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The development of power electronics continuously increases their power density and therefore
creates challenges for their cooling. Conventional cooling methods, such as heatsinks, are no
longer able to cope with the cooling of high heat densities, and therefore, new cooling methods
are needed. Two-phase compact thermosyphon (COTHEX) cooling allows the cooling of higher
heat densities without having to resort to using pumps. The standard COTHEX technology,
however, cannot replace heatsinks due to their structure because it does not match with the cuboid
shape of a heatsink. This thesis focuses on designing a thermosyphon concept for power
electronics cooling that can replace a heatsink without the need to redesign the products in which
they are installed.

In this thesis, three thermosyphon based cooling elements were designed, and their structures
were optimized to provide as effective cooling as possible with thermal simulation. The thermal
performances of the optimized elements and a conventional heatsink of same size were then
compared to determine the solution which most effectively transfers heat. The best thermosyphon
cooling method was selected, and its features were studied in more detail. The most suitable
thermosyphon cooling element substantially improved the cooling of the power electronic device,
semiconductor, compared to a conventional heatsink of the same size.

The selected thermosyphon construction was able to cool more effectively than the conventional
heatsink at higher heat loads, higher surrounding temperatures and with lower air flows. The
construction generates lower pressure drop and therefore allows higher air flow rates pass the
finned structure of the cooling element. The coolant circulation enables stable heat distribution to
the whole area of the baseplate in which the semiconductor is attached. Thus, thermosyphon
technology provides heat transfer at the baseplate at a constant temperature, which offers many
benefits. For example, even temperature distribution has a positive effect on the aging of
semiconductor chips.

This thesis developed a new thermosyphon type and analysed its thermal performance. The new
thermosyphon gave such positive results that it is highly recommended to replace conventional
heatsinks with thermosyphon technology in power electronics cooling.

Keywords Power electronics, cooling, thermosyphon, heat exchanger, COTHEX, phase
transition, heatsink, cooling element.
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Tehoelektroniikan tehointensiteetti kasvaa jatkuvasti tekniikan kehittyessd miké luo paineita
tehoelektroniikan jadhdytykselle. Nykyisend jadhdytysteknologiana kaytetyt ripajdahdytteiset
jadhdytyslevyt eivat endd kykene jadhdyttdmaan tarpeeksi tehokkaasti tehoelektronisia
komponentteja ja siksi tarvitaan uusia jaahdytysmetodeja. Kompaktit
faasimuutoslammonvaihtimet (COTHEX) eli termosifonit mahdollistavat tehokkaamman
jaadhdytyksen ilman pumppuja. Jo kaytossa oleva termosifonitekniikka ei kuitenkaan suoraan
sovellu korvaamaan nykyisida jaahdytyslevyjd, koska niiden muoto eroaa vahvasti
suorakulmaisen s&rmion muotoisista jadhdytyslevyistd. Tassa tydsséd suunnitellaan sellainen
termosifonikonsepti tehoelektroniikan jaahdyttamiseen, joka voi korvata jaahdytyslevyn ilman
ettd tuotetta, jonka sisélle se on asetettu, pitdd muotoilla vahvasti uudelleen.

Ty6hon ideoitiin kolme erilaista termosifonitekniikalla toimivaa jaahdytyselementtié ja niiden
rakenne optimoitiin  [&mpoteknisesti  [&mpodsimulointiohjelmien  avulla.  Optimoitujen
jaadhdytyselementtien ja samankokoisen jaadhdytyslevyn jaadhdytystehoja verrattiin keskenaan,
jotta 18ydettaisiin tehokkain tapa siirtad lampoa pois tehoelektronisesta komponentista. Paras
termosifonitekniikalla toimiva elementti valittiin voittajakonseptiksi ja sen lammonsiirrollisia
piirteita  tutkittiin  tarkemmin.  Elementti  paransi  tehoelektronisen  komponentin,
puolijohdemoduulin, ja&hdytystd merkittavasti, kun sitd verrattiin  samankokoiseen

jaahdytyslevyyn.

Valittu termosifonirakenne jaahdytti paremmin niin korkeammissa lampokuormissa ja
ympériston lampotiloissa, kuin matalammissa jadhdytysilmamaarissa. Se tuottaa vahemman
vastapainetta ja siten péaastaa enemman ilmaa lauhduttimen lapi perinteiseen jaahdytyslevyyn
verrattuna. Termosifonin jadhdytysnesteen kierto mahdollistaa tasaisemman lammon
jakautumisen pohjalevyyn, johon puolijohdemoduuli on kiinnitettyna. Siten lampdtilajakauma
pohjalevyssa on myds tasaisempi, mikd on todella toivottavaa puolijohteita kéytettdessa.
Termosifonitekniikan mahdollistama tasaisempi lampétilajakauma pohjalevyssa esimerkiksi
lisdd puolijohteen kayttdikaa.

Tassa tutkimuksessa keksittiin uusi termosifonirakenne ja sen jadhdytyskykya tutkittiin. Se tuotti
merkittavi& parannuksia puolijohteiden lammonsiirrossa, joten on hyvin suositeltavaa soveltaa
lamposifonitekniikkaa tehoelektroniikan jadéhdytyksessé jaéhdytyslevyjen korvaamiseksi.

Avainsanat  Tehoelektroniikka, ja&hdytys, faasimuutos, ldmmonsiirto, termosifoni,
jaéhdytyslevy, jadhdytyselementti
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1 Introduction

1.1 Backgrounds of the study

When it comes to the development of power electronics, it is clear that their power
density is increasing. The components can be built into smaller assemblies due to
development in electrical design. This creates challenges in their cooling. Power
electronic components, such as semiconductors, create heat losses while under operation
and the heat needs to be conveyed out of the components to prevent them from heating
excessively. As the components become smaller, the area from which the produced heat
is transferred becomes smaller. This makes it more challenging to convey heat out of the
component. The current dominating heatsink technology struggles to meet with the
today’s demands for the cooling effectiveness. It should be ensured that a viable thermal
design solution for the cooling of semiconductors in a given restricted space can be
offered in the future as well.

Already now poor heat transfer of power electronic components constrain their usage.
For example, in frequency converters each semiconductor has been determined a
maximum amount of power that is allowed to be transferred through to keep the
temperatures inside the semiconductors at a safe level. Even with restricted usage the
semiconductors would benefit from lower temperature levels, because high temperatures
in the components result in fast aging and eventually breaking of the component. For
example, it is said that every 10 °C increase in the semiconductor chip’s junction
temperature reduces semiconductor lifespan by 50 % [1]. It is evident for safety and
reliability reasons to improve the cooling of components in devices containing power
electronics. Better safety and reliability results in savings on maintenance and will
increase the customer satisfaction.

Compact thermosyphon heat exchanger (COTHEX) has proven out to be efficient in
transferring heat especially from small areas of high heat density. It is a heat exchanger
with gravity driven coolant circulation that benefits from high heat transfer coefficients
of coolant’s phase transition. The coolant boiling and condensing not only enable efficient
heat exchange in small locations but it does it without the use of compressors or pumps.
The boiling acts as a natural pump in the coolant circulation. Thermosyphons have
already been studied to be beneficial for semiconductor cooling, for example by Perpina
et al [2]. Another advantage of thermosyphon cooling is that the cooling occurs at constant
temperature, because of heat absorption at phase transition. This allows better conditions
for semiconductor usage and creates less strain due to temperature gradient inside the
component. Compact thermosyphons using Multi-Port Extrusion (MPE), a type of small
scale channels, for transfer of fluid should fit well for the semiconductor cooling
purposes, because of their compactness and low material and fluid use.

The costs of using the compact thermosyphon technology in the cooling of the
semiconductor may create a hindrance on its usage as the semiconductor cooling element.
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The traditional heatsink offers most economical solution for the cooling. Yet, air cooling
struggles to match the requirements for the cooling of semiconductors. Air cooling is
feasible form of cooling for systems with low generated currents, but where there are high
system powers and a low system voltage, the generated current in the circuit heats the
semiconductors too massively. The effects of air cooling is intensified by using high
pressure resistant fans that blow air at high velocity, but the solution creates noise
problems as the huge fans need to provide the necessary air flow. Furthermore, the air
cooling with heatsink technology can reach only a certain level of heat transfer
effectiveness. After a certain point, increasing fan power no longer avails semiconductor
cooling and new methods for more effective semiconductor cooling are needed.

Compact thermosyphons create far more value compared to the expenses used for the
liquid cooling. The liquid cooling needs more components than thermosyphons and thus
requires more installation time and maintenance. Liquid cooling needs components such
as pipes, a pump, a cold plate, valves and sensors to measure flow and pressure of the
liquid. Especially the pump generates expenses due to frequent need for its maintenance.
Water cooling also brings water close to electrical parts, which means that elements have
to be made from an expensive cupronickel alloy to eliminate the risk of leaks. All these
components and materials create expenses that are not desirable for the development of
cooling of semiconducting devices.

1.2 Objectives

This study concentrates on the cooling of power electronic devices with high power
density. The objective of this thesis is to study thermosyphon technology for the cooling
of power electronic components and to develop a thermosyphon cooling element that can
replace the heatsink, which is currently used in cooling of electronics and power
electronic devices such as frequency converters. The solution based on using
thermosyphon technology should meet two different criteria. Firstly, the cooling
performance of the thermosyphon has to be better than with heatsink. Secondly, the
thermosyphon structure should match the one of heatsink, so that the thermosyphon could
directly replace the heatsink in the application it is used in.

A finned cuboid-shaped aluminium heatsink that cools the ABB ACS880 r8i single
drive’s semiconductor is used as the Reference heatsink and an optimal thermosyphon
structure is designed to replace this heatsink. If the thermosyphon can be proven to cool
semiconductor more efficiently, the designed thermosyphon meets the criteria of a
successful design. The cooling performance of the thermosyphon and heatsink are defined
using simulation programs. These programs are also used in the thermosyphon
optimization process. This thesis concentrates on designing a suitable thermosyphon
element to replace a heatsink on a theoretic level and does not take a stand on the
manufacturability issues concerning thermosyphon manufacturability.
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1.3 Delimitations

There are many methods available for cooling of power electronic devices. The most
commonly used ones according to S. Kang [3] are air cooling, heat pipes, thermosyphons
and liquid cooled cold plates. Semiconductor dissipates heat intensively and is often
placed into a very compact place with the cooling element due to shortage in installation
space. Therefore, a highly effective cooling method is needed. Thermosyphon meets this
requirement and is chosen to be developed for cooling of the semiconductor.

The thermosyphon structure design has two delimitations that originate from the
construction of the semiconductor and heatsink. The first delimitation for the cooling
element is that the cooling element absorbs the semiconductors’ heat with conduction.
This means that the heat is transferred through solid material layers between the
semiconductor and cooling element due to temperature difference between the layers. The
semiconductor has a solid baseplate through which it emits heat and the cooling element
has to have a baseplate to absorb the heat. Cooling elements that would absorb the heat
directly with fluid circulation is not studied.

