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MVEF-5[11] was conceived by DOK-ING. It is a multi-function robot, that can operate

under hard, demanding and threatening conditions. Its main functions are fire extinguishing

and clearing roadblocks and debris.

Lenght and Water Motor
Robot Manufacturer| Mass (Kg) width (m x carrying power
m) capacity (L) (kW)
Fire Ox Lockh.eed No info No info 946 No info
Martin
Milrem )
M.S. Hydra Robotics 1630 24x2 None No info
Colossus Shark 525 1.6x0.78 None 2x 4
Robotics
1.2x0.8 or )
RTE robot | Rosenbauer 350 107 None No info
Magirus .
Wolf RI Magirus Up to 900 1.5x1.2 None 2x7.5
Dronster Vallfirest 850 1.71 x 0.887 None 24.5
MVF-5 | DOK-ING 16000 5.75x2.28 2500 13(6) 5°r

Table 1 - Comparative table between the referred robots

2.2. Batteries Thermal Management Systems

2.2.1.

Batteries

The lithtum-ion batteries are the most commonly used because of their higher energy

density, higher specific power, lighter weight, lower self-discharge rates, higher recyclability

and longer cycle life compared to others like lead-acid, nickel-cadmium (Ni-Cd) and nickel-

metal hydride (Ni-MH) batteries[12]. According to[13] the batteries are the most important

part of electric vehicles (EVs). They are very sensitive to temperature, as it can easily affect

their performance and stability. Having this in mind, an efficient BTMS (Battery thermal

management system) is necessary to maintain the proper temperature within certain limits,

in order to mitigate the temperature variation across the battery multiple modules and avoid

accidents[14]. Having these in account a lot of experiments were made to understand the

ideal temperature characteristics of the batteries. Recently, Jiang et al.[15] claimed that the

ideal operating temperature range should be maintained between 20 °C and 45 °C and for

2023



State-of-Art

some time now, Pesaran et al.[16] came to the conclusion that the maximum temperature

difference from module to module should be lower than 5 °C.

2.2.2. Classification Of Battery Cooling Systems
BTMS, as mentioned before, is a cooling system used to keep the operating
temperature of the batteries within certain limits, so that their performance and stability are
not affected and also to prevent thermal runaway.
According to Pesaran[17] BTMS needs to have four different requirements:
e Cooling, to remove the heat from the battery;
e Heating, in low temperature scenarios;
e Insulation, to prevent sudden temperature change of the battery;

e Ventilation, to exhaust the potentially hazardous gases from the battery.

The BTMS can be classified accordingly to power-consumption, working fluid and

arrangement. The next figure (Figure 2.8) is a demonstrative scheme of that.
s

Forced Air PCM Natural Convection Direct cooling Indirect Transition Phase oo Series-Parallel
Composition

 —

Direct liquid Heat pipes Forced Jacket Solid - Liquid Organic Direct-Indirect

Jacket Cold plate Solid - Vapour Inorganic

Cold plate Heat pipes Liquid - Vapour l Eutectic
Figure 2.8 - Classification of Batteries thermal management strategies[18]

From a working fluid perspective, we have three major types of BTMS:
e Air-cooling;

e Liquid-cooling;

e PCM.

There are other cooling strategies, like Thermoelectric cooling, but seemingly not very

appealing to BTMS researchers.
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2.2.2.1. Air-Cooling Strategies
Air-cooled BTMS uses air as a working fluid. In these systems, the air gets in
contact with the batteries, by means of fans and manifolds (Forced convection).
Advantages of Air-cooling systems:
e Simple design;
e Low operating cost;

e Low maintenance cost.

Disadvantages of Air-cooling systems:
e Low thermal conductivity;
e Low heat transfer capability;

e Too much noise, caused by the fans.

Air cooling can use two different approaches, natural and forced convection (Figure
2.9). Natural convection is easier to implement. However, it is not enough for it to be equated
for BTMS, because of its low heat transfer coefficient. It can’t fulfill the cooling
requirements under hot temperatures, large battery packs or under high charge-discharge
cycles[19]. To surpass these drawbacks, forced convection, through the use of exhaust fans

or blowers, is the most obvious choice for air-cooling systems.

I

= [K
ARIN \ —— =

(a) Natural convection (b) Forced convection

Figure 2.9 - Air cooling strategies for batteries: (a) Natural convection, (b) Forced convection[20]

Several research and experiments were done to establish the efficiency of this cooling
strategy. For example, based on varying the airflow channels and parameters, Yuanzhi Liu
et al.[21] suggested a J-type air-cooling BTMS where the temperature uniformity can be
increased by alternating the mode of operation between U-type and Z-type structures
supported by 2 control valves. The optimized results showed that, for the J-type structure,

the temperature rise decreased by 31.18%.
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Outlet U Narying passage spacing size Cutlet Z

Valve U Valve 7.

Battery
cell

Inlet

Cooling air

Figure 2.10 - Conceptual design of a J-type air based BTMS[21]

Na[22] compared reverse stratified airflow and unidirectional airflow to study the
temperature distribution. They reached the conclusion that reverse airflow can substantially
increase temperature uniformity in the battery module, reduce overall maximum temperature
difference and reduce maximum average temperature difference. Saw[23] by analyzing an
air-cooling system on a battery module, showed that when the airflow increases, the heat
transfer coefficient and the pressure drop increase too. Hong[24] found out that the
temperature rises and the temperature changes of the battery module were independent from
the air inlet temperature, but were proportional to the heating rate of the battery module.
Based on fin structure, Shahabeddin K. Mohammadian et al.[25] designed a pin fin heat
sink-based air cooling for a prismatic Li-ion battery pack and concluded that it decreased
not only the temperature but also the temperature variation across the battery pack. Also,
focusing on the cell configuration, Xiaoling Yu et al.[26] studied a staggered battery pack
with natural and forced air cooling and realized that to increase the lifecycle of the battery,
forced air cooling with longitudinal flow should be adopted. In another research, Chen[27],
presented an optimal solution under a constant heat rate, based on the spacing between
battery cells. The results show that it improved parallel air-cooling performance. It also
slightly reduced the maximum temperature and the maximum temperature difference by
42% of the battery pack. The battery pack is composed by 2x12 battery cells and the spacings
of the optimized solutionare [1.7, 2, 2.3,2.3,2.1,2.1,2.1,2.1, 2, 2, 2, 2, 1.3] mm. Also, the
spacing around the battery cell with the highest temperature should be increased, while the

spacing around the battery cell with the lowest temperature should be decreased.
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2.2.2.2. Liquid-Cooling Strategies
Liquid-cooled BTMS uses liquid as working fluid. They can be classified as:
e Direct liquid cooling;

e Indirect liquid cooling.

Advantages of liquid-cooling system:

e higher heat capacity and thermal conductivity, when compared to air-cooling
systems;

e Can be 3500 times more effective than air and save up to 40% parasitic energy;

¢ Reduced noise level,

e Compactness without reducing the efficiency.

Disadvantages of liquid cooling system:
e Complexity of the system;
e High costs;

e Potential for leakage.

2.2.2.2.1. Direct Liquid-Cooling
Is done by the immersion of the batteries in a liquid (working fluid). In comparison
with indirect cooling, direct cooling has the capacity to cool the entire surface of the battery,
which helps to keep an uniform temperature in the battery[28]. However, it raises several
issues, like electrical short circuit and electrochemical corrosion, which probably explains

why this method isn’t widely applied to BTMS.

2.2.2.2.2. Indirect Liquid-Cooling
In this option, the fluid doesn’t get in direct contact with the batteries. Instead, it’s
done by transferring the heat from the batteries to the fluid (convection), through a solid
material (conduction), usually metal.
They can be divided into two major strategies:
¢ Heat pipes;

¢ Cold plate-based cooling.
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2.2.2.2.2.1. Heat Pipes
A thermal management system with heat pipes is a passive system moved by the

capillary action of a wick material coating the internal surface of a vacuum-sealed shell. It
removes heat during the working fluid phase change, from liquid to vapor. In more detail,
the liquid inside the wick absorbs the heat excess from the battery cells which are arranged
in the hot extremities of the heat pipe, and evaporates. Then, the increased vapor pressure
and small molecular density originate a pressure gradient in the pipe that guides the hot
vapors to the condensing section, where heat is rejected to the heat exchanger. The capillary
forces developed in the wick guide the condensed liquid to the evaporator again[29]. Some
of the fluids normally used are water, acetone, methanol and ammonia, depending on the

characteristics of the shell[30].
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Figure 2.11 - Schematic of a traditional heat pipe with tubular structure and closed ends[29]

Advantages of heat pipes:

¢ Don’t need pumped power, which means less components, so less cost;
e Compactness;

e Flexible geometry;

e Long life;

e Low maintenance.

Disadvantages of heat pipes:
¢ Low capacity;
e Low efficiency;

e Small area of contact.

Focusing on this strategy, Mahefkey et al.[31] and Zhang et al.[32] studied different
batteries with heat pipes incorporated and both of them reached the conclusion that the usage

of heat pipes can mitigate any thermal excursions in the battery pack.
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Swanepoel[33]investigated the possibility of using a pulsating heat pipe and ammonia as the
working fluid. After some experiments, they realized that by using a PHP with a diameter
inferior to 2.5mm, a good temperature uniformity can be achieved. Also, they also confirmed

that heat pipes can keep the operating temperature of the battery in a safe range.

2.2.2.2.2.2. Cold-Plate Cooling
Cold plate cooling systems are used preferably when there are space limitations.

Essentially, they generally consist of a metal block, usually aluminum or copper, with
channels built inside for a liquid coolant to circulate and carry the absorbed heat from the
battery, by direct contact between the cold plate and the battery. Evaluation of cold plate
performance is made in terms of the heat transfer rate and the thermal distribution across the
module, its power consumption depending upon the convective heat transfer coefficient
between the plate and the liquid coolant, or the coolant flow rate and ambient
temperature[ 18]. Different channels designs and geometries can be required, depending on
the requirements of the system. Cold plate cooling can be divided in two scenarios:

e Fin cooling

This method is very effective in maintaining the equal temperature at the cell level, by
readjusting the generated heat flux in the fuel cell equally through fins and highly conductive
thermal liquid. Limitation-as the liquid is flowing in a single coolant and is cooled with the
help of front fins only, the performance of this method decreases slowly, as the temperature

difference between the liquid and the fin used is slowly decreased[34].

| Batteryc
High thermal
conductive plate (fin)

Thermal pad ~— |

= Cold plate
Coolant flow

Figure 2.12 - Fin cooling strategy for batteries[20]

e Mini channel cold-plate cooling
The temperature uniformity in the cell is very uniform compared to the fin cooling

method. Limitation- needs a long and narrow channel that results in the high-pressure drop;
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Solution- using an electric coolant pump with the inbuilt characteristics of having high flow

rates and static pressure[34].

Thermal pad
Mini channel
cold plate

Battery cell

Coolant flow

Figure 2.13 - Mini channel cold-plate cooling for batteries[20]

Several studies were made based on this cooling strategy. Deng[35] reached the
conclusion that cooling plates were suited to square and pouch batteries and can work as
jackets for cylindrical batteries. Wang[36] conceived a new solution based on silica gel
plates. The combination of this plates with the water results in a feasible and effective
composite liquid cooling system. The results show that maximum temperature was reduced
to 48.7°C and the maximum temperature difference was maintained under 5°C, when the
water flow rate was increased to 4ml/s. Yu[37], Choi[38] and Chen[39] confirmed that
channel configuration is also a parameter that affects the performance of a cold plate. They
can be grouped as serpentine, parallel and multi-channel configurations. Fisher and
Torrance[40],[41]studied 3 different channel geometries (rectangular, diamond-shape and
elliptical channels) and found out that the rectangular shaped is the most efficient of the
three. They also discovered that although more elliptical channels can be accommodated in
the same packaging space, the heat transferred is still 5% lower than in rectangular channels.
Jarret and Kim[42] studied cold plates with serpentine channels. According to CFD analysis,
increasing the width of the channels will reduce the maximum average temperature and the
pressure drop of the coolant. On the other hand, small inlets that gradually widen towards

the outlet are best at maintaining the temperature uniformity across the battery pack.

2.2.2.3. PCM Cooling Strategies
PCM, also known as phase change material, is a material that absorbs or releases heat
by changing its physical state, at a certain temperature. Can absorb or emit huge amounts of
heat, without the consumption of energy. Generally, it consists of a solid material block
manufactured in a way that the batteries can be inserted inside the block, as shown in the

following figure (Figure 2.14).
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Figure 2.14 “Ptm battery cooling strategy illustration[43]

The heat is absorbed from direct contact (conduction) from the batteries. In a first
instance, the PCM absorbs sensible heat and then absorbs huge amounts of latent heat until
the conclusion of the phase change process at a constant temperature. It stops when it reaches
the melting point as the temperature gradually increases. The heat is then released to plates
placed in the extremities of the PCM[34].

Advantages of PCM cooling system:

e Low complexity, compared to liquid cooling systems;

e Low power consumption, compared to liquid cooling systems;

e Low maintenance.

Disadvantages of PCM cooling system:

e Difficult to operate alone under hot weather, which makes it necessary to use
additional cooling systems, adding more weight and cost;

¢ Low thermal conductivity;

e Possible leakage;

¢ Weak mechanical properties;

e Low surface heat transfer between the PCM and the exterior environment.

To prove the value of this strategy, Khateeb et al.[44] studied a battery pack filled with
a mixture of PCM and aluminum foam. They concluded that with PCM, they could reduce
the temperature rise by half. Mills et al.[45] simulated a laptop battery pack and realized that
by using expanded graphite saturated with PCM, they could achieve uniform distribution of
the temperature. Kizilel et al.[46] tested a battery pack filled with PCM and found out that
temperature uniformity distribution could be achieved either in normal or extreme test

conditions.
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2.2.2.4. Thermoelectric Cooling Strategies
Thermoelectric coolers are, basically, zero maintenance heat pumps with no moving
parts. They use semi-conductor elements, composed by p and n-type thermo-elements,
sandwiched in substrates, which are thermally conductive but electrically insulating, to

transfer heat through a junction of two different materials through the Peltier effect[47].
e Cold end

Ceramic plate —

Metal connection

O

Hot end

+ Power supply =
Figure 2.15 - Illustration of a thermoelectric cooling module[48]

Advantages:
e Compactness;
o Lightweight;
e Zero noise and vibrations;
e High precision of the temperature control, margin errors of £ 0.1 °C;
e Low manufacturing costs;
e Big window operation range;
o Possibility of cooling below ambient temperature;
e |tis location independent, and can operate in any spatial orientation, at high

G-levels or in zero gravity.

Disadvantages:
e Maximum COP (coefficient of performance) is limited to around 10%, which

is extremely low.

It still isn’t a very explored solution for the BTMS, but studies were already conducted.
For example, Liu et al.[49]combined thermoelectric coolers with liquid cooling and it

showed that even under high ambient temperatures, the battery was kept in optimum range.
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2.2.3. Typical Cooling Systems For BTMS
Here, is a visual presentation of how each cooling system cycle is made, also showing
the typical components of each system. The green lines represent the fluid circulation and

the blue lines the refrigerant circulation.

Compressor
Expansion
device

Blower

Figure 2.16 - Air cooling system[34]

In Figure 2.16, a typical air-cooling system is presented. A refrigeration cycle is used
(compressor, condenser, expansion valve and evaporator). The cooled air in the evaporator

is blown, through a blower or a turbine, to the battery.

T Radiator -

Plate

Pump

Battery

Figure 2.17 - Radiator liquid cooling system[34]

In Figure 2.17, a typical radiator liquid cooling system can be seen. The pump
circulates the fluid through a cold plate that cools the battery, by absorbing the heat, and the
fluid later on reaches the radiator (heat exchanger), where the heat is released, by exchanging

the heat with the outside air.
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Figure 2.18 - Second loop liquid cooling system([34]

In Figure 2.18, in comparison to Figure 2.17, a refrigeration cycle is added, which is
called a secondary loop liquid cooling system. This system is an improvement of the system
in Figure 2.17, as it can also be used under high environment temperatures. Of course, it has
his drawbacks, namely an additional cycle which brings more components, more weight and
turns it into a more complex system to implement. When the environment temperature is
lower than the coolant temperature, the system works exactly like in Figure 2.17. But when
the environment temperature is higher than the coolant, the coolant flows to the chiller to
exchange the heat with the refrigerant in the refrigeration cycle.

Heat pipe

Battery cell

Heat
Exchanger

Figure 2.19 - Heat Pipe cooling system[34]

In Figure 2.19, a heat pipe cooling system is visible. This is a relatively simple cycle,

as only a heat exchanger is needed in addition to the heat pipes.
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Figure 2.20 - PCM cooling system[34]

In Figure 2.20, the PCM (Phase Change Material) cooling system is found. As is
shown in the picture, the PCM that covers the battery is sandwiched by two cold plates that
allow the heat transfer to the fluid, and it then goes to the heat exchanger to free that heat.

Heat
Exchanger

Power
supply

Battery

I Thermoelectric
elements

—P Plate fromm—

Figure 2.21 - Thermoelectric cooling system[34]

In Figure 2.21, a thermoelectric element cooling system can be visualized. That
element uses the Peltier effect, converting electricity into thermal energy. Later, it transmits

the heat to a cold-plate that drives the fluid to the heat exchanger.

2.3. Motor Thermal Management Systems

2.3.1. Electric Motors
Electric motors can be classified, according to the type of power source, as DC (Direct
Current) motor and AC (Alternate Current) motor. An electric motor converts electrical
energy into mechanical energy through the procedure of magnetic induction and it’s
composed of two main parts: the stationary part named stator, that comprises permanent

magnets and windings (long coils of copper wire) and a moving part named rotor. The heat
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losses that occur in the motor can be divided according to the mechanism and component
where it happens[50]. So, in the motor we have:

e Iron losses, in stator and rotor laminations;

e Copper losses, in the winding;

¢ Mechanical losses, due to the resulting friction between solid components;

e Magnet losses, usually the magnets in the rotor;

o Stray losses, considered as the remaining portion of the total losses, in other

words, the remaining losses that weren’t considered in the previous losses.

2.3.2. Motor Thermal Management System

MTMS is a cooling system that is used to keep the operating temperature of the engines
within certain limits, at which the performance and stability of those engines are not affected.
One MTMS should be idealized at the beginning of the motor design, because the motor
power, efficiency and size are directly connected to the heat dissipation capacity.