Other delimitation is that the cooling element has to emit its heat to the surroundings
with finned structure as it is a component inside an application, such as frequency
converter, and it is cooled with forced air flow. The heat can be transferred inside the
cooling element from the baseplate to the finned structure either by conduction (heat
transfer inside a solid material) or convection. Convection is determined as transfer of
heat between solid material surface and fluid flow. Heatsinks transfer heat inside the
cooling element using conduction and heat pipes, cold plates and thermosyphons transfer
heat using primarily convection.

Thermosyphons utilize the high heat transfer coefficients of flow boiling and therefore
should fit best for applications that require compact size and effective heat transfer. Due
to requirement of compact size, this study focuses only on closed loop compact
thermosyphons. The thermosyphon transfers heat with coolant that is on its two-phase
state. Coolant is on a two-phase state when it is saturated and part of its content is in liquid
phase and part in vapour phase.

One must note that heat pipe is a different device than thermosyphon, however. Their
operation methods are based on different physical phenomena. Heat pipe is an enclosed
pipe which has a narrow slotting on the inner surface, wire mesh or porous sintered
structure and small amount of fluid. As the other end of the pipe is heated, the generated
vapour moves to the cooler end of the pipe. In the cooler end the vapour condenses back
into liquid and emits heat. The liquid moves back to the hotter end of the pipe due to the
capillary forces in the inner pipe structure. Both thermosyphon and heat pipe use the heat
of vaporization for heat transfer but the force that determines the flow direction is
different. Thermosyphon applications base their operation on gravity and heat pipe
applications on the capillary effect.
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1.4 Research methods

This study concentrates on developing a functional thermosyphon application based
on literature and by using simulation programs and 3D modelling. The study explains the
working methods and properties of thermosyphon heat exchangers on theoretical level by
utilizing the theory of heat transfer the literature has provided. The book Heat and Mass
transfer is the dominating source of information when the thermodynamic features of the
thermosyphons are discussed. These theories of heat transfer are applied when creating
different thermosyphon cooling element structures.

The optimization of the thermosyphon concepts is conducted with simulation and
modelling programs and simulation results give estimation on the effectiveness of each
cooling element. This thesis does not conduct any experimental measurements. However,
the credibility of the thermosyphon simulating program is validated with a development
case that has succeeded in producing a functional thermosyphon cooling method for its
semiconductor cooling. The simulations and testing measurements of the developments
case are compared together, which will give proof that the thermosyphon thermal
performance is in agreement with the predictions of the simulation program.

The modelling of the thermosyphons is conducted using Parametric Technology
Corporation’s (PTC) Creo Parametric modelling program. The program is commonly
used as 3D parametric modelling tool. The 3D models are used to visualize the structures
of the cooling concepts and as the basis of calculations in simulation programs. The 3D
models are used in numerical computational fluid dynamic flow models to calculate their
impact on the flow patterns inside the module. The 3D models are also vital in calculating
the thermal properties of the cooling elements to visualize the structures of the cooling
elements.

The fluid dynamics inside the frequency converter module are calculated using
ANSYS Icepak. ANSYS, Inc. is a simulation software developer and its product, ANSYS
Icepak, is CFD (Computational Fluid Dynamics) simulation software, which simulates
fluid dynamics for electronics thermal management. The program calculates values for
pressure, flow and temperature in a 3D model space. One can insert objects such as fans,
heat exchanges and heat sources into the space and they can be determined features with
thermodynamic properties. The aim is to create a simulation case that resembles the
problem faced in the real life and to solve the problem by using the solver engine ANSYS
Fluent.

The simulation space is meshed with a grid structure, which divides the total volume
of the space into small elements. The grid is constructed in such way that it respects the
boundaries of the objects inside the model space. The solver calculates pressure, speed
(except in solid objects) and temperature for each element and therefore grid creation
plays an important part on the accuracy of the modelling program. The program begins
to calculate values for each element, which are in thermodynamic and hydrodynamic
relation between each other when initiating the calculation. The program continues to
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iterate increasingly accurate values for the elements based on previous results from the
iterations until it reaches convergence. Convergence is reached when the relative error of
the values in the elements is lower than the specified value given to the program by the
user.

Corporate Research Centre of the ABB Itd. has developed a simulation program,
COTHEX Designer, to calculate and optimize the thermal properties of compact
thermosyphons. The software calculates temperatures, thermal resistance and pressure
changes inside the thermosyphon fluid circulation loop. The research team has developed
the tool by conducting measurements to thermosyphons by designing the tool to match
the results of the measurements. They use correlations derived from literature and have
developed new ones to produce more accurate results. The program, for example, utilizes
experimental results from literature such as condenser heat transfer coefficient (Shah [4]),
the heat transfer coefficient for air flow (Chang and Wang [5]) and void fraction
(Chrisholm [6]). A proper heat transfer coefficient for boiling in minichannels could not
be found from literature, so the research team developed one based on their measurement
data.

The program uses finite element method (FEM) simulation to define the baseplate
temperature distribution with means discussed by Jonathan E. Guyer, et al [7]. The
program uses similar methods as ANSYS Icepak to iterate values for different sections
inside the loop. The user provides a first guess for vapour quality, saturation temperature
and mass flow of the fluid in the thermosyphon and calculates other values according to
these values. The values should meet three convergence criteria, which are the mass,
momentum and energy conservation. SIMPLEX algorithm, developed by George Dantzig
in 1947, is used to reach convergence in the conservation results.
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2 Backgrounds

2.1 Semiconductors

Semiconductor device converts the electricity fed into a desired form utilizing the
electronic properties of semiconductor materials. Semiconductor consists of two different
components: Insulated Gate Bipolar Transistors (IGBT) and diodes. Diodes allow the
current to move only in one direction and thus convert the electricity passively. IGBT is
a semiconductor device with four semiconducting material layers. It is used as an
electronic switch and because it can be opened and closed at will, it operates in the
semiconductor device as an active component in electricity conversion. The diodes and
IGBTS are connected together as seen in Figure 1 and by opening and closing the IGBTs
the current can be converted to a desired state. In the figure, IGBT is marked in a blue
circle and diode marked in a red circle.

Figure 1. Circuit diagram of a dual IGBT module

Using semiconductors generate heat to some amount due to the fact that the
components in the semiconductors are unideal. Both IGBT and diode chips produce heat
with two different methods. Heat is generated while in operation and when switching on
and off. The total heat generated by the semiconductor chips is the sum of these two heat
generation methods. Bond wires that connect the diodes and IGBTs generate small
amounts of heat as well.

While the diodes and IGBTSs are on-state, a small voltage occurs over the chips and
thus generates heat losses. The momentary losses in the components, IGBTs and diodes,
can be calculated by using equation 1:

®=UI, (1)

where @ is the heat generated, U is the voltage over the component and I is the current
passing through the component.
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The heat losses generated by switching on and off the IGBTs depend strongly on the
switching frequency. The switching frequency fsw depicts the amount of switching on and
off in a time unit and the time of one switching cycle Tsw is the inverse of switching
frequency. During one switching cycle, the IGBT is once turned on and once turned off.
During a switch on and off, a significant voltage occurs over the IGBT chip and
simultaneously a strong current passes through the chip. This creates a vast amount of
heat loss in a short time.

The total heat generated is the sum of these three elements; constant heat loss at
operation, switch on and off heat loss and heat loss in the bond wires. The heat is
conducted to the surroundings, mostly towards the semiconductor’s baseplate although a
small amount of the heat transfers into the bus bars that connect the semiconductors into
other components. However, in this study all the heat generated is expected to be
transferred through the baseplate. The method of heat transfer from the semiconductor
device to the thermosyphon baseplate is discussed in the Chapter 3.3.1.

2.2 Thermosyphons

Thermosyphons are heat exchanging devices that circulate a substance through
natural convection. In other words, the movement of the coolant occurs due to change in
the density of the coolant, without an external source. The change in density of the coolant
occurs in thermosyphon applications because of rise in the coolant temperature or phase
transition. The portion of the coolant which is less dense rises and the denser portion falls.
This phenomenon creates a force which drives the coolant to movement. As the
circulation of the coolant occurs naturally, the thermosyphons do not use external surface
forces, such as pumps. As the difference in the coolant densities is the driving force for
the movement, the thermosyphon is dependent on the gravitational field and thus requires
to be placed in such orientation as it is designed.

The thermosyphons studied in this thesis circulate fluid inside a closed loop in which
it is in constant transition phase between liquid and vapour. This type of flow is called
two-phase flow and it is characteristic for it to have physical properties of both fluid and
vapour. The liquid and vapour are expected to be at their saturated state and so the heat
absorbed and emitted by the coolant is transmitted completely to coolant’s phase
transition. The reason for keeping the coolant in its saturated state instead of allowing the
coolant to transfer heat in other states (subcooled or superheated) is that the heat transfer
is most efficient at saturated state. Other major reason is that the temperature difference
between the coolest and the hottest spot at cooling element baseplate is at its lowest when
refrigerant is at a saturated state. Chapter 3.4.2 discusses these reasons and their
importance more in detail.

The main reason for keeping the coolant in constant phase transition is that the heat
is then transferred most efficiently. Heat transfer coefficient o determines the
effectiveness of heat transfer. It is the fraction between heat flux q and temperature
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difference AT as stated in the equation 20. Large value for the heat transfer coefficient
predicts good ability to cool, because it stands for that the temperature difference between
refrigerant and baseplate is small relative to the heat flux directed to the cooling element.

The heat from the semiconductors is first transferred inside the cooling element to the
condenser area and then out of the cooling element. The cooling out of the element in this
study is conducted with forced air flow. Figure 2 states typical heat transfer coefficients
in different heat transfer methods and it shows that gas flow between tubes has a heat
transfer coefficient up to values of 350 W/m?2K, however, it can be enhanced further with
powerful fans that force the air flow to move even faster. Heat transfer coefficient can
reach up to 3000 W/m2K with the fans. In that case the heat transfer occurs with forced
convection. Heat transfer out of the cooling element is conducted with forced air flow
produced by fans and cannot be changed in the study.

The heat transfer methods inside the cooling element can be affected, though.
Conventional heatsinks rely on conduction to transfer the heat from the semiconductor to
the cooling element’s finned structure that dissipates the heat. The heat transfer
coefficient inside the cooling element can be increased with fluid circulation inside the
cooling element, in which case convection also transfers heat from the semiconductor to
the finned structure. The fluid circulation may be executed with forced convection, for
example with cold plates, which are frequently used in liquid cooled electronics.
However, even higher heat transfer coefficients can be achieved with phase transition,
such as boiling and condensation.

The coolant both boils and condensates in the thermosyphon cooling element fluid
circulation loop and therefore it can transfer heat most efficiently of all the methods of
heat transfer. Figure 2 states that boiling and condensation have the highest values for the
heat transfer coefficient in heat transfer. Typical heat transfer coefficient values for both
boiling and condensation is in the magnitude of 10 000 W/m?K. Therefore, thermosyphon
applications have higher potential for heat transfer than any other type of cooling element.