These strategies can be divided into two main groups, convection cooling and heat
conduction enhancement. In convection cooling, both air cooling and liquid cooling, when
applied to the stator, rotor and winding, are perfectly capable of meeting the cooling
requirements of different motors. On the other hand, heat conduction enhancement can be
made by changing previous materials and components from others with higher thermal
conductivity. Moreover, a combination of these two different strategies can also be made for
cooling improvement[50].

Even though rotor cooling is important, the cooling strategies applied are still very limited,
since it’s still a bit of an unexplored subject. So, in the remaining of this subchapter, only

the cooling strategies applied to the stator and winding will be addressed (Figure 2.22)

Natural convection,
fin cooling

"// . _ Water jacket coolin;
,// B - Ja 2
\

End winding cooling

Stator core cooling _ ~ 4

/‘,

2 v : /
Winding slots cooling /

Force air cooling

Figure 2.22 - Cooling strategies depending on cooling locations[51]
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2.3.2.1. Stator Cooling Strategies

¢ Air cooling strategies

As with the BTMS, air cooling applied to motors is a simple method. It can be made
by natural or forced convection and is usually used in low heat density motors. Generally,
natural convection is applied to the surface of the motor, while forced convection is better
suited for cooling inside the motor. Overall, air cooling is applied to motors with low heat
density, as a result of its weak thermodynamic properties, as already mentioned in the BTMS
subchapter. Normally, the motor housing possesses fins to increase the heat transfer area
[52]. Even though they increase the heat transfer, raising the fins number will also sum more
weight and volume. So, it’s of great importance to know how the fins geometries, dimensions
and number can improve cooling performance. Ulbrich et al.[53] analyze the cooling
performance of a few case studies and found out that the housings with 9 fins are better than
the ones with 6-8 fins, but from 10 onward the improvement starts to be negligible. Another
parameter that improves heat dissipation, concluded from this study, is the increase of the
hydraulic diameters!. Kuria et al.[54],[55] evaluated 3 different housing geometries and
realized that by introducing fins and increasing their depth, the end winding temperature can
be reduced up to 15% but the fins orientation does not cause any effect in the end winding
temperature.

Inside the motor, air flow and heat transfer are more critical subjects. This is due to the
compact internal space, causing the air flow to dominate the heat[56]. Usually, fans are used
for this purpose, more specifically axial, centrifugal and piezoelectric fans[57],[58]. They
pull the air to the inner path of the motor to cool the components inside. This creates a need
to carefully select and optimize the fans and inner air path geometries, since they have great
influence in the heat transfer performance of the air flow and in the pressure drop. Kim et
al.[59] suggested that direct flow scenario would have better performances than increasing
the flow rate. Also, by optimizing some inlet parameters, like location and length, and the
groove threshold, the motor performance had an increase of 24.3%. Nakahama et al.[60]
changed the air flow path by split it into a double path. This allowed the reduction of the

stator temperature and on the other hand reduced the size of the motor.

! Geometric parameter for Interior Forced Convection, depending on the cross section geometry.
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e Liquid Jacket Cooling strategy

This heat dissipation method consists of circulating a liquid coolant, normally water,
through a spiral or axial path inside a motor jacket. This dissipation is mainly done by heat
convection transfer in the jacket by the liquid[61]. It can be seen as a cylindrical cold plate,
since the heat transfer principle is the same. The configuration and the number of cooling
paths and the flow rate should be evaluated, since they are the ones that will define the
cooling performance just like the pressure drop between the inlet and the outlet. Experiments
were made to understand the importance of this strategy. For example, Rehman et al.[62]
understood that the maximum temperature of the stator decreased with the increasing of the
passages number from 4 to 8; from 8, the increase in the number of passages do not bring
significant improvements. Also, they conclude that the increase of the flow rate was more
effective on improving the cooling performance. Satrustegui et al.[63] compared different
water jackets designs and concluded that the axial jacket had the biggest pressure drop

compared to the spiral ones.

<) «)
Figure 2.23 - Different configurations of water jackets: (a) spiral; (b) U-shaped; (c) U-shaped (bifurcated); (d)
axial[63]

Also, Wu et al.[64] analyzed two different jacket channels, one was smooth and the
other was twisted. They saw that the heat transfer coefficient of the twisted one increased,
due to the change in the flow characteristics of the water. Also, they realize that the jacket

with the twisted channel substantially improved the heat transfer uniformity.
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Figure 2.24 - water jacket with spiral coolant channel: without twist (left) with twist (right)[64]

Li et al.[65] said that the increase of the channel width results in a better heat
dissipation capacity. On the other hand, the height had a great influence on the pressure
distribution instead and not on the temperature. In spite of what has been mentioned before,
water is not the only coolant used on experiments. For example, Deriszadeh et al.[66] used
water/ethylene glycol and concluded that the increase of the ethylene glycol concentration
would lead to an increase of the heat transfer coefficient, because ratio of the density to the
viscosity decreases, therefor velocity increases. The optimal transfer rate was achieved at a
volume fraction of ethylene glycol to water of 60:40. Yang et al.[67] made an experiment
on an oil jacket cooling and concluded that with the increase of the height and the decrease
in the width of the channel, the cooling performance would be better, but would lead to a

higher pressure drop.
2.3.2.2. Winding Cooling Strategies

Most of the heat generated by electric motors occurs in the winding. This results in a
better cooling efficiency compared to the stator cooling strategies[68]. Different cooling
strategies are needed according to the winding location. The winding can be divided in slot

winding and end winding.

¢ Slot winding cooling strategies

The slot winding considers the parts of the windings inside the stator slots. Even
though the slots are a limited space zone, which makes them the worst heat transfer
environment, there are a few capable cooling strategies. One of these methods consists in
dissipating the heat generated in the windings inside the slots by incorporating cooling
channels[69]. It consists in embedding the cooling channels along with the windings inside

the slot. Following this strategy, Lindh et al.[70] tested the insertion of cooling ducts in the
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slot winding of a permanent magnet motor, and concluded that the cooling capacity was
extremely promising, with the average temperatures of motor windings only reaching 77°C.
Reinap et al.[71] also confirmed that the cooling of the slot windings substantially decreased
the temperature of the motor. Still, Xu et al.[72] guaranteed that the implementation of
cooling channels within the stator was critical to cool the motor. They also implied that using
multiple channels evenly distributed through the slot would improve the cooling
performance of the windings. By placing 3 cooling ducts within the slot winding, they
realized that the temperature decreased by more than 50%. At last, Tuysuzet al.[73] studied
the use of axial ducts in the slot windings and concluded that it provided a better cooling
capability, compared to the water jacket cooling under the same flow rate. One other possible
layout is considered by placing the channels at the top of the slot. To inquire this, Schiefer
et al.[74] placed cooling channels at the top of the slots and saw that it had a huge impact in
the temperature of the slot winding reducing it from 223.5°C to 80°C. The other method is
based on the fact that some windings are made of hollow conductors, allowing the winding
to provide cooling paths for the coolant, taking back the necessity of considering the previous
method. To support this, Alexandrova et al.[75] analyzed a motor with rectangular shape
hollow windings, with the coolant(oil) cooling from the bottom of the inner winding to the
outer winding, and the results showed that 2.9 out of 3kW were dissipated. With the same
goal, Chen et al.[76] idealized and posteriorly tested the cooling for a hollow conductor
winding. The outcome indicated that 86.8% of the heat present in the conductor was
successfully dissipated through forced convection.

In summary, slot winding cooling is more efficient than stator liquid jacket cooling,
due to the fact that windings are the main heat source of the motor. It also increases the
output of the motor and can deal with higher current density values. By comparing the two
slot winding cooling methods, the hollow conductor’s hypothesis provides a more close and
efficient cooling[77]. Also, cooling channels scenario brings huge barriers to its
implementation. The dimensions of cooling channels need to be very small, because of the
slots limited space, which brings a considerable pressure drop of the flow. This results in an
increase of power and size of the pump that drives the liquid coolant. The materials used to
build the channels are also another limitation. Materials that can increase magnetic losses
and safety problems are not recommended; plastics and ceramics aren’t a good option, either,

because of their low thermal properties.
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Figure 2.26 - Hollow conductor method[75]

¢ End winding cooling strategies

In typical liquid cooled motors, the biggest temperature spot is encountered in the end
winding, caused by the high thermal resistance between the coils and the cooling agent,
making the cooling of this zone very important. In fact, and since the end windings are
exposed to enormous temperatures, a failure in the insulation system may occur.

The first method consists of the principle of direct liquid cooling strategies to cool the
end winding, due to its high heat transfer properties. To support this method, Madonna et
al.[78],[79] dropped the end winding temperature, from 172°C to 130°C, by applying a
cooling pipe passing through the end windings. Also, Marcolini et al.[80] concluded that
opting for the oil cooling of the end winding would dissipate 3.3 times more heat, when
compared to water jacket cooling.

Another potential cooling method is the jet impingement and spray cooling. Jet
impingement can produce huge temperature gradients within the surface, as a result of the
large concentration of heat removal in the impingement zone. These gradients are harmful

to components, in this case windings, that are sensitive to temperature. This can be solved
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by using multiple jets, but by doing this, the interference of consecutive jets tends to difficult
the flow of the coolant and create flow instabilities in the cooling module[81]. On this basis,
Davin et al.[82] compared the use of lubricating oil under different nozzle configurations
and flow patterns. It suggested that even with the smaller quantity of oil, the end winding
temperature decreased a lot, and the dissipation capacity grew by 2.5-5 times. Also, a higher
flow rate is suggested to improve the winding cooling.