Water nucleate boiling e
film-type condensation of water vapour -
Water flow in tubes [ |
Gas flow in tubes and between tubes s
Water in free convection _
Gases in free convection -
1 10 100 1000 10000 100000

Heat transfer coefficient [W/m?K]

Figure 2. Typical heat transfer coefficient values for different cooling methods
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In boiling, heat is fixed into vaporization due to the fact that the molecules require
energy in order to break loose from the bonds that tie them together into liquid form.
Another factor that increases the heat transfer coefficient with phase transition is that
boiling phenomenon speeds the flow circulation. The bubble generation in boiling
dramatically decreases the fluid’s density and thus creates a force that moves the fluid
upwards. This is called bubble pumping effect. The heat transfer coefficient of flow
boiling is the sum of forced convection flow in pipes due to bubble pump effect and the
absorption of heat of bubble generation. Therefore, flow boiling creates the highest
possible heat transfer coefficients and is the most efficient method to transfer heat via
convection.

Thermosyphon heat exchanging devices utilize the high temperature level of the heat
by turning part of the heat into work that forces the working fluid to circulate in the system
at a fast pace. Therefore, the bubble generation can be seen as the working force in the
thermodynamic cycle of the thermosyphon operation. The work is done to overcome the
decelerating forces that occur due to frictional pressure drops in the pipes. Other forces
that affect the thermodynamic cycle of the thermosyphon are gravitational forces and
condensing. Chapter 3.5 concentrates more on the thermo- and fluid dynamic properties
of the thermosyphons.

The laws of thermodynamics and limitations in installation space strongly affect the
design of the thermosyphon applications. Chapter 0 discusses the mechanical aspects of
the design of compact thermosyphons for the cooling of power electronic devices.

Thermosyphons have already been utilized in frequency converters’ semiconductor
cooling. ABB has patented a compact thermosyphon for semiconductor cooling as seen
in Figure 3.
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Figure 3. Standard COTHEX for cooling of power-electronics components: EP 2031332 Al
[8]

The thermosyphon in Figure 3 operates by vaporizing fluid in the evaporator area.
The vapour flows towards the top manifold inside minichannels that are in multiport
extrusion (MPE) tubes. The vapour travels through condenser area in which it emits heat
and the top manifold gathers the vapour and subjects its flow downwards back to the
condenser area. The vapour condenses in the minichannels and falls to the Bottom
manifold. The evaporator area then pumps and vaporizes the fluid back into the
circulation from the bottom manifold. This compact thermosyphon is referred as standard
COTHEX in this study.

This structure of standard COTHEX can only be used for the semiconductor cooling
when the air flows to the condenser in horizontal direction and a flat planar space is
available for its placement. Therefore, it cannot be used directly to replace the heatsink
as it instead needs a cuboid shaped space through which fan blows air parallel compared
to the baseplate of the cooling element. This means that this kind of thermosyphon cannot
be used directly to replace a traditional heatsink as it cannot be placed in similar locations
where the heatsinks are installed.

Thermosyphon applications show much potential for the electronics cooling. If a
thermosyphon can be designed and optimized in such way that the construction of the
thermosyphon does not create thermal resistance excessively, the power electronic
components will have lower temperature levels than with other cooling methods.
Thermosyphon has potential to transfer heat more efficiently than any other cooling
method discussed.



20

3 Theory of heat transfer

3.1 Heat transfer in general

Heat transfer is defined as the energy which crosses boundaries from a system to
another and this transport of heat occurs due to the temperature difference between the
systems. The first law of thermodynamics states that energy never disappears. With heat
transfer this means that the change in the internal energy of a closed system is equal to
the amount of heat supplied to the system, reduced by the amount of work done by the
system on its surroundings. The second law of thermodynamics states the direction of
heat transfer: heat always flows over the boundary of the system to the direction of the
lower temperature level. Heat transfer occurs always when there are temperature
differences inside a system or between them. Three modes of heat transfer can be
distinguished: radiation, conduction and convection.

Thermal radiation takes place between surfaces. All surfaces radiate, but the surfaces
that are at lower temperature level than other surfaces receive more heat than they emit,
therefore gaining heat altogether. Conduction is transfer of energy inside a material or
through material layers due to a temperature gradient, which is temperature difference
within a certain length of material. Convection is heat transfer due to temperature
difference between solid material’s surface and a fluid that is in motion. These methods
of heat transfer usually occur simultaneously but often one of these methods dominates.

3.2 Radiation

Thermal radiation is electromagnetic radiation which is transmitted between surfaces.
Radiation is generated by charged particles in a matter, which are in constant thermal
motion. The particles elevate into energy level above an arbitrary baseline energy state
and fall back to their baseline energy state. When the particles are above the arbitrary
baseline, they hold energy which they will emit when they fall back to the baseline energy
state. The energy emitted from this excited state is in form of electromagnetic waves and
therefore needs no substance for its transfer. Gaseous and liquid substance hardly absorbs
this kind of energy and therefore it can be said that the heat is transmitted only between
surfaces.

All forms of matter emit electromagnetic waves. When radiation energy hits the
surface of any matter, a part of it is absorbed and the rest of it is reflected or transmitted
to surroundings. The radiation is absorbed by a very thin layer of matter in the surface
layers of an object. The absorbed energy is turned back into heat and conducted into inner
layers of an object and as a result the temperature increases inside the matter. As all
objects’ surfaces constantly radiate heat and absorb heat, the sum of these energies
determines whether the total heat exchange by radiation is positive or negative in a given
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position of surface. The change in the temperature inside the matter is dependent on the
direction of total heat exchange.

The amount of thermal radiation between two surfaces is dependent on the quality of
the surfaces, the temperature difference between them and their location. The intensity of
radiation, irradiance, is the total power sent by the surface divided by its area. The
irradiance has the dependency on the temperature of the surface according to equation 2:

E = eoTS, (2)

where ¢ is the emissivity of the surface, o =5.670 x 108 is the Stefan-Boltzmann constant
and Ts is the temperature of the surface.

Emissivity € measures the quality of the surface. Material which absorbs heat well has
an emissivity close to value 1 and material that reflects most of the heat has an emissivity
close to value 0. The emissivity of the objects is always something between these two
values.

The total radiative thermal power @, between a small radiating surface and a large
surrounding surface can be stated to be according to equation 3:

@, = cA(TE —Tg) , (3)
where A is the area of the radiating surface and T« is the temperature of the surroundings.

With this equation the magnitude of radiation power is now determined for the
heatsink and the semiconductor studied of this thesis. To determine the magnitude of
thermal radiation power, we may simplify and treat the heatsink as a cuboid that radiates
heat from all of its surfaces. Its outside measures are 0.186 m x 0.0865 m x 0.27 m and
therefore it has a total area of Ar=0.179 m?, where H stands for heatsink. The emissivity
of untreated aluminium is en=0.06. The temperature of the surroundings can be assumed
to be T.=40 °C, as it is a typical surrounding temperature for the heatsink in extreme
operation conditions. In such situation, the temperature of the cooling element can be
approximated to be Tsnx=80 °C. The radiance power for the cooling element is therefore
®r1=3.6 W. The semiconductor has a white plastic exterior with outside measures of
0.150 m x 0.02 m x 0.17 m. The total radiation area is Asc=0.0383 m?, where SC stands
for semiconductor. The emissivity can be assumed to be £sc=0.8. The temperature of the
semiconductor surface can be approximated to be Tssc=90 °C and the temperature of the
surroundings is the same T.=40 °C. The radiance power for the semiconductor is
therefore ®rsc=13.5 W. The total radiance power is therefore & n+drsc=17.1 W, which
is less than 1 % of the maximum total heat loss of 2 kW generated in typical use of
semiconductors in power conversion.

In reality the fins increase the radiation surface area and thus increase the radiation
power. Yet, most radiative power generated by the fins may reflect or be absorbed into
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adjacent fins. The radiative power could be increased by painting the cooling elements
black and by optimizing the cooling element structures so that it would be more
favourable for the radiation. It is clear though, that the most effective way to increase the
radiative heat transfer is to increase the temperature of the object’s surfaces or to decrease
the temperature of the surroundings. As the equation 3 indicates, the radiative power
correlates with temperature significantly (®; ~ T#). Decreasing the surrounding’s
temperature is not usually possible as it is dependent on issues that cannot be controlled.
Increasing the cooling element’s temperature is rather a questionable solution, because
increasing cooling element’s temperature will also result in increased semiconductor
temperature and decreasing the semiconductor temperature was the primary goal of this
study.

The calculation indicates that radiation is not a major component in the heat transfer
of the semiconductor cooling element and therefore it is ignored in the thesis.

3.3 Conduction

3.3.1 Conduction through material layers

Heat conduction is the transfer of energy inside a material or through material layers
due to a temperature difference. There are two different physical methods of conduction.
First method is heat transfer between atoms and molecules. The heat migrates through
movement and vibrations of the atoms and molecules. The particle that is on a higher
energy level, in other words at higher temperature, transfers some of its energy to a
particle of a lower level. Thus, the movement and vibrations of particles spread to other
particles causing the heat to transfer. The second method is transfer of heat inside metal
alloys and other electricity conducting substances via the movement of free electrons.
Because the cooling elements are made of aluminium metal alloys, this form of
conduction plays a significant part of the conduction. Yet, metal alloys conduct heat less
efficiently than pure metals due to errors in the material’s crystal grating. The errors in
the grating hinder the movement of free electrons and therefore lower the alloy’s ability
to conduct. These kinds of errors are for example non-metallic particles inside the
crystals.

The substance’s ability to conduct heat is determined with conductivity. Conductivity
is very faintly dependent on the temperature of the substance and therefore the material’s
ability to conduct in heat transfer calculations is simplified to be a material property, a
constant, predetermined for each material. Chapter 4.1.3 discusses more about metal
alloys’ conductivities.

Heat power travelling through a certain cross-sectional area is called heat flux and it
can be presented with Fourier’s conduction equation 4, which is in one-dimensional and
stationary (independent of time) case:
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- T
qx_ Aaxv (4)

where gx is the heat flux in one dimensional case, A is the material’s heat conductivity and
aT . :
pls the temperature gradient.

If the heat transfer is assumed to be linearly distributed, the heat flow ®¢ond for conduction
can be stated to be according to equation 5:

oT
DPeona = —/1145 ) (5)

where d¢ong is the heat flow via conduction and A is the cross-sectional area.

Each material of certain thickness has some thermal resistance, which measures
material’s resistance to heat flow resulting to temperature difference between sections of
material. Thermal resistance can be defined by applying the analogy of Ohmic law in the
equation 6:

Reona = > A4 (6)
where AT is the temperature difference and s is the thickness of the material.

Heat is conducted from semiconductors to the cooling element baseplate and to the
evaporation tubes from which the coolant receives the heat. Figure 4 depicts the
component material layer through which the heat is conducted. Insulated-gate bipolar
transistors (IGBT) and diodes generate heat and conduct it to the baseplate of the
semiconductor module. The baseplate of the semiconductor module conducts the heat to
thermal grease and the thermal grease conducts the heat to the surface of the baseplate of
the cooling element. The thermal grease is designed to replace the micro-sized air layer
which would otherwise take place in between the baseplates of the semiconductor and
cooling element. Subsequently, the heat travels from the cooling element baseplate to the
surface of the evaporation tubes that hold the coolant. From there the heat is conducted
to the inner surface of the evaporation tubes whereupon the heat is emitted to the coolant
fluid via convection. Convection is discussed in Chapter 3.4.
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Figure 4. Cross-section of a semiconductor and temperature distribution inside it

Figure 4 depicts how the temperature decreases as the heat is conducted through each
component layer. The reason for this is that each layer has some thermal resistance. The
thermal resistance of the wall-like layers, such as insulated-gate bipolar transistors,
diodes, semiconductor baseplate, thermal grease and cooling element baseplate, can be
calculated with the equation 6 and the total heat resistance of the system is the sum of
these components.

Some components are placed next to each other so that the heat transfer is divided
between them. The heat transfer acts then in a similar manner as the components were
connected in parallel. These kinds of components are IGBTs and diodes and evaporation
tubes. For them the total thermal resistance is the resistance of an individual component
divided by the number of components.

The total thermal resistance is the sum of each material’s thermal resistance. In the case
of conducting the heat from semiconductor to the cooling element baseplate, the total heat
resistance is according to the equation 7:

Schi SSB STG ScB
R = r + + + (7)
Achip(AdiodeNdiodetAIGBTNIGBT)  AsBAsB  ArGATé  AcBAcB

where chip stands for semiconductor chips, IGBT stands for insulated-gate bipolar
transistors, SB stands for semiconductor baseplate, TG stands for thermal grease, CB
stands for cooling element baseplate, ngioge is the number of active diodes and niggT is the
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number of active IGBT chips. The thickness and conductivity for the semiconductor chips
are identical and therefore they are presented with the same subscript.

The total amount of heat conducted is:

_ AT _ AT
® =1 = ®)

Schip ,_SSB ., STG ., SCB
Achip(AdiodemdiodetAIGBT™MGBT) AsBASB ATGATG AcBACB

where AT is the temperature difference between the semiconductor chips and the cooling
element baseplate.

3.3.2 Conduction in the fins

The heat is transferred out of the cooling element by blowing air through a finned
structure, which is connected to the condenser. The coolant condenses inside the
condenser by emitting heat to the condenser tube walls. The walls conduct the heat to the
finned structure, from where the heat is absorbed into the air flow. The purpose of the
fins is to enlarge the cross-sectional area of the cooling area and thus making the heat
transfer more effective as stated in equation 21.

Yet, this enlargement of area is only partially effective, because the thermal resistance
in the fins cause the fins to have a temperature difference between the tip and the base of
the fin. The longer the fins are, the larger the temperature gradient is. This temperature
gradient causes the effect that the temperature difference between the cooling air and the
tip of the fin is smaller than the temperature difference between the cooling air and the
base of the fin. The fin efficiency n describes this effect and is explained more thoroughly
later in this chapter.

The fin efficiency calculation is possible if the temperature distribution inside the fin
is known. To be able to calculate the temperature distribution, some assumptions have to
be made:

1. The temperature only changes in one direction, which is from the base of the
fin to the tip.
2. The fin material has constant thermal conductivity.
The heat transfer coefficient o at the fin surface is constant.
4. The temperature of the air surrounding the fin is constant.

w

These assumptions are usually true with the exception of the assumption 3, which
assumes that the heat transfer is constant over the surface of the fin. A generic fin that has
been attached to a plate is depicted in Figure 5.
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Figure 5. Energy balance for a fin element of length dx

Energy balance of the fin element heat flow with the length of dx in stationary
situation is:

q(x) = q(x+dx) +qc + qy, 9)

where g(x) is the heat flux conducted to the fin element, q(x+dx) is the heat flux conducted
out of the element, qc is the heat flux dissipated by convection and gy is the heat flux
dissipated by radiation.

The heat left to be conducted to the following element can be described by inserting
the equation 5 into equation 9:

qCr+dx) = q0) +Ldx = 22 A+ (- L5 dxA, (10)

where A is the cross-sectional area of the fin.
The heat dissipated by convection and radiation can be described to be:
qc + qr = a(Pdx)(T(x) — Ty) , (11)

where a = ac + ar = oc is the total heat transfer coefficient, P is the perimeter of the fin,
T(x) is the temperature of the fin at the point x and T. is the temperature of the
surroundings. The heat transfer coefficient for radiation is negligible for reasons stated in
the Chapter 3.2.

Inserting the equations 10 and 11 into the equation 9 and integrating it will form a
solution with some undefined constant values for the energy balance equation. By adding
some boundary conditions, the constant values can be defined. First boundary condition
states that in the point x = 0, in other words at the base of the fin, the temperature is
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T(x=0) = Ty. Second boundary condition depends on how the fin is attached to the cooling
element.

If the fin is only attached from the base of the fin, meaning that the tip of the fin is
loose, the second boundary condition states that in the spot x = H, where H is the height
of the fin, ergo at the tip of the fin the heat conduction is approximately zero and therefore
00/0x |x=n = 0, where 6 = T — T is the temperature difference between the base of the fin
and its surroundings.

If the fin is attached from both ends, and the fin is heated at both ends with equal
amount of power, the heat flow in the middle of the fin is zero. Therefore the second
boundary states that 00/0x |x=r/2 = 0.

By inserting these conditions to the solution of the integrated energy balance equation,
we get the heat conducted from the base of the fin. Two different equations can be
determined for the heat load conducted through these two different fin attachment cases.
If the fin is only attached from the base of the fin, the heat load equation can be stated to
be according to equation 12:

@y, = BymAAtanh(mH) (12)

and if the fin is attached from both ends, the heat load equation can be stated to be
according to equation 13:

@y, = OymAAtanh(GmH) (13)

where m is a variable defined by the features of the fin and its surroundings. The generic
equation for the variable m is:

m= \/%. (14)

The variable m needs to be defined for each fin structure used in the different cooling
concepts. All the cooling elements in this study have fin structures that consist of plates.
When s is the thickness and H is the height of the fin, the following equations apply for
the plate fins that are substantially higher compared to their thickness: A=s'H, P =2H +
2s and consequently P/A = 2(s+H)/sH = 2/s. Therefore, the variable m is for the plate fins:

_ [z
m= [, (15)

where s is the thickness of the fin.

The efficiency of the fins can be calculated using the equation 16:
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Pp

n= : (16)

t"Db,max

where ®p max is the maximum heat load.

The maximum heat load that can be conducted through the fin would occur when the
temperature of the fin is constantly in the fin’s base temperature Ty. This would mean that
the fin would have infinite thermal conductivity. The maximum heat load can be
calculated with equation 17:

(pb,max = PHO(Hb (17)

By inserting the equations 12 and 17 into equation 18, the fin efficiency equation 18
for the fins only attached from their base is defined as:

__ tanh(mH)
- mH

(18)

Inserting the equations 13 and 17 into equation 18, the fin efficiency equation 19 for
the enclosed fins attached and heated from both ends is defined as:

tanh (%mH)

n=—1>— (19)

EmH
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3.4 Convection

3.4.1 Convection in general

In a flowing fluid, heat is not only transferred by conduction but with macroscopic
movement of the fluid. Part of the heat travels via conduction due to temperature gradient
in the flow and part as enthalpy and kinetic energy bound in the mass of the fluid. This is
called convective heat transfer and it can be described as the superposition of thermal
conduction and energy transfer by the flowing fluid.

In the case of heat transfer of a thermosyphon, convection occurs in two different
locations. Firstly, the cooling air absorbs heat from the fins located in the thermosyphon
condenser area and moves the heat away from the element surroundings. Secondly, the
coolant inside the thermosyphon channels transfers heat via convection. The effectiveness
of the convection is enhanced with boiling and condensing of the coolant which both are
special cases of convective heat transfer.

Let us study heat transfer with convection that occurs between a surface and flowing
medium when they are in different temperature levels. Figure 6 presents the velocity and
temperature curves of the fluid flow. As seen from the figure, at the heated surface x = 0
the velocity of the fluid v(0) is zero and the heat is transferred only with thermal
conduction. The velocity increases with the function v(x) and the heat transfer similarly
shifts from conduction over to the convection method of heat transfer. The fluid and the
surface create a boundary layer in which the velocity of the flow increases from zero to
Vo. This boundary layer is called hydrodynamic boundary layer 6. Similarly the
temperature decreases with the function T(x) and the heat transfer is shifted from
conduction over to the convection. The fluid and the surface create a boundary layer in
which the temperature of the fluid decreases from the wall temperature Tw into
temperature Tt that approximates the surrounding temperature T... This boundary layer is
called temperature boundary layer o:. Figure 6 presents the velocity v (left) and
temperature T (right) curves in a fluid as a function of distance from the wall.

VA Ti
T
- & - w
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Figure 6. Velocity and temperature curves of fluid flow respect to distance from surface,
which emits heat [9, p. 11]
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The convection can be divided into two different types according to the character of
the flow. The convection can be described as natural, if no external influence such as a
pump or fan increases the flow velocity. In such case the mass transfer of the convection
occur because the temperature difference generates differences in the density of the fluid
material and thus forces the fluid to movement. The convection can be described as
forced, if the fluid flow is generated with an external force.

There are also convection processes that are based on the phase transition. In the phase
transition process the major amount of the heat is transferred with latent heat generated
in the phase transition such as boiling or condensation. Both boiling and condensation
result in huge heat transfer efficiencies which is the main idea for the effectiveness of
compact thermosyphon heat exchanger applications. Boiling and condensation will be
discussed in the Chapters 3.4.2 and 3.4.3.

Regardless of the type of convection, the heat flux from the surface to the coolant can
be described with the equation 20:

q=a(Tw —Te) (20)

where q is the heat flux, o is the heat transfer coefficient, Tw is the temperature of the
heat transfer surface (wall) and T is the temperature of the surroundings.

The convective heat can be calculated by multiplying heat flux with heat transfer area
and fin efficiency (should the calculation be made for the whole cooling element) as the
equation 21 states:

® = Anq, (21)
where @ is the heat load, A is the heat transfer area and ) is the fin efficiency.