Spray cooling uses the impulse of the liquid emitted through the nozzle to induce the
rupture into thin droplets that collide separately with the hot surface. This rupture increases
the liquid ratio surface area/volume and promotes a better heat removal distribution along
the surface. Vapor can be easily removed, permitting a more effective contact between the
droplets and the surface[81]. Studies were conducted to evaluate the importance of this
strategy. Li et al.[83] decided to spray oil to the end winding through holes in the end cover
and it decreased the temperature of the end winding by 20% and took 30%-60% less time to
reach steady state. Liu et al.[84] studied an oil spray cooling with hairpin windings under
different parameters and realized that the temperature uniformity increased with a higher oil
flow rate and with a higher number of nozzles.

In conclusion, the use of liquid cooling strategies can really reduce the temperature of
the end winding. More efficient cooling strategies for the end winding are possible, because
there is more space available for cooling them than for cooling slot winding. But end winding
cooling also has limitations, like when itis applied to big diameter motors[85], as the cooling
in the middle might not be sufficient or due to the annular form of the end winding, which

makes it difficult to reach good temperature uniformity.
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3. Case Study Cooling System

In this chapter, we start by doing a brief introduction to the vehicle and the designed
cooling system. After that, we focus on the critical scenario (firefighting), the different
approaches and assumptions used to calculate the different variables needed, in each

component.

3.1. The Vehicle

In this subchapter, the E-Forest project vehicle is presented, in which the cooling
system will be implemented, introducing the vehicle itself and the components who need to
be cooled. The vehicle can be seen in the following Figure (Figure 3.1), where we can
visualize the exterior structure of the vehicle with the arm used for forest management and

the “hose” for firefighting situation, coupled to a 1000L reservoir.

Tool motor

Figure 3.1 - Image of the autonomous vehicle with reference to the tool motor

The vehicle is powered by battery modules that will supply three electric motors and
the electronics. Two of those motors, which are identical, serve for locomotion and the other
is built in the tool arm for forest management, as can be seen in Figure 3.1. The following
figure (Figure 3.2) show the interior from the perspective of the previous figure, being

possible to observe the electronics and the space below for the battery pack (orange box).
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Figure 3.2 - Image of the interior of the autonomous vehicle with reference to the traction motors (1 and 2),
electronics (3) and box to the battery pack (4)

Summing up, the components that need to be cooled in this autonomous vehicle are

the three motors, the battery pack and the electronics. Important basic information, about

these components, that will be obtained and used in chapter 4, can be seen in the following

table.
Item Dissipated Heat /un | Total Dissipated Heat Tmax operation
[W] [W] (C)
Batteries 30,7 5500 55
Tool motor 1000 1000 552
Traction motor 1605 3210 1003
Electronics - 625 70

Table 2 - Cooled components data/info

3.2. Cooling System Cycle and Strategies Selected

After evaluating the different existing cooling strategies, the cooling system designed

for this case can be seen in the following figure (Figure 3.3).

2 Value based on the consultation of engines of the same type
3 Value based on the consultation of engines of the same type
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Figure 3.3 - Designed cooling system; Red line - hot fluid, Blue line - Cold fluid

PRI

As shown, a radiator liquid cooling system was chosen, with the particularity of an
additional heat exchanger, making it a kind of secondary loop liquid system. In addition to
these, the system includes other main components, which are the circulation pump, and the
cooling strategies for each of the robot components that needed to be cooled. The cooling
strategy adopted for the battery pack and the electronics was the cold-plate, sandwiched
between them, because liquids are much more efficient when compared to air and also
because of the restricted space limitations. About the traction motors, the cooling strategy
selected was air-cooling with the help of fans, applying air in the surface of the motors. This
system is isolated from the main cooling system. As mentioned earlier, the motor of the tool
has an inbuilt cooling system, so there was no need to select another.

This system was designed to fulfill both forest management and firefighting scenarios.
In case of forest management, since the ambient air temperature is lower than the working
fluid, the pump drives the water to the components, absorbing the heat, and it finally reaches
the radiator to dissipate the heat to the ambient air.

When the robot is in firefighting situation, since the ambient air temperature is higher
than the working fluid, the radiator becomes insufficient, hence the necessity of a heat
exchanger placed inside the water tank with a lower temperature compared to the working
fluid. The starting point for building the system was that the water, cooled by both radiator
and heat exchanger, depending on the situation, and supplied to the cold-plate and arm
motor, should be at a temperature of 30°C.
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3.3. Cold-plate

For this component, a few companies were approached to inquire the viability of the

cold-plate, under the case study scenario. The following requirements were defined:

. Double-side Cold-plate maximum dimensions: 810 x 1150 x 25mm;
o Heat to be dissipated, Qco1q piate:
. Maximum temperature of the battery pack (Figure 3.4) and

electronics: 55°C;

. Inlet water temperature of 30°C;

° Maximum temperature difference between battery modules should

never be higher than 5°C.

Figure 3.4 - Image of the battery pack

3.4. Traction Motors

The traction motors (Figure 3.5) are basically horizontal cylindrical shape motors that
were designed specifically to be cooled by air, so the main goal here is to determine the air
velocity needed to attend the heat dissipation requirements, since we are under a exterior
forced convection scenario. Also, it should be mentioned that all the fluid properties that
appear in the equations are evaluated at a medium temperature between surface and fluid

temperatures.
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Figure 3.5 - Image of one traction motor

3.5. Tool Motor

In this case, since the tool motor (Figure 3.6) has an inbuilt cooling system, it only

requires to be plugged in the cooling system of the vehicle, so the flow rate has to be

determined. The motor case possesses two holes (inlet and outlet) for this purpose.

48V/60V/72V/ 3500-4700 RPM
96V/120V

Y
KTY 84-130 17 KG
Temperature sensor

Figure 3.6 - Image of the tool motor[86]

3.6. Heat Exchanger

In this case, Natural convection and Interior forced convection are present.

In order to be able to determine the length, a few initial assumptions were made:

e Water tank initial temperature of 20°C and at steady state;
e Water pipe outlet temperature of 30°C;

e Pipe diameter of 1 inch in the entire cooling system;

André Miguel Goulart Ferreira Batalhdo Ramos
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e Thin pipe walls, which leads to R, , ~ 0 and A; ~ A, = A and

consequently the surface temperature of the pipes will be the same of the

circulating water inside.

3.7. Radiator

For the radiator, a few potential suppliers were contacted.
The following requirements were set:
e Dissipated heat, Qorar = Qcotda prate + Qtoot motors
e Maximum width of 800mm;
e Maximum height of 315mm;
e Inlet and outlet size of 1 inch;
e Water as working fluid;
e Need of at least 1 DC cooling fan, due to the low speed of the vehicle,

which is about 1.6m/s.

3.8. Pump

The function of the pump is to circulate the fluid inside the cooling system. The
selection of the pump depends on three factors, pressure losses, fluid flow rate and

manometric height.

3.9. Other Components

In addition to all the components mentioned previously in this chapter, other
components must be included for the proper functioning of the cooling system.
In this subchapter, types and quantities of the remaining components are exposed, as

well as a control system operation proposal, based on the selected components.

3.9.1. Valves
All valves were selected to comply with certain main requirements:

e Dimension of 1 inch;

34 2023



Case Study Cooling System

¢ Range of operating temperatures;
e Maximum pressure;
e If solenoid valves, power supply: 12V, 24V, 96V (all DC).

e Check Valves

These valves oblige the fluid to flow in only one direction to prevent situations where
pressure conditions could lead to reversed flows. In this case, 4 check valves will be required.
Each one should be placed after the radiator, heat exchanger, cold-plate and arm motor.

¢ 3-way Valves

These valves allow the flow cutoff or to even split it two ways. One other type are the
thermostatic 3-way valves that permits mixing fluid from 2 different paths. In this case, two
3-way valves will be inserted, one of them being thermostatic. The thermostatic valve will
make the link between the outlet tubes of the cold-plate and the arm motor, leading the mixed
water to the 3-way valve, that will be linked to the heat exchanger and radiator pipe circuits.

¢ 2-way flow regulator valves

These valves will help to control the fluid flow rate in the system. In this case, two 2-
way Vvalves will be needed. One of them, number 1, will be placed before the cold-plate and
the other, number 2, before the arm motor, so that the circulating fluid flow rate in both
components can be controlled.

e Sectioning Valves

The function of these valves is to interrupt the fluid flow for possible repairs in the

system. In this case, one sectioning valve will be installed after the pump.

3.9.2. Sensors

e Temperature sensors

There are many types of temperature sensors, but they all have the same purpose,
which is measuring a determined temperature. In this case, 3 temperature sensors will be
inserted in the system. One before the pump and each one of the other two at the exit of the

cold-plate and arm motor.
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3.9.3. Proposed Control System

The system standard scenario will be the radiator circuit. When the outlet temperature
of the radiator, measured by the temperature sensor, is higher than 30°C and the radiator fan
is working at full power, a signal will be sent to the 3-way valve linked to the radiator and
the heat exchanger and will change the direction of the flow from the radiator pipes to the
heat exchanger pipes. When functioning on heat exchanger scenario, when the outlet
temperature of the heat exchanger, measured by the temperature sensor, is higher than 30°C,
it should send a signal to turn off all non-vital functions and limit power usage on motors,
actuators and electronics, in order to reduce heat output.vAlso, when the outlet temperatures
of the cold-plate or the arm motor, measured by the respective temperature sensors, are
higher than 33°C and 50°C, respectively, a signal will be sent to the 2-way valves to readjust
the fluid flow rate and pump flow. This control system should be able to respond to the needs
of the cooling system. In the following figure (Figure 3.7), a scheme of the cooling circuit

with these components can be seen.