Heat transfer coefficient o determines the effectiveness of heat transfer. The external
conditions, such as flow type and flow rate, have strong influence on its value. Two
dimensionless quantities: Reynolds number Re and Prandtl number Pr depict these
external conditions. Reynolds number depicts characteristics of the flow. The flow may
be laminar, turbulent or in transition zone between the given two. When the value for
Reynolds number is less than 2300 for flow inside a pipe, it can be assumed to be fully
laminar. When the value of the Reynolds number is over 4000, the flow in a pipe can be
assumed to be turbulent. Laminar flow can be described as flow in which the parallel
layers of the fluid do not mix together and as a result there is no disruption between the
layers. Turbulence is the inverse of laminar flow. It is unsteady, aperiodic motion in which
the fluid experiences fluctuations and mixing of matter, energy and momentum.

As the thermosyphons are cooled using air flow generated by fans, the air flow can
straightforwardly assumed to be turbulent. For coolant flow, coolant’s boiling creates a
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bubble pumping effect, thus causing the flow to be turbulent as well. For these reasons
this study concentrates only in explaining the characteristics of the forced turbulent flow.

Reynolds number is defined as the ratio of inertial forces to viscous forces and
therefore quantifies the relative importance of these flow forces for the flow conditions.
Reynolds number can be calculated with equation 22:

Re =222 (22)

where v is the mean velocity of the fluid, Dy is the hydraulic diameter for geometry of the
fluid flow area and v is the kinematic viscosity of the fluid material.

The kinematic viscosity is ratio of the dynamic viscosity p to the density of the fluid
p. The dynamic viscosity is a measure of a fluid's resistance to flow, which is constant for
each material. The velocity v can be calculated using equation 23:

v=pﬁA, (23)

where m is the mass flow of the fluid, p is the density of the fluid and A is the cross-
sectional area the flow travels through. The hydraulic diameter D can be calculated using
equation 24:

Dh :?! (24)

where P is the wetted perimeter of the cross-sectional area.

The other dimensionless quantity, Prandtl number Pr, is defined as the ratio of
kinematic viscosity to thermal diffusivity. Thermal diffusivity measures the material’s
ability to conduct energy respect to its ability to store energy. Prandtl number defines the
ratio of heat transfer between conduction and convection. When Pr is much smaller than
the number 1, thermal diffusivity dominates and when Pr is much larger than the number
1, kinematic viscosity dominates. Prandtl number is calculated using equation 25:

Pr:gch_,u, (25)

where a is the thermal diffusivity a = p%, Cp IS the specific heat of the fluid, p is the
p

dynamic viscosity and A is the thermal conductivity of the fluid.

Many empirical correlations have been created to predict the heat transfer coefficient
for the convective heat transfer. All correlations are dependent of the context of the fluid
flow. One has to determine where the convection occurs, for example, in a pipe, channel
or on a flat plate. Also, the type of the flow needs to be determined because the
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correlations only apply when the Reynolds and Prandtl numbers have their value in a
certain area specified for each correlation.

In order to calculate the heat transfer coefficient of the turbulent convective flow, a
dimensionless Nusselt number Nu is used to define the relation between the correlations.
Nusselt number can be described in two different ways. First description gives the relation
to the heat transfer coefficient.

Nu = @Dn (26)
2
The second description binds the Nusselt number to the Reynolds and Prandtl

numbers. This description requires knowledge of the flow types and the location it occurs
in.

When the convection occurs in the cooling fins, the Nusselt number can be described
with equation 27 that is constructed for cases with a flat plate in turbulent flow:

Nu, = 0.037Re}/*pr1/3, (27)
when 0.6 < Pr < 60. [10]

Combining the equations 26 and 27 will result the convective heat transfer coefficient
of the turbulent flow for a fin:

q = 0.037Re*/5pr1/3} . (28)

Dp

Icepak, that is used to simulate the dynamics of the air flow in a frequency converter

module with the cooling elements, uses a different heat transfer model for the convective

cooling of the fins. Icepak utilises The Zero Equation Model to calculate the heat transfer
coefficients. The calculation method is described in the Appendix 1.

The Nusselt number for the convection for coolant inside the MPE tubes’ channels
can be calculated with Dittus-Boelter equation 29:

Nup, = 0.023Re;/>Prm (29)

where n = 0.4 for heating (evaporator channels), n = 0.3 for cooling (condenser channels)
[11] and when 0.6 < Pr <160, Rep > 10 000 and L/Dn > 10, where L is the length of the
tube. [10] By combining the equations 26 and 29, the convective heat transfer coefficient
for the channels is created:

4/5_ n
o = 2023Rep P (30)

Dp
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The phase transition requires an additional heat transfer coefficient component to be
added to the heat transfer coefficient equation due to the fact that heat is not only
transferred with movement of the fluid but also with heat absorption and emission to
bubble generation. The heat transfer coefficient for boiling and condensation is described
in the Chapters 3.4.2 and 3.4.3.

Regardless of the type of the flow, the heat ®pt transferred with phase transition can
be described with the equation 31:

Ppr = Mprl, (31)

where PT stands for phase transition, mpr is the mass flow of the material transiting its
phase and | is the latent heat released in vaporization.

3.4.2 Boiling

Boiling is the rapid vaporization of a liquid, which occurs when a liquid is heated to
a temperature which equivalent vapour pressure is at or above the pressure of
surroundings. The liquid has then reached its boiling point and the vaporization occurs
inside the liquid, thus forming bubbles that rise upwards.

Most bubbles nucleate in the heated walls and when the size of the bubble is sufficient,
the vapour bubble detaches from the walls leaving a vapour nuclei to produce a new
bubble. The amount of heat that is emitted by the walls defines the speed of bubble
formation. Bubble formation in larger scale determines the flow pattern of the boiling,
which plays an important role in the effectiveness of the heat transfer.

Comprehensive and all inclusive theories of the boiling have not been formed, which
means that the study concentrates only on the experimentally discovered relationships
between different parameters of boiling, more specifically on boiling as it may occur in
the compact thermosyphon applications. The boiling takes place in vertical channels of a
small diameter and the type of the flow discussed is turbulent forced convection.

The pressure difference caused by boiling determines the flow behaviour. The system
pressure decreases along the heated surface due to added heat input. Heat input increases
the vapour content in the pipeline according to equation 48. Increasing amount of vapour
corresponds to decreasing amount of liquid. Vapour quality x measures this and is
presented in the equation 32:

c=t (32)

where my is the mass flow of the fluid in vapour phase and m is the total volume flow of
the fluid.
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Due to increase of vapour content, the system pressure decreases as stated in the
equation 43. Pressure drop in the system simultaneously superheats the liquid, which raises
the rate of evaporation. This phenomenon is called flashing and it often occurs in the forced
two-phase flows in heated channels. The nominal system pressure determines the boiling
temperature along with the fluid’s own material properties. These kind of constantly
changing parameters; vapour quality, system pressure and boiling temperature, have a
strong effect on the heat transfer coefficient. Hence, it can be said that boiling in the heated
tubes is a dynamic process whose properties the heat transfer coefficient and the flow
patterns strongly depend on.

Figure 7 presents flow patterns with the regions of heat transfer that occur in a pipe of
a small diameter and the temperatures of the wall and fluid. Characteristics of the flow
patterns and the behaviour of the temperature in the wall surface and fluid are explained
in the following paragraphs.
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Figure 7. Flow patterns in a vertical, heated tube [9]

Let us examine a case in which a subcooled liquid enters a heated pipe, is boiled in its
saturated state, and leaves the pipe as superheated vapour. Subcooled liquid is liquid at
temperature below its saturated temperature. Heating of the subcooled liquid happens with
typical convective heating explained in the Chapter 3.4.1. All heat goes to increasing the
temperature of the liquid and hence, it is characteristic for this type of flow to have no
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bubbles in the liquid. Vapour bubbles do form in the heating surfaces but they quickly
condense back to liquid as they leave the heated wall and reach the core of the liquid. As
the temperature increases the bubbles start to persist; first close to the wall in the subcooled
boiling phase, and as the temperature increases they become more and more dispersed in
the liquid flow. This phase is called bubble flow and it can only exist with very small
amounts of vapour in the liquid. Bubble flow phase is typical for flows with high velocity
and high pressure and therefore not experienced as a dominating flow pattern in small
channel thermosyphon applications. However, bubble flow phase can be experienced in
the thermosyphon as a very brief boiling state that turns quickly into plug flow boiling had
the liquid been subcooled at some point. [9]

When the core of the liquid is heated to the liquid’s saturation temperature, the heat is
transferred with nucleate boiling and temperature remains constant. Saturation state is the
point all heat is directly converted into phase transition and consequently, the temperature
of the fluid remains constant. The bubble flow turns into plug flow as the vapour bubbles
coalesce into larger bubbles. The bubbles expand until they fill almost the entire tube
section and they develop a shape of a bullet due to the restrictions caused by the tube wall.
Elongated confined bubble flow, similar to plug flow but with elongated spherical top
and bottom bubbles, can be observed in channels of diminutive diameter such as in the
compact thermosyphon. Elongated confined bubble flow is presented in Figure 8 and it
has been studied to be the dominant flow pattern in the compact thermosyphon channels
under typical operation values. [12] These bigger bubbles are often followed by a stream
of small bubbles interspersed into the liquid.

Figure 8. Elongated confined bubbles in a small scale tube [13]

At high mass velocities the bubble structure disintegrates producing churn flow. The
flow has a very unstable character that consists of large irregular vapour fragments. The
heat transfer turns from nucleate boiling to convective vaporization as the phase transition
from liquid to vapour occurs in the interface of the liquid and vapour. The bubbles have
turned into one large segment of vapour in the core of the tube containing liquid droplets
and the fluid has formed into a liquid film at the tube’s wall. This boiling state is called
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annular flow. One character of this flow type is that the vapour interspersed with droplets
in the centre of the tube moves forward in higher velocity than the liquid film at the tube’s
wall. [9]

When the heating continues the liquid film degreases leaving in the end only vapour
that contains droplets. This is called spray flow. The droplets vaporize until only vapour
is left and further heating superheats the vapour into gas. [9] The flow has experienced
dryout when the liquid film ceases to exist and only spray flows in the channels. Wall
temperatures increase rapidly at dryout, which makes the cooling conditions beyond
dryout unstable. When the last droplets have evaporated, heat is only transferred to the
system with forced convection to the superheated vapour.

Forces pushing the fluid into movement inside the heated tubes determine the pattern
of the flow and thus heat transfer region of the boiling. One important variable is the tube
cross-sectional area. Also flow rates of the vapour and liquid phases and their densities
contribute to the flow pattern. Figure 9 shows the regions of the flow patterns in a flow
pattern diagram. In compact thermosyphon heat exchangers the coolant fluid flows inside
Multi-Port Extrusion (MPE) tubes with diminutive internal channel diameters. It has been
studied, that for the upflow boiling of R134a in vertical mini-channels, nucleate boiling
was found to be the dominant mechanism of region of heat transfer [14], [15]. The plug
and churn annular flows are said to be the dominant flow patterns in such conditions.
Figure 9 presents the flow boundaries for different flow patterns.
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Figure 9. Flow pattern diagram for vertical, two-phase flow [16]

The x-axis presents the forces moving in the liquid phase and y-axis presents the
forces moving in the vapour phase. The forces contributing to liquid flow can be
calculated with equation 33:
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1
pvi ==—1—, (33)

where pi is the density of the liquid, vi is the velocity of the liquid, my is the vapour flow
rate, riy is the liquid flow rate and G is the mass velocity. The force contributing to vapour
flow can be calculated with equation 34:

. 2
™wa
g ]

povl =L (34)

where py is the density of the vapour and vy is the velocity of the vapour. The mass
velocity G can be calculated as fluid’s flow rate per unit area:
m

G="1 (35)

N Ach
where Agh is the cross-sectional area of the channel.

A large uncertainty has to be acknowledged for Figure 9 flow map as it has been
developed only for adiabatic flows and the decisive forces in the different flow regions
are not known with sufficient certainty. Regardless, the transition between the boundaries
of the flow patterns is never accurate in practice and yield to subjectivity of the observer.
For these reasons the flow map is given for a rough estimate of what kind of flow patterns
may be experienced when testing empirically.

Boiling has been studied empirically in compact thermosyphon channels and the
equation 36 has been created by Corporate Research Centre of the ABB Itd for the heat
transfer coefficient a in the nucleate boiling region:

a=0.5 (K (L)nl M=05gn2Gns — ac) (1 - tanh(F(x — x¢))) + ¢ | (36)

DPcr

where K = 1720.7, p = psat iS pressure at the saturation point, per is the critical pressure,
n1, N2and nz are constant values defined in empirical measurements, M is the molar mass
of the coolant, q is the heat flux, G is the mass velocity, oc is convective heat transfer
coefficient defined by equation 30, F = 3.1567 and X¢r = 0.9147.

Boiling at the evaporator part of the cooling element is however, only part of a larger
heat transfer process in the thermosyphon fluid circulation. Hence, the other parts of the
fluid circulation loop have a great impact to the coolant boiling. Therefore the operation
of the evaporator should be studied as a part of the circulation loop to fully understand
boiling in the thermosyphon cooling. Boiling as a part of fluid circulation loop is
discussed in the Chapter 3.5.
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3.4.3 Condensation

When vapour reaches contact with a wall of a lower temperature level than the
saturation temperature of the vapour, the vapour turns into liquid at the surface of the
wall. The liquid is called condensate and it is subcooled because it has emitted some of
its heat to the wall. The subcooled liquid induces further vapour to condense on its surface
and thus the condensing accelerates. The condensate subsequently falls down in the
condenser due to having larger density than vapour. Thus the condensate leaves the
condenser area and allows more vapour to condense on the cooled surface.

The course of this condensing process can be subdivided into several steps, in which
a series of resistances have to be overcome in similar manner as in conduction of heat
explained in the Chapter 3.3.1. The fraction of these individual resistances in the total
resistance can vary a great deal. Three resistances in series have to be overcome:
1. The thermal resistance in the vapour phase when the vapour travels to the
condenser wall
2. The thermal resistance during the conversion of the vapour into the liquid phase
when the vapour condenses
3. The resistance of heat transport in the liquid phase when the liquid travels further.

Of these resistances, the thermal resistance in the liquid plays the major role, although
in the event of the vapour being superheated the thermal resistance in the vapour has to
be considered as well. In other events, it is low due to good mixing. The conversion of
vapour to liquid phase has a rather small resistance. The resistance during the conversion
from vapour into liquid consists of two elements. Firstly, the temperatures at the phase
interface between vapour and liquid needs to drop in order of condensation to occur and
secondly, particles resist phase transition.

The condensation can take place in various ways. When the liquid phase fully wets a
vertical surface, filmwise condensation occurs, whereas in dropwise condensation the
liquid wets the solid surface only partly. In the case of having condensate tubes in vertical
position, the type of flow is film condensation. The condensate film can be in laminar or
turbulent flow as shown in Figure 10:
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Figure 10. Flow regimes of film condensation [17]

Figure 10 shows the flow regimes in a vertical tube of a small diameter. As the vapour
condenses on a vertical tube wall a liquid film develops and it flows downwards due to
gravitational causes. When the vapour velocity is low and the liquid film is very thin, the
liquid film is in a laminar flow and has a flow pattern of annular film. The heat is then
mainly transferred via conduction.

Empirical experiments, for example the studies of Dukler and Bergelin [18], show that
waves can develop even in a flow that is clearly laminar (Re < 30). The waves can be
observed in all kinds of surfaces, rough and polished. The irregularities in the rate of
condensing have been studied to create the waves. One might assume that keeping the
stream to the condenser homogenous would improve the heat transfer, but quite on the
contrary the waves have been studied to improve the heat transfer.

The velocity of the condensate increases downstream, due to gravitational acceleration.
The Reynolds number of the flow increases accordingly, as predicted in equation 22. The
wavy film flow regime eventually turns into turbulent flow when the Reynolds number
exceeds the value of 4000. The heat transfer coefficient increases accordingly when the
flow accelerates.

In the case of condensation in thermosyphon condensers, the influence of the vapour
flowing along the condensate with same velocity has to be taken into account.
Correlations have been found from empirical studies on how the heat transfer coefficient
is related to the vapour quality, Reynolds number and Prandtl number. Condensation can
be described with equation 37 presented by Shah [4]. It contains the relationship of
equation 29 although the exponent of the Prandtl number is increased from 0.3 t0 0.4. The
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first term in the equation 37 takes into account convective heat transfer in turbulent single
phase flow and an additional term in the square bracket take into account the phase
transition and the effect of vapour flow. The Nusselt number for condensation is:

3.8(1—x)0'04x0'76

(L)OBS )
Pcr

when following requirements are met: 100 < Re < 63 000, 1 < Pr< 13, 10.8 kg/m* < G
<210.6 kg/m?s and 3 m/s < v < 300 m/s. [4]

Nu = 0.023Re®8Pro4 | (1 — x)°8 + (37)

The equation 37 for Nusselt number was not primarily developed for small channels. Yet,
it has the best approximates when defining the heat transfer coefficient for the
condensation of the coolant, because it is applicable down to very low mass velocities
(~10 kg/m?s).

The heat transfer coefficient for condensation can be calculated by combining
equations 26 and 37:

—+)0.04,.0.76
0.023Re08pr04{ (1-x)0 842800 x
p ) )

(Pcr

Q= . (38)

Dp

The pressure of the two-phase flow changes due to phase transition in similar manner
as with the case of boiling. Condensation decreases the vapour content of the mixture as
stated in the following chapter’s equation 49. Reduced vapour content increases the
system pressure as stated in the equation 43. Condensation at the cooling element
condenser is however, only one part in the fluid circulation loop. The other parts, sections,
of the fluid circulation loop have a great impact to the coolant condensation and therefore
the operation at the condenser should be studied as a part of the whole circulation loop to
fully understand thermosyphon cooling. Condensation as a part of fluid circulation loop
is discussed in the next chapter.
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3.5 Thermosyphon as a heat exchanger

To fully understand the working principles of a compact small channel thermosyphon,
the heat transfer in thermosyphon loop as a whole entity needs to be studied. This means
that the features of fluid flow and system pressures inside the thermosyphon need to be
studied. The working principles of the thermosyphon as a heat exchanger have to be
considered as well. Significant attributes in the flow study are: flow rate of the fluid,
saturation temperature, vapour quality and pressure drop in each section of the loop.
Number of Transfer Units (NTU) Method is used to determine thermosyphon cooling
abilities as a heat exchanger.

The fluid flow and its pressure drops can be predicted with Homogeneous flow model
as it has been studied to have sufficiently accurate results. [19] It is one of the simplest
prediction methods for estimating pressure drop when concerning two-phase flow.
Homogeneous flow model treats the two-phase mixture as a single fluid with mixed
properties of both vapour and liquid. The properties of the mixture, such as the density
are described by using the vapour quality x as the variable that defines the portions in
which the homogenous flow carries vapour and liquid. The density of the homogenous
flow can be described using equation 39:

1

xvp+(1-x)v; '

(39)

Prp =

where TP stands for two-phase flow and v is the specific volume of the fluid.

The homogenous flow assumes that vapour and liquid velocities are equal which may
not in reality be true. However, the dominant flow type in the case of MPE tubes with
channels of small diameter is elongated confined bubble flow and these bubbles extend
to fill the whole cross-sectional area of the channel, thus pushing liquid plugs upwards.
Therefore, in the case of compact thermosyphons, the velocities of liquid and vapour can
be assumed to be equal and a homogeneous flow model can be used. [20]

Compact small channel thermosyphon consists of six sections. There are laws of
physics concerning the mass, momentum and energy that contribute in each section.
Additionally, each section has a relation to the next one in a way that ensures continuum
between the sections and stable conditions in the loop as a whole. Figure 11 depicts these
six sections:
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Figure 11. Thermosyphon heat exchanger fluid circulation loop [20]

Three major forces affect the fluid flow in the thermosyphon loop: accelerative,
frictional and gravitational, and the forces create both negative and positive pressure
drops. These pressure drops add or subtract pressure to the system pressure which is
determined by the temperature of the coolant.

In the evaporator section 1, heat is absorbed from the heat source, such as
semiconductor, into the thermosyphon coolant circulation. The coolant inside the pipe
begins to boil as heat is absorbed into it. Chapter 3.4.2 discusses fluid flow boiling in
more detail. In boiling, the density of the two-phase vapour liquid mixture decreases as
the proportion of the vapour in the mixture increases. This creates a pressure drop that
forces the two-phase fluid into upward movement. The increase in vapour quality
accelerates the movement and the elongated confined bubbles growing in the vertical
evaporator push the fluid mixture upwards. Simultaneously, the gravity force decreases
pressure and forces the flow downwards as well.

The accelerative forces from heating affect the fluid as long as it moves upwards from
evaporator to the two-phase adiabatic section 2. In this section the heat no longer
accelerates the flow and it slowly decelerates due to frictional and gravitational forces
that affect the flow movement by decreasing the pressure of the system. The fluid
continues to move towards the manifold, that gathers all the fluid and distributes it to the
condenser. As it reaches the manifold, the fluid flow turns to horizontal direction and the
gravity no longer affects the flow. Therefore, in the manifold section 3 the only forces
affecting the flow are frictional decelerating forces.
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When the two-phase flow reaches the condenser section 4, it emits its heat and begins
to condense back into liquid. Condensation of the fluid is discussed in Chapter 3.4.3. The
condensation emits heat, which is conducted from the tube walls to the condenser fins.
The fins emit heat to the surroundings via forced convection of air flow as discussed in
Chapter 3.3.2. As the density of the mixture increases, the pressure of the fluid increases
and creates an accelerative force that pushes the fluid to move downwards. Gravitation
also increases the system pressure, thus accelerating the fluid flow downwards.