————» HEATEXCHANGER —
I
\—> RADIATOR

M —D—- COLD PLATE - [}{] |:
_- . ¥
1/ —| . |—- PUMP

N
—D— ARM MOTOR d—i}-{]—

Sectioning Valve

e
% J-way Valve
N

Check Valve

<] 2way valve
- Temperature Sensor

Figure 3.7 - Cooling system schematic with valves and sensors for proposed control system
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4. Results and Selection of Components

In this chapter, the methodologies and results obtained from the approaches in the

previous chapter are presented.

4.1. Cold-Plate

In order to calculate the heat released by the battery pack, the extreme situation of
discharging the batteries was considered.

Charge current 1C means that the load will be fully charged in 1 hour with a charge
current of 105 A. Discharge current 2C means that the battery will discharge in 0.5h or 30
minutes, but with twice of the cell current, which is 210 A. The cell's internal resistance is
0.7 mQ. First, the heat dissipated has to be determined. The heat dissipated by the electronics
can be seen in ANNEX A and the batteries can be determined by using the following
equation (4.1):

— J2
Qbattery pack = I“ XR (4.1)

Where I is the current and R the resistance of the battery cell (ANNEX A).
Table 3 shows the result of the heat dissipated by the battery pack.

1(A) R(Q) QrcetW) | Neeps vattery pack (W)

210 0,0007 30,8 180 5544
Table 3 - Results for the heat dissipated in the battery pack

Resuming, the total heat that needs to be dissipated in worst case scenario (battery
pack and electronics (ANNEX A)) is around 6200W.

It should be noted that, in nominal functioning, the batteries deliver about 100A, which
results in a dissipated heat of 2270W.

The response from the cold-plate suppliers was generally positive. One of them even

performed a CFD analysis, which was then provided.

André Miguel Goulart Ferreira Batalhdo Ramos 37



Design  of a cooling system for an all-terrain electric vehicle for firefighting

| cuboid)

pover |
32.5 °C

powver
38.1 °C

(Cuboid)
7/

Flane
1. De+ld Paf

Flae |
2. 0544 Paf—
&g
1. dfle+i4 P
= Flanw I
1. Je+04 P

Figure 4.2 - Cold-plate CFD analysis (Pressure drop), provided by Regis Heat sink Technology Co., Ltd.

The CFD analysis (Figure 4.1, Figure 4.2), provided by Regis Heat sink Technology
Co., Ltd., shows that the cold-plate that managed to keep the temperature of the battery pack
under 48°C, which is lower than the maximum 55°C, had the following dimensions,
810x1150x25mm. This was achieved through a water flow rate of 1.8m3/h entering the

cold-plate at 30°C. Also, the pressure drop registered was of 54700 Pa. The CFD analysis
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that was performed wasn’t the most accurate, since they considered 7500W for the heat
dissipated instead of 6200W and the analysis was made for a one side cold plate. Regardless
of that, since the heat dissipation considered was higher than the real one and the electronics
side corresponds only to 700W of the 6200W, it was decided to carry on with these results
later on. The water outlet temperature was not mentioned in the CFD analysis, so it had to
be determined. By using the equation (4.8) and the following data, present in Table 4, the
value of temperature was determined. Fluid properties were determined at a medium
temperature between the inlet water temperature and the maximum temperature of the
battery pack. Water properties were extracted at a medium temperature of 31.5°C
(approximately 30°C).

Q(m*/s) qw)  |cpU/kg-K) | ptkg/m®) | Tin(®C) | Toue(°C)
5,085E-04 6200 4178 996 30 32,92

Table 4 - Results for cold-plate outlet temperature

4.2. Traction Motors

First, heat dissipated can be obtained through:

Qtraction motor = Pin X (1 —1) (4.2)

Where P is the power input and 7 the efficiency of the traction motor (ANNEX A). The

results for heat dissipated by the thinning arm motor can be seen in Table 5.

Pin (W) (%) QW)
10700 85 1605

Table 5 - Results for the heat dissipated in the traction motor

By using the following data and equations, the obtained results are shown in Table 6. Air
properties were extracted at a medium temperature of 75°C =348.15K (approximately
350K). Entry data:

e Motor geometry: cylinder with a diameter of 0.23m and length of 0.147m;

e Heat dissipated: Q = 1605W;

e Motor surface temperature: T, = 120°C;

e Air temperature: T,, = 30°C.
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The air heat transfer coefficient,h,has to be obtained, through Newton law:

Qtraction motor = h X Asup X (Tsup - Too) (4.3)

Where Q is the heat dissipated, A the surface area and T and T, are the surface
temperature and fluid temperature, respectively.
After this, based on a forced convection scenario, the Nusselt number is calculated:

hxD (4.4)
Nu =
ky

Where D is the diameter of the motor and ky is thermal conductivity of the fluid.

Now, the Reynolds number (Re) can be determined. Based on the surface geometry,
the Churchill-Bernstein correlation (4.5) as selected, mainly because it is the one with the

largest range of values.

4/5

O,62ReL1,/2Pr1/3l (ReD S/Sl

Nup = —_—
up =03+ 04323 1/4 282000 (.5)
[1 +(7r) l
Where Pr is the Prandtl number of the fluid.
Finally, air velocity, u, is determined through the following equation (4.6):
_uwxD (4.6)

Re =
iy

Where v is the kinematic viscosity of the fluid.

The results for these equations are presented in Table 6.

P.(m) 0,723 ke (W /m.K) 0,03
Agyp(m?) 0,106 Pr 0,7
h(W /m?.K) 167,895 Nu 1287
a(m?/s) 2,990E-05 Re 1,059E+06
v(m?/s) 2,092E-05 U (M/S) 96,3

Table 6 - Results of air speed required for traction motors
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The heat transfer coefficient is inside the range values for typical air forced convection
values, but air velocity required is completely unrealistic, so the motors manufacturers were
contacted in order to better understand the motors characteristics, since the motors had been
designed to be able to be cooled by air. So far there has been no response from them, so a
possible hypothesis to solve this problem is the increase of surface area with fins. A graphic
showing approximately how the addition of area to the motor surface area influence the air

velocity required is shown below.

120
100
80
60

40

Air velocity (m/s)

20

1 12515175 2 2,25 25 2,75 3 3,25 3,5 3,75 4 4,25 4,5 4,75 5
Addition of area in relation to motor surface area

Figure 4.3 - Variation of air flow required with the addition of surface area in relation with the base motor
area

As the graphic shows, as the surface area increases, the air velocity needed decreases.
But we can also see, in this situation, that, from a certain point, the addition of area won’t
bring many benefits, since the curve tends to stabilize. A careful analysis has to be done,

since the increment of area will also increase the motor weight.

4.3. Tool Motor

The heat dissipated can be determined by using equation (4.2), where P;, is the power
input and 7 the efficiency of the tool motor (ANNEX A). The results for heat dissipated by

the thinning arm motor can be seen in Table 7.
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Pin(W) n(%) QW)
10419,78 90,3 969

Table 7 - Results for the heat dissipated in the tool motor

Now, the water volumetric flow rate, Q, is obtained through:
Qtool motor = @ X Cp X p X AT (4.7)

Where C, is the water specific heat, p is the water density and AT is the difference
between the initial and final temperature of the circulation fluid.

Assuming that the inlet water temperature is 30°C, and should achieve an outlet
temperature of 50°C (a bit lower than the desired motor surface temperature of 55°C), by
dissipating approximately 1000W (oversized value relatively to the one in Table 7), we can

finalize the calculus (Table 8). Water properties were extracted at a medium temperature of

40°C.

Tin(°C) | Toue(®C) | qW) | U/kg-K) | plkg/m®) | Q(L/min)
30 50 1000 4179 992,1 0,724

Table 8 - Results for water flow rate of tool motor

The water flow required is almost negligible when compared to the flow required by

the cold-plate.

4.4. Heat Exchanger

Now that the outlet temperatures and water flow rate for both cold-plate and thinning
arm motor are known, the total water flow rate and temperature can be determined.

For the total water flow rate, the flows in each component need to be summed:

Qtotal = Qcold plate + Qtoolmotor (4.8)

For the temperature of the total water flow rate, considering an adiabatic system, we

make a temperature balance:

Qtotal X Ttotal = Qcold plate X Tout,cold plate + Qtoolmotor X Tout,tool motor (4.9)
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Now that Q;p;q; and Tyoeq (inlet temperature in heat exchanger) are known, the pipe
length necessary to dissipate the required heat can be obtained. Since this is a situation of
natural convection outside the tube, the first thing to do is determine heat transfer coefficient

of natural convection.

e Natural convection

First, the Rayleigh number,Rap, has to be calculated:

_gXBx(T=Ty)XD?

Ra
b vXa

(4.10)
Where g is the gravity, f is the volumetric expansion coefficient of the fluid, T is the
temperature of the surface that will be considered equal to the fluid temperature inside the
tube, T, is the temperature of the fluid, D is the diameter of the tube,v is the kinematic
viscosity of the fluid and « is the thermal diffusivity of the fluid.
After obtaining Rayleigh number, having in consideration the geometry of the surface

area, the Nusselt number, Nup, must be determined:

Nup = C X Rap (4.11)
Where C and m are constants and their values depend on the Rayleigh number.

Finally, the convection coefficient, h,, is given by:

Nup X k
h=—2""

D (4.12)

Where kf is the thermal conductivity of the fluid.

It is important to mention that all fluid properties are extracted at a medium
temperature between the temperature of the deposit water and the pipe surface.

Table 9 will present the values for the natural convection process (water properties

extracted at a medium temperature of 26.5°C (approximately 25°C)).
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g(m/s?) 9,81 Pr 6,140
B(1/K) 2,47E-04 Ra 3,81E+06
Toup (°C) 333 c 0,480
T..(2C) 20 0,250
D(m) 0,025 Nu 21,207
v(m?/s) 8,94E-07 ey (W /m. K) 0,607
a(m?/s) 1,456E-07 h(W /m?.K) 517,1

Table 9 - Results for water heat transfer coefficient (Heat Exchanger)

Since area is the only variable unknown, the Newton law can be used to determine it:

Qiotal = hXAX(T—To) (4.13)

Where Q represents the heat dissipated, A the surface area, T the surface temperature

and T,, the water tank temperature.
Now that everything is known to determine the required surface area, having the

diameter of the pipes, D, the pipe length, L, necessary can be obtained. Considering, the

surface area of a cylinder, a rectangle, where W = Perimeter i cie:

A=m1XDXL (4.14)

Table 10 shows the values for the tube surface area and length.

h(W /m?.K) 517,1 A(m?) 1,045

Qiotal 7200 W(m) 0,079

Teup (2C) 33,3 L(m) 13,3
T (°C) 20

Table 10 - Results for tube surface area and length (Heat Exchanger)

A safety factor of approximately 1.45 was assumed for the length of the heat
exchanger. This led to a length of approximately 19.365m.

e Interior forced convection

Associated with the length, pressure losses, AP, can be calculated:

L 1
AP:fX(E)XEXPXUan (4.15)
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Where f is the friction factor, p is the density of the water inside the tube and u,, the
medium velocity of the water inside the tube.
To determine the friction factor, first the Reynolds number, Rep, , associated with the

interior forced convection must be obtained:
4%xQ

Rep, = VXP, (4.16)

Where Q is the water volumetric flow rate of the fluid, P, is the section perimeter and
v is the kinematic viscosity of the fluid.

The Reynolds number allows knowing the regime of the flow. In this case, since the
Reynolds number is higher than 10*, a fully developed turbulent flow is guaranteed.

In a turbulent regime, Pethukov defined the friction factor as:
f =(0.79 x In(Rep) — 1.64) 72 (4.17)

Note that all fluid properties needed for the calculus are determined at a medium
temperature between the inlet and outlet temperature of the pipe water.
Table 11 presents the values for the pressure drop (water properties extracted at a

medium temperature of 31.5°C (approximately 30°C)).

Q(m3/s) 5,121E-04 L(m) 19,365
v(m?/s) 8,012E-07 D(m) 0,025
P,(m) 0,079 p(kg/m?) 996
Re 32550 Uy, (m/s) 1,043
f 0,023 AP(Pa) 9729

Table 11 - Results for Pressure Losses inside the tube (Heat Exchanger)

The heat transfer coefficient is inside the range values for typical water natural
convection values. A good solution for the tube material is copper, due to its high thermal

conductivity.
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4.5. Radiator

After contacting some companies with the necessary requirements, the company
Shanghai Shenglin M&E Technology Co.,Ltd, answered affirmatively. In talks with them, a
microchannel radiator was decided. It was also decided, the use of two fans (Figure 4.4),

which specifications are in ANNEX A, to increase the heat dissipation.

Figure 4.4 - Fans selected for the radiator

4.6. Pump

Taking into account the pressure drop values of the entire system, the AP;,:,; can be
obtained. Since the pressure losses in the arm motor and in the radiator are unavailable, both
of them were considered an approximate value (50000Pa) of the cold-plate losses. So far,

the known pressure losses are available in Table 12.

APyqiyes(Pa) 26470
AP¢o14 prate (P) 54700
APrqaiator (Pa) 50000
APpeqt exchanger(Pa) 9729
APto01 motor (P2) 50000

Table 12 - Known pressure losses of the entire cooling system

To determine the losses in the pipelines, same steps and values of heat exchanger
interior forced convection section will be used. The only thing that differs is the pipeline
length that has to be estimated. The pipeline length considered to determine the

corresponding pressure losses won’t include the pipe concerning the arm motor, since the
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corresponding water flow is almost inexistent compared to the one in the cold-plate. The

estimated length for the pipeline can be seen in the following figure and in Table 13.

— w HEAT EXCHANGER
J L 2
L* RADIATOR g

I K
COLDPLATE  |w <1 |:
# F D | ..xN
’:G xB—m_"_AF’UMP -
—D—rE ARM MOTOR ct—[)ﬁi
Figure 4.5 - Pipe designations for length calculation
Pipe | Type |Diameter|Length [mm]| N elbows N Temperature
P yp g Tderiv. P
AB | PVC 1" 300 2 1 cold
BC | PVC 1" 1500 2 0 cold
BD | PVC 1" 140 0 0 cold

KM | PVC 1" 200 2 0 cold

LM | PVC 1" 200 0 cold

MN | PVC 1" 400 1 0 cold
Total 25445

Table 13 - Pipeline length values

The length used for the pressure drop didn’t include JL, BC and EG pipes, so the final
value was 3080mm (3.08m). Having this in account, by using the same equation(4.15) and
values of heat exchanger subchapter (flow rate of the cold-plate is almost equal to the total
flow rate) and only changing the length value, an approximate value of APpipejine Can be

obtained (Table 14).
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Q(m3/s) 5,121E-04 L(m) 3,08
v(m?2/s) 8,012E-07 D(m) 0,025
P,(m) 0,079 p(kg/m?) 996
Re 32550 Uy, (m/s) 1,043
f 0,023 AP(Pa) 1547

Table 14 - Results for pressure drop inside the tube (Pipeline)

Also, it is worth mentioning that, since the heat should not be released by the pipelines,
they should have thermal insulation. In this case, PVC (Polyvinyl chloride) was chosen, due
to its low thermal conductivity.

The fluid flow rate, Q¢o¢q, Was determined earlier, missing the calculus of manometric
height. The manometric height, H,can be obtained through the following equation (4.18):

H = M (4.18)
pxXg
The AP;ytq; 1s the sum of the pressure losses in each component and in the pipes as

can be seen next:

APtotal = APcold plate + APtool motor + APrad or h.e + APpipeline + APvalves (4.19)
Since the radiator and the heat exchanger won’t be working simultaneously, for sizing
purposes, AP,qq or ne 1S considered the highest pressure drop value among them.
Table 15 shows the value for the manometric height. Water density extracted at a

temperature of 30°C.

APyorqi(Pa) p(kg/m?) g(m/s?) H(m)
182717 996 9,81 18,7

Table 15 - Results for pump manometric height

Now, that AP,yrq;, Qrorqs and H are known, a pump can be selected, having in
consideration that the power supplies available in the vehicle are 12V, 24V and 96V, all DC.
Note that AP,;;pes 18 determined in the next subchapter. After some research made to find a
proper bomb, it was concluded that for the requirements needed, a single pump couldn’t be

found. So, the solution found was the HIGH FLOW SYSTEM 12VDC 10.0GPM from
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Shurflo (Figure 4.6), which is composed of two pumps. The pump datasheet is available in

ANNEX A.

Figure 4.6 - Image of selected pump

4.7. Other Components

4.7.1. Valves
e Check Valves
For these valves, the model 304760 (Figure 4.7) from Caleffi was selected. The
extracted pressure drop values, based on the flow rate and connection dimensions, are:
e AP, .4 = 3,2kPa = 3200Pa;
® APpeqt exchanger = 3,2kPa = 3200Pa;
® APgrm motor = 0Pa;
 AP,o1 piate = 3,1kPa = 3100Pa;
The specifications of the product and the hydraulic characteristics can be seen in
ANNEX A.
¢ 3-way Valves
For these valves, the model VG 3310 LS (Figure 4.7) with thermoelectric ON/OFF
actuator from Johnson Controls, was selected and the chosen model for the thermostatic
valve was the 523060 (Figure 4.7) from Caleffi. The extracted pressure values, based on the
flow rate and connection dimensions, are:
® AP;_,qy = 4,2kPa = 4200Pa (Assumed from other 3-way valves;
no information available from the manufacturer) ;
o APipormostatic = 0,08bar = 8000Pa.
The specifications of the products and the hydraulic characteristics of the thermostatic
can be seen in ANNEX A.
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e 2-way Valves
For these valves, the model VG 3210 LS (Figure 4.7) with electric modulating action
actuator from Johnson Controls, was selected. Based on the flow rate and connection
dimensions, the extracted pressure values are:
e AP, =0,27kPa = 270Pa (Assumed from other 2-way valves; no
information available from the manufacturer);
e AP, ~ OPa (Assumed from other 2-way valves; no information
available from the manufacturer).
The specifications of the product can be seen in ANNEX A.
e Sectioning Valves
The valve selected for this purpose was the 323060 (Figure 4.7) from Caleffi. The
extracted pressure value, based on the flow rate and connection dimensions, was:
e AP = 0,045bar = 4500Pa.