The saturated liquid continues to flow downwards in the liquid adiabatic section 5
into a manifold section 6. The gravity increases the system pressure until it reaches the
manifold, where the direction of the flow turns horizontal. The manifold feeds the
evaporator saturated two-phase fluid and thus begins a new round in the fluid circulation
loop.

The pressure inside the loop is constantly affected due to friction and gravitation. The
roughness of the pipe walls creates constantly frictional pressure drops, while curves,
expansions and shrinkages in the manifolds create singular frictional pressure drops.
Gravitation however, both increases and decreases the pressure inside the loop depending
on the direction of the flow. When the flow moves upwards, the gravitation decreases the
system pressure and when the flow moves downwards, the gravitation increases the
system pressure. In horizontal flow, the gravitation naturally does not have an effect on
the pressure.

There are convergence criterions to be met in the loop. The fluid mixture’s mass flow
inside every section needs to be exactly the same, because no mass is lost or acquired
when fluid travels inside the closed loop from section to another. The total pressure drop
Ap, which is the sum of the pressure drop components from all of the sections, needs to
be zero. Also, the amount of energy absorbed into the loop and emitted from the loop
needs to be equivalent. Otherwise the conservation equations of the loop would not be
met and the loop would not converge, in other words be in balance. The Table 1 presents
conservation equations for mass, pressure drops and energy distribution in the
thermosyphon loop:

Table 1. Conservation equations application matrix

Section Mass Pressure drop Energy
a g f S

(1) Evaporator 1 +1  +1 +1 0 1

(2) Two-phase adiabatic section 1 0 +1 +1 O

(3) Manifold 1 0 0 +1  +1 0

(4) Condenser 1 -1 -1 +1 0 -1

(5) Liquid adiabatic section 1 0 -1 +1 0 0

(6) Manifold 1 0 0 +1 +1 0

Convergence m = mo Ap=0 Qc=Qe
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The numbers in the matrix stand for following: 1=applies, +1=applies with positive effect,
-1=applies with negative effect and O=does not apply. The letter a stands for pressure drop
occurring due to acceleration of the fluid, g stands for pressure drop of gravity, f stands
for pressure drop of friction in the pipes and s stands for singular frictional pressure drops.
[20]

The total mass of the coolant is the sum of the mass components from each section.
The mass of the fluid in any section can be defined with equation 40:

mgy = Vi (epy + (1 —€)py) (40)

where V is the volume of the fluid, ¢ is void fraction and densities py and p; are valued at
the fluid’s saturation temperature. The void fraction is the fraction of the channel volume
that is occupied by the vapour phase. When considering homogenous flow the void
fraction can be defined with equation 41:

_ ﬁ _ PyX
€= v pi(l—x)+pyx (41)

The flow rate m of the coolant determines the mass velocity of the flow as stated in
the equation 35. To meet the convergence criterion, the flow rate should be equal in each
section to ensure continuum between sections. Both accelerative and frictional pressure
drops have dependency of the mass velocity and therefore they are the parameters that
define the velocity of the fluid flow in the loop.

The total pressure drop in the given section, 1 <i < 6, can be calculated with equation
42 and it consists of pressure drop components defined in the equations 43, 44, 45 and 46
and. One must take into account whether the effect of the pressure component is positive,
neutral or negative on the whole pressure system level as the pressure drop components
can increase the system pressure, have no effect at all, or decrease it in the given section.
The directions of the effects are determined in the Table 1. The total pressure drop in a
certain section Apg is according to equation 42:

Ap(l) = 1+sz‘fi—v; + Apg + Aps ) (42)

where dvy/dp is a constant evaluated at 1.3-107 [14].

The pressure drop components in each section can be described according to the
equations 43, 44, 45 and 46. Their effect on the system needs to be taken into account
according to the Table 1. For example, pressure component with value of +1 increases
pressure drop, thus decreasing the system pressure in the given section. Negative value
of -1 again decreases pressure drop and therefore increases the system pressure. The
values of pressure drop components are calculated using equations 43, 44, 45 and 46:



45

Ap, = G*(v, — vl)%L(i) : (43)
Apg = preglay (44)
Apy = ZPT:Dh “AfrpL (45)
Aps =3¢ (46)

where G is the mass velocity of the coolant, dx/dz is the change in vapour quality within
a certain vapour travel length, L is the length of the section, g = 9.81 is the gravitational
acceleration, frp is a frictional value and & is the singular pressure drop coefficient.

For compact thermosyphon applications the frictional value can be determined as
function of the Reynolds number and it is according to equation 47:

4frp = 0.316Re; %> and (47)

the Reynolds number is determined according to the equation 22. The value of the
singular pressure drop coefficient depends on the flow velocity as well, but also on the
curves, expansions and shrinkages that change the flow direction and behaviour.

Calculating the vapour quality change Ax is necessary to define the accelerative
pressure drops in the evaporator and the condenser. The vapour quality change for the
evaporator can be determined with equation 48 and the quality change for the condenser
with equation 49:

De
Axe =5— (48)
Axc — NCc(Tsar—Tc) ’ (49)
Ppr

where 7 is the effectiveness of heat exchange, Cc is the heat capacity of the coolant
flow, Tsat is the coolant saturation temperature in the given pressure and T¢ is the
temperature of the condenser. The heat induced to the cooling element ®. can be
calculated with equation 1 and the heat absorbed into phase transition ®pt can be
calculated with equation 31.

The heat capacity of the coolant flow Cc is calculated by multiplying the coolant’s
mass flow with its specific heat according to equation 50:

Cc =mccy . (50)

where m is the flow rate of the coolant and ¢, is the specific heat of the coolant.
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The effectiveness 1 is determined with the Number of Transfer Units (NTU) Method.
It is defined as the fraction of the actual heat transferred and the maximum possible heat
transferred. The actual heat transferred is the heat absorbed into air flow that transfers the
heat out of the cooling element. Therefore, the effectiveness can be calculated with
equation 51:

Pair
n=-— (51)

‘pmax

Heat transferred by the air flow can be described with equation 52:
Dyir = CoiyAT (52)

where Cair is the heat capacity of the air flow and AT is the increase of temperature in the
air. Cair can be calculated with equation 50 by using values specified for air and air flow
rate instead.

These equations will result to determining effectiveness of the thermosyphon heat
exchanger with equation 53:

_ Cair (Tcotd,out=Tcold,in) (53)
Cmin (Thot,in _Tcold,in)

where Cmin is the heat capacity of the flow with smallest value in the heat exchanger.

In the case of a thermosyphon, the minimum heat capacity is either the heat capacity
of cooling air flow or the coolant flow in the loop. The temperature descriptions are
determined in Figure 12.

P Thot,out Thot,in Coolant
Tcold,out
T [K]
Air e
— ~ Tcold,in L [m]

Figure 12. Temperatures of the heat flows flowing into and out of a heat exchanger

The area marked with black outlines indicates the enthalpy boundary of the
thermosyphon heat exchanger. The coolant flow and its temperature are indicated with
red line and the air flow and its temperature with blue line. Inside the thermosyphon
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enthalpy boundary the coolant flow transfers its heat to the air flow. As a result, the
temperature of the air flow increases and the vapour content of the coolant flow decreases.

The total pressure drop in the loop Ap is the sum of the pressure drops in each section
Ap¢). To meet the convergence criterion, the total pressure drop should equal zero. Figure
13 gives an example of the pressure distribution in the sections inside a typical compact
thermosyphon loop derived from simulations of this study.
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Figure 13. Pressure distribution of coolant inside a thermosyphon loop

The simulation methods for calculating the pressure distribution in the thermosyphon
loop are explained in the Chapter 1.4.

The thermosyphons are designed to operate so that the coolant is in its saturated state.
As the Chapter 3.4.2 discusses, the heat transfer coefficient has its highest values when
the fluid is on its saturated state and transfers heat with nucleate boiling. When the heat
transfer coefficient is high, the thermal resistance of the cooling element is low. With low
thermal resistance the temperature difference between the semiconductor chips and the
cooling element is small and heat transfer can be said to be highly efficient. Therefore,
the thermosyphons are designed to operate so that the coolant is in its saturated state when
thermosyphon operates on the typical heat load range. Figure 14 depicts the cooling
element thermal resistance, states of the fluid and regions of heat transfer relative to heat
flux directed to the cooling element baseplate.

The fluid might be in superheated state if heat flux pointed to the thermosyphon is
oversized or the amount of fluid, in other words coolant filling ratio, is undersized. In this
case the thermosyphon could experience dryout, which is the maximum vapour quality
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beyond which hot spots occur. At dryout all the fluid has vaporized and only some spray
may travel through the tubes. The working conditions of the thermosyphon are stable with
heat fluxes smaller than the heat flux experienced at dryout but with greater heat fluxes
excessive heat will create damage. Dryout can be avoided by keeping vapour quality
below 50 % for a fixed heat flux. The heat flux at the point of dryout is called critical heat
flux (CHF), which determines the point above which the thermosyphon will experience
thermal runaway. The thermal runaway makes the operation conditions beyond CHF
unstable and poses a thread for material damage. As there is no fluid to be heated in the
heat fluxes above CHF, the wall temperatures rise uncontrollably. CHF is usually reached
with fluxes above the value 100 kW/m? and therefore, heat flux values above it should be
avoided.

If the operation conditions reach the fluid critical point, the differences in the material
properties between liquid and gas phases no longer exist. This leads to a situation where
gravity based thermosyphon can no longer operate as the differences between densities
of vapour and liquid have ceased to exist. This stops the circulation of the fluid in the
thermosyphon loop. While there is no circulation, no convective heat transfer can occur
within the fluid.

The fluid might be in subcooled state if the thermosyphon heat flux pointed to the
thermosyphon is undersized or the filling ratio is oversized. The heat transfer coefficient
is lower in subcooled state, because the heat transfer occurs only with convective heat
transfer. If the heat flux is so small that the gravity cannot overcome the viscosity of the
fluid, the circulation does not occur. This is called the viscous limit. Figure 14 depicts the
relations between these definitions.
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Figure 14. The effect of the heat flux for the thermal resistance of thermosyphon

The cooling element thermal resistance is remarkably lower in fluid’s subcooled state
and with heat fluxes above CHF. Consequently, it would be advisable to keep the
semiconductor’s heat flux at a range that keeps the fluid under these states. However,
keeping the fluid at its saturated state will offers some benefits compared to the fluids
superheated state. The fluid is at constant temperature when nucleate boiling occurs and
therefore keeps the thermosyphon wall temperatures at constant level. At convective
vaporization, vapour may occasionally reach contact with tube walls, which generates
hotspots at the wall. This creates strain on the thermosyphon structure. Also, the
maximum temperature difference at the baseplate surface increase constantly with
increased heat flux. The temperature difference creates strain on the semiconductor itself
and to the attachments that keep the semiconductor connected to the cooling element
baseplate. Therefore, one should aim to keep the coolant at its saturated state.