The specifications of the product and the hydraulic characteristics can be

seen in ANNEX A.
“\_f' N ;

¥ .
ES =

N
(a) (b) () (d)

Figure 4.7 - Valves selected: (a)check valve, (b)3-way valve, (c)thermostatic valve, (dd)2-way valve,
(e)sectioning valve

'y

4.7.2. Temperature Sensors
The temperature sensors selected were the same. For this purpose, the PTV (Figure
4.8) from ACS control-system was chosen (ANNEX A). It has the advantage of being easily

installed, without the need to be incorporated in the pipeline system.
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Figure 4.8 - Image of selected temperature sensor

4.8. Implementation of main components

The implementation of the heat exchanger, pump and radiator can be seen in the

following figure (Figure 4.9).

Figure 4.9 - Implementation of heat exchanger(1), pump(2) and radiator(3) in the vehicle
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5. Conclusions

The objective of this dissertation’s work was building a cooling system for the
autonomous vehicle of the E-Forest project, so that it can operate in forest management tasks
and firefighting situations. The researched state-of-art allowed a deeper understanding of
cooling strategies applied to electric components, allowing a good framework for this
project. This research provided the basis and subsequent analysis resulted in the proposed
cooling system and to the selection of components. The main difficulty arose around the
traction motor cooling results. Unfortunately, it wasn’t possible to get a timely response from
the motor manufacturers. However, since it was isolated from the main cooling system, it
didn’t affect the results obtained in other components.

Overall, considering that, the system was designed taking into account the worst case
scenarios of the component operation, and conservative safety factors, it is believed that it
will perform efficiently under the most extreme conditions. This work and findings can
positively contribute to the designing of reliable and robust cooling systems for autonomous

vehicles in extreme heat scenarios.

5.1. Future Work

In the future, there are a few things that should be done. The most pressing is to get a
response from the traction motors manufacturers and determine the correct air velocity
required, so that a proper air cooler (fan) can be chosen. Cold-plate was already defined with
the correct requirements, from Regis Heat sink Technology Co., Ltd., but there are no
specifications available yet. For a more accurate analysis, the respective CFD analysis, with
the right values, should be consulted, to compare results with the previous CFD. Radiator
was also defined with the needed requirements, from Shanghai Shenglin M&E Technology
Co.,Ltd, but there are no specifications yet. So, the remaining components should be
obtained too.

The control system is yet to be designed and should include the following functions:

e If the measured temperature after the radiator is higher than 30°C, the 3-way
valve should change the flow direction to the heat exchanger;
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e |f the measured temperature after the heat exchanger is higher than 30°C, it
should turn off all non-vital functions and limit power usage on motors,
actuators and electronics;

e If the measured outlet temperatures of the cold-plate or the tool motor, are
higher than 33°C and 50°C respectively, the 2-way valves should readjust the

fluid flow rate and pump flow.

After this, in a first stage, with all components and a defined control system software,

the system should be tested in laboratory environment.

Finally, if it meets all the requirements under lab environment, the system must be

tested and validated in the vehicle prototype in real life scenarios.
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ANNEX A

ANNEX A

Al. BATTERY

Item
Cell model
Cell type
Cell nominal capacity
Cell nominal voltage
Waorking voltage
Cell weight
Cell energy density

Max. charging current

Max discharge current
ACR

Battery working temp.

Parameter
3.2V105Ah
LFP
105Ah
3
25-3.65V
2 06kg
163wWh/kg
1C

2C

=0.7mQ

Discharging - 20°C~55C
Charging0-55C

Figure A.1 - Battery specifications
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A2. TOOL MOTOR
Items Voltage Current P.input P. factor Frequency Torgue Rotate P.output Effidency
NO. v A W PF Hz mi.m Rpm w %
1 T1.83 7.297 524.11 1.000 0.00 468.0 4658 22832 43.6
2 T1.82 7606 54628 1.000 0.00 3575 4658 174.37 319
3 7181 9.103 653.73 1.000 0.00 1475 Ab47 7177 11.0
4 71.79 12.522 898.97 1.000 0.00 B05.0 4621 38952 433
5 T1.75 18.159 1302.97 1.000 0.00 1917.5 4580 919.60 0.6
[ 71.70 25740 1845.49 1.000 0.00 32425 4525 1536.37 a3
7 T1.64 34 868 2497 87 1.000 0.00 47725 4460 2228 83 as.2
8 T1.58 45.202 323565 1.000 0.00 B4E0.0 4388 2968.22 91.7
9 T1.52 56.724 4056.79 1.000 0.00 83275 4320 376699 5929
10 7145 B8 855 4919.31 1.000 0.00 10315.0 4251 4591.53 933
1 7138 81.549 5820.60 1.000 0.00 124275 4181 5440.77 935
12 71.30 54671 6750.04 1.000 0.00 14587.5 4114 b2 84.08 931
13 T71.23 107.898 J685.30 1.000 0.00 16797.5 4052 T127.06 92.7
14 .21 121.197 B630.78 1.000 0.00 18967.5 3956 7936.56 92.0
15 71.27 134038 9552.52 1.000 0.00 211125 3548 873018 914
16 71.30 146.140 | 10419.78 1.000 0.00 230775 3510 9448 .48 90.7
17 T1.26 156.545 11155.40 1.000 0.00 248250 3872 1006517 90.2
18 T1.22 165043 11754.33 1.000 0.00 261725 3842 1052929 am.6
19 71.24 171080 | 12187.74 1.000 0.00 27107.5 38325 10857.19 9.1
20 71.27 175565 | 1251252 1.000 0.00 277625 3816 1109337 887
21 7129 178.693 1273854 1.000 0.00 282975 3809 1128641 2.6
22 71.30 181.525 1294228 1.000 0.00 286925 3803 11425952 283
23 71.34 184.110| 1313441 1.000 0.00 29087.5 3800 11574.08 881
24 71.34 186.195 | 13284.08 1.000 0.00 29415.0 3797 11658516 850
25 7134 188323 13433.99 1.000 0.00 297700 3791 1181760 38.0
26 7133 190278 1357249 1.000 0.00 30065.0 avar 1152211 37 .B
27 71.34 192378 | 1372421 1.000 0.00 303575 3783 1202538 876
28 71.32 194.243 | 1385435 1.000 0.00 30627.5 rm 1211951 875
Figure A.2 - Tool motor specifications
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A3.

PROPOSED DATA

TRACTION MOTOR

Gearbox type
Gearbox ratio
Gearbox efficiency
Brake type

Brake torque

Brake Voltage supply

Brake torque at the sprocket
Motor

Rated Power

Rated Targue

Rated Speed

Rated Current

Rated Voltage

Rated Frequency
Bus-DC Voltage
Working Points
Type of service
Motor torque

Motor speed

Motor power

Motor supply voltage
Motor supply current
cosg

Efficiency

Degree of protection

Sprocket torque
Sprocket speed

Max. tractive effort
Travel speed
Max. gradeability

Gearbox effic. pg = 0,94 - Track affic. pt = 0,85 - Rolling resist. m= 0,10

iy

(Nm)
{vdc)
(Nm)

(kW)
(Nm)

(rpm)
{Arms)
(Vrms})

(Hz)

(vdc)

(Nm})
(rpmy)
(kW)
(Vrms})
{Arms)

(p.u.)
(%)

(Nmy)
(rpmy)
(M)
{km/h)
(%)

52-10°
21
4.883
10,7
14
190
0,88
85

589
162,8
4.550
13,5
3.0

701C2
30,0
0,94
Parking Electromagnetic
70
TEC
2232
VSDMOT-SWo02
7.5
32
2250
100
53
150
80
5210 5260
76 3z
723 1.809
57 6,1
15 17
175 250
0.89 0.84
88 84
IP6T
2.135 904
241 60,3
16.498 6.983
20 5,0
40,0 10,0

Figure A.3 - Traction motor specifications
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Item qtd Calor dissipado fun [W] Calor dissipado total [W] Tipo arrefecimento |Componente Total por componente [W]
Baterias 180 30,6 5500

Condensadores dos harramentos dos motores m|

Controladores dos motores tragdo Super Sigma 2 M 2 150 300

Controlador motor da ferramenta 1 150 150

mm_m 12 <.n=n=_.n.o %_ pré-carga 3 liquido Cold Plate 6125
Resisténcia do circuito de pré-carga (150 ohm) 3

Conversar DC/DC 96 - 48 V (sistema de travagem dos motores) 1 !!

Relés principais do acionamento dos matores 3

Cabos 1 150 150

Controlador mestre 1 10 10

Motor ferramenta 1 1000 1000 liquido proprio 1000
Motor tragio 2 1605 3210{ar Ventilador motores 3210
Carregador bateria principal H|m— NA

desprezavel

Electrénica

Figure A.4 - Dissipation values per component
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ANNEX A

A5. PUMP

Name

HIGH FLOW SYSTEM 12 VDC 10.0 GPM

Model Numbers OEM/Aftermarket

4558-153-E75

Voltage

12VDC

Dimensions Inches/Millimeters

Flow Rate GPM/LPM

10.0 GPM [37.8 LPM]

Amps (Max.)

13111

Shut-Off Pressure

55 P51 [3.8 BAR]

Figure A.5 - Pump specifications
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A6. CHECK VALVE
Technical specifications
series 3045-3046 3047-3048-3041
Materials
Body brass EN 12165 CW617N brass EN 121656 CW617N
Check valve POM POM
Springs: stainless steel stainless steel
O-Ring seals: EPDM, NBR EPDM, NBR
Union seal: 3046 series: non-asbestos fibre NBR 3041 series: non-asbestos fibre NBR
Knob: - 3041 series: EN 12165 CWB17N
Ball: - | 3041 series: EN 12164 CW614N, chrome-plated
Ball control stem: - 3041 series: EN 12164 CW614N
Ball seal seat: - 3041 series: PTFE
Test port cap: 3045/3046 series PABGG30; 3048/3041 series: PABEG30
code 304601: brass EN 12164 CW614N
Performance
Medium: drinking water drinking water
Maximum working pressure: 10 bar 10 bar
Min. opening pressure for check valve: 0,5 kPa 0.5 kPa
Maximum working temperature: 90°C 90°C
Connections 3045 series: 1/2" 2" F (DN 15 50) 3047 series: 1/2" 1" F (DN 15 25)
(internal check valve DN) code 304601: 3/4” F with union for M (DN 15) 3048 series: 1/2", 3/4" F (DN 15, 20)
3046 series: 3/4" 2" F with union for M (DN 15 40) 3041 series: 3/4" F with union for M (DN 15)
code 304644: 3/4" F with captive nut for M (DN 15)
code 304654: 1" F with captive nut for M (DN 20)
code 304645: 3/4” F with captive nut for M (DN 15)
Test port connections 1/4" F; code 304601: 1/8" F 3048/3041 series: 1/4” F
Hydraulic characteristics
Ap (kPa)
50 100
80
70
60
45 50
40
35
30
25
15 20
16
14
12
5 10
8
7
6
4.5 5
4
3,5
3
2,5
0,2 —_— 2
D~ OMhoo N wOo® L] v ) OO | N0 n oOnown © 000 —_—
N oNs L cooo! ———=! & eyt ————l N OmIe 8 Koo =
~C ©7%, o o o 8 ~
o (o) ™ 0 e E
V]
Figure A.6 - Check valve specifications



ANNEX A

A7.2-WAY AND 3-WAY VALVE

ATUADORES

De pequena dimensao

TERMOELETRICO,
agdo modulante
(0-10 VCCQ)

ELETRICO
agdo modulante

(0-10 VEQ)

TERMOELETRICO
agdo tudo/nada ou DAT

Grau de protecgdo

IP54 (norma EN 60529)

IP43 [norma EN 60529)

P54 { norma EN 60529)

Forca nominal

125N + 5%

120N

100N + 5%

Alimentacao

24 VCA (= 10%)

24 VCA/CC (+ 10%)

230 VCA
(ou 24 VCA/CC) + 10%

Sinal de comando

0a 10 VCC (Ri = 100 ko)

0a 10 VCC (Ri > 100 k)

ou 3 pontos (reversivel)

Caracteristica

Linear

linear ou igual percentagem

(comutével)

Tempo de abertura/fecho 2,5 minutos 40 seg 3 minutos

W (Pico inicialy (0,1 seg)
Consumo (poténcia) 1,2W (max. 320 mA) 1,5W 100W/230 VCA);

7W 24 VCA/CC

Ligagoes (cabo)

com 1 m de comprimento;

3 condutores de 0,75mm?

com 1,5 m de comprimento;

3 condutores de 0,75mm?

com 1 m de comprimento;
2 condutores de 0,75mm?

Temperatura ambiente

0..60°C

Humidade relativa

< 95%H

Certificados (CE)

EEC EMC (CEI-EN 55104/95; CEI-EN 55104/00; EN 60730-1; EN 60730-2-14

VALVULAS DE LIGACOES ROSCADAS MACHO/MACHO

VALVULA + ATUADOR

Koo MAQ:;A[”O ﬁg‘)—(’&% @ LIGACOES cODIGO COMBINAGAO
e ey | HIDRAULICAS | ENCOMENDA POSSIVEL

VALVULAS DE 2 VIAS

2,5 250 kPa 1.000 Ifh 1/2” VG 3210 FS v v v
4,0 200 kPa 1.600 I/h 3/4" VG 3210 KS v v v
6,3 100 kPa 2.500 I/h 1” VG 3210 LS v v v
VALVULAS DE 3 VIAS

2,5 250 kPa 1.000 I/h 1/2” VG 3310 FS v v v
4,0 200 kPa 1.600 I/h 3/4" VG 3310 KS v v v
6,3 100 kPa 2.500 I/h 17 VG 3310 LS v v v
VALVULAS DE 4 VIAS

2,5 250 kPa 1.000 I/h 1/2" VG 3410 FS v v v
4,0 200 kPa 1.600 I/h 3/4" VG 3410 KS v v v
6,3 100 kPa 2.500 I/h 1” VG 3410 LS v v v

Figure A.7 - 2 and 3-way valves specificatio

S

>

André Miguel Goulart Ferreira Bata

Ihdo Ramos

69
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A8. THERMOSTATIC VALVE
C teristicas té
- Material: - Corpo: Latao UNI EN 12165 CW617N, cromado Campo de regulagéo: 30+65°C
- Cartucho: Latdo UNI EN 12164 CW614N Precis&o: +2°C
- Obturador: Latao UNI EN 12164 CW614N Pressao max. exercicio (estatica): 14 bar
- Molas: - Ago inox Pressao max. exercicio (dinamica): 5 bar
- Elementos de vedacao: NBR Temperatura max. de entrada: 85°C
Fluido de utilizaggo: agua Relagdo maxima entre as pressdes de entrada (Q/F o F/Q):  2:1

Ligacéo:

Caracteristicas hidraulicas

Ap[bcn] 1™ 11/4" 11/2" 2¢ Ap(mcal
1o T el 10
’I |"
B iy du e
05 AT
03 ,',/ M 1
02 N AV Nmrae 2
rd F rd
T A
0 AL AL 1
Ilrl /’l
. i i 0.5
0,05 - . # 7 ,
0,03 74P 48av 4 ,4/" 03
oo PArARp.v.an 02
~ 'I’ 1
0.0l “ way 0.1
i
el i
0,005 [t T LA 0,05
o ==——— R 0,03
0,002 0,02
0,001 0,01
s 8 & 8 & 8§ & &
— o Yy b= =

Figure A.8 - Thermostatic valve specifications

- 1"+2" M de casquilho

-@ 28 mm para tubo de cobre

G(l/h)
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ANNEX A

A9. SECTIONING VALVE

Ap [m c.a.)

10

0.5

0.2

0.1

NN

3230 - 332- 333 - 334

série =
Materiais
Corpo:
Esfera: medidas 1/2"+1"
medidas 1 1/4"+2"
Retencéo: medida 1/2"
medida 3/4"

medidas 1"-1 1/4”
medidas 1 1/2"-2"
Mola de retengao:
Vedacao da retengéo:
Manipulos de comando (alavanca/borboleta):
Vedacdo da haste de comando:

latdo UNI EN 12165 CWEB17N, cromado
latao UNI EN 12164 CW614N, cromado
latdo UNI EN 12165 CW6E17N, cromado
PA

POM

PSU

latdo UNI EN 12164 CW6E14N, cromado
ago inoxidavel

NBR

aluminio

PTFE

Desempenho

Fluido de utilizagao:

Percentagem max. de glicol:

Press@o max. de funcionamento:

Pressao minima de abertura da retencao (Ap):
Campo de temperatura de funcionamento:

agua, hidrocarbonetos
16 bar

0,02 bar

5+80°C

Ligagoes

Série 3230: 1/2"+2" F

Caodigo 332400: 1/2" M x 1/2" F

Codigo 333400: 1/2" F x porca 3/4" F

Codigo 333500: 3/4" F x porca 3/4" F

Codigo 334400: 1/2" M x porca 3/4" F

Cadigo 334500: 3/4" M x porca 3/4" F
Serie 333 e 334: porca com furagao para selagem

Figure A.9 - Sectioning valve specifications
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A10. TEMPERATURE SENSOR

technical data

measuring element:
measuring temperature:
tolerance:

signal type:

installation:
connection:

Platinum resistance element Pt100

up to 140°C

class A, according IEC 60751

1x Pt100 in 4-wire-switch
4...20 mA / 20...4 mA with line transmitter LTN-500

contact sensor with special clamp

Silikon/PTFE shielded cable, others on request

Messflache:
sensor housing:
clamp:
protection class:

Ag

Polyamid

POM; others on request

IP68

Figure A.10 - Temperature sensor specifications
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ANNEX A

All. RADIATOR FAN

SPAL cooling fan 280mm / 11" suction

Voltage: 12 V

Power consumption: 75 W
Engine type: Long life IP68 (6,7 A)
Specification: 1-speed, suction
Volume: max 1280 m*/h
Diameter [mm7: 280 mm / 11"
Depth: 51 mm

Weight: 11 kg

Figure A.11 - Radiator fan specifications
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