This theory of heat transfer gives the guidelines to designing a functional
semiconductor cooling concept to replace a conventional finned heatsink. The following
Chapter 4 not only needs to consider the rules of thermodynamics in the thermosyphon
heat transfer but also restrictions concerning the space the thermosyphon can occupy. The
restrictions concerning space and position of the thermosyphon strongly affect the
thermosyphon design. New thermodynamically feasible thermosyphon designs which
meet the requirements regarding the space and heat transfer limitations in this study are
presented in the following chapter.
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4 The cooling concepts

4.1 Mechanical structure

4.1.1 Structure design

In this study | propose a new thermosyphon design, which will replace the
conventional heatsink currently used for the ABB ACS880 r8i single drive’s
semiconductor cooling by filling the same space reserved for the conventional heatsink.
This heatsink is referred as the Reference heatsink in this thesis and its cooling
performance is used as the basis all the comparing between the cooling technologies.
Three different thermosyphon concepts are designed to replace the Reference heatsink
used in the frequency converter and later the one with best cooling performance is chosen
as the winning concept. The heatsink and the thermosyphon have to be of similar size,
because the thermosyphon should fit into the same space as the heatsink. Similar size also
enables comparing between the cooling performances of the cooling technologies. There
are three semiconductors in each frequency converter, all of which are cooled by a
separate cooling element but this thesis concentrates on developing one cooling element
that cools one semiconductor.

The Reference heatsink is constructed using traditional extruded aluminium profiles.
They are called lamel profiles and they are attached to each other by pressing them
together using a pressuring tool designed specifically for the job. After the pressing, the
heatsink is sawn down to fixed size of 186 x 86.5 x 250 mm. The thickness of the
baseplate is 19 mm. The semiconductor module is placed on the cooling element
baseplate inside the hatched area shown in Figure 15. Planarity for the hatched area should
be 0.025, for it is important that the baseplate of the semiconductor module is as firmly
in contact with the surface of cooling element as possible. Firm contact enables better
conduction of heat between the cooling element and semiconductor. Thermal grease is
inserted between the semiconductor baseplate and cooling element baseplate to ensure
the lack of air between the baseplates. The semiconductor is attached to the cooling
element baseplate using standard screws.
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Figure 15. Reference heatsink

The frequency converter in this development study contains three cooling elements.
The elements are attached into the converter module with an attachment plate and bus
bars for AC (alternating current) and DC (direct current) are connected to the
semiconductors creating a firm construction between semiconductor devices and other
components of the converter module. Figure 16 shows the attachment of the components
to the semiconductor and the direction of the cooling air flow.

Cooling elemen

DC busbars

Semiconductor

AC busbars g

Figure 16. The structure of the semiconductor attachments and the direction of the air flow.
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The arrows in Figure 16 indicate the direction of the air and heat flow. Air flows
through the cooling element in vertical direction, which means that the cooling fins of the
thermosyphon need to be directed in such way that the air flow travels vertically through
the cooling surface area. Air arrives to the cooling element’s fins at the temperature of
the surroundings and leaves the element at a higher temperature.

Figure 16 shows that there is some additional space in the top parts of the cooling
element, which can be utilized for semiconductor cooling. The maximum size of the
thermosyphon can be 186 x 86.5 x 270 mm when the additional space taken into account.
Larger size in any direction will result in reaching contact with other components, such
as the other two cooling elements and AC and DC bus bars.

The restrictions for the size of the cooling element show, that the cross-sectional area
for heat transfer for the cooling air is undersized for the cooling needs using the current
heatsink. The equations 12 and 13 for the fins’ conduction of heat to the surroundings
show that the cross-sectional area plays an important role for heat transfer. However,
abundance in space at the direction of the air flow does not make much of a difference
unless it can be utilized in some way to increase the cooling area.

Previous studies indicate that the air flow rate travelling through the condensing area
of the cooling element is inadequate with the heatsink. The cooling element fins create
great amount of pressure drop which results that the fins receive little cooling air.
Therefore, the focus in the mechanical design is to maximize the condensing area of the
cooling element and to lessen the pressure drop created at the condenser.

One important aspect for maximizing the cross-sectional area of heat transfer is to
minimize the thickness of the cooling eclement’s baseplate. The MPE tubes, which
transport the coolant, have to fit into the same baseplate however, and this means that the
thickness of the baseplate has to be at least the same height as the MPE tubes. The MPE
tubes have to be placed in such way that they do not interfere with the screw holes of the
semiconductor. One thermosyphon manufacturer produces them in two different heights:
18 mm and 21 mm. The tubes can be assembled into the baseplate with three different
pitches: 10 mm, 11 mm and 14 mm. The pitch of the MPE tubes is determined as the
distance between two MPE tubes located next to each other as seen in Figure 17.

To create a baseplate with minimum thickness, the MPE tubes need to be located so
that they do not overlap the screw holes. The distance between the screw holes cannot be
changed, because they are used to attach the semiconductors. The different tube pitches
left only one reasonable choice on how to place the tubes. The placement of the tubes
(green) and screw holes (red) is shown in Figure 17 along with the tube pitch. Tube pitch
is determined as the distance between two tubes.
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pitch

Figure 17. The position of MPE tubes and screw holes inside the baseplate

The only reasonable pitch for the tubes seems to be 10 mm and as the tube pitch and
the space limitations of the Reference heatsink determine the number of evaporator tubes
in the evaporator, the number of tubes can be the maximum of 17 as seen in Figure 17.
Three thermosyphon concepts are developed and optimized according to these restrictions
in the Chapter 4.2.4 by taking into account the nature of the space for the cooling element.

4.1.2 The cooling concepts

In this study | examine three different cooling concepts. These concepts are studied,
optimized and compared with each other to find the best possible cooling method for the
semiconductor. The Delimitations chapter discussed the restrictions of the structure of the
thermosyphon concepts. Two main restrictions were found: installation space and
semiconductor requirements. Firstly, the thermosyphon concepts have a closed loop
circulation and are constructed by using multiport extrusion (MPE) with microscopic
channel sizes due to very limited installation space. To achieve high heat transfer
intensity, the concepts will utilize effective heat transfer of phase transition between
liquid and vapour in their flow circulation. Secondly, all of the concepts will use
baseplates as conducting surfaces, because the semiconductors require planar surfaces to
be attached on. The cooling elements have to emit their heat to the surroundings with
cooling fins in vertical direction as the heat transfer out of the cooling element is
conducted with vertical forced air flow.

The first concept inspiration comes from the thermosyphon already used in ABB
modules shown in Figure 3. It cannot be used directly, because the thermosyphon is
designed to be cooled in horizontal air flow. Yet, by angling the condenser compared to
the baseplate we can create a usable structure. This structure is shown in Figure 18.
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Figure 18. Concept one, Thermos thermosyphon

In bottom manifold of the evaporator, coolant is a mixture of saturated liquid and
vapour with low vapour quality. Manifolds are containers, which are used in the
thermosyphon applications to gather and distribute coolant from fluid channels. The
coolant flows into MPE tubes’ channels to the evaporator due to pressure difference
between the evaporator and the manifold. Boiling has created low pressure into the
evaporator and so it draws coolant to replace the fluid that has left the evaporator. The
baseplate functions as the evaporator in all of the thermosyphon applications. Inside the
baseplate’s MPE tubes the semiconductor’s heat is absorbed into the coolant and it begins
to boil. This creates a force that makes the coolant travel to the top manifold. From there
it travels inside the condensing MPE tubes and emits heat to the cooling fins and
condensates back to lower vapour quality. This area is called the condenser. The
condenser fins emit the heat to surrounding air that flows through the fins. The condenser
bottom manifold gathers the fluid and sends it back to the evaporator bottom manifold
through the connecting pipes.

This concept has increased its heat transfer area by positioning the condenser so that
it uses the whole cuboid shaped space. It is a vast improvement of a similar L-shaped
thermosyphon used in the patent EP 2682957 Al [21], which is only able to use
approximately 35 % of the heat transfer area in the similar sized space.

The condenser fins in this concept are optimized in such way that the condenser
creates a small pressure drop and at the same time withholds maximum amount of fins.
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As Figure 19 shows, should the fins be positioned perpendicularly (Figure 19 picture b.)
respect to the condenser MPE tubes, the air flow would have to make a great inclination
when passing through the condenser. When air has to swift its course dramatically, large
pressure drops occur. If the fins are positioned in an inclination respect to the condenser,
as in Figure 19 a, the air will shift its course in a smaller degree thus creating smaller
pressure drop. The red arrows in Figure 19 depict the air travel path through the
condenser. The air flows shift their course twice when passing the condenser fins and the
inclinations of the air flow path in Figure 19 b. are much greater than in Figure 19 a.

Tl =

b.

Figure 19. The shift of air flow when air travels through condenser fins; a. shift of flow with
inclined fins and b. shift of flow with perpendicular fins compared to the condenser MPE tubes

Inclined fins will reduce the created amount of pressure drop in the element and
therefore increase the amount of air flow travelling through the condenser. Increased air
flow will result in greater heat transfer in the condenser area, which directly means that
the thermosyphon is able to cool more effectively. However, high inclination in the fins
means that less fins fit into the condenser structure and a smaller amount of fins decreases
the amount of heat transferred in the cooling element. Therefore, the degree of inclination
of the fins respect to the condenser has to be a compromise between maximising the
amount of fins and minimising the generated pressure drop in the element. Further studies
regarding the optimal degree of inclination of the fins should be made to reach more
optimized fin structure and thus, better cooling performance.

The second concept is inspired by conventional heatsinks and it has been patented by
ABB Oy for patent number EP 2383779 B1 [22]. The concept benefits of both cooling
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methods of conventional heatsinks and thermosyphons. It is more affordable compared
to thermosyphons. Yet, it transfers heat within the cooling element more efficiently than
in the case of a conventional heatsink, due to the fact that it has highly convective coolant
flow absorbing heat in its baseplate. The structure of the second thermosyphon concept,
Mounting Base, is shown in Figure 20.
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Cooling fin
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Figure 20. Concept two, Mounting base thermosyphon

The fins in this Mounting base concept are extruded aluminium fins similar to ones
used in conventional heatsink. The coolant travels in the MPE tubes inside the baseplate
and the manifolds collect the coolant, sending it back to circulation. The channels inside
the MPE tubes can work both for evaporating and condensing depending on the
circumstances inside the thermosyphon. The main idea is that the channels that are closer
to the heat source inside the MPE tube act as the evaporating channels and the channels
that are closer to the cooling fins act as the condensing channels. Figure 21 presents the
cross-section of the Mounting base thermosyphon baseplate to demonstrate the working
principle of the evaporating and condensing channels inside the MPE tubes.

L AT

Figure 21. The working principle of a Mounting base thermosyphon
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The MPE tube channels that are marked red in Figure 21 indicate the channels, in
which the fluid evaporates. These channels receive most heat from the semiconductor
through thermosyphon baseplate, because they are closest to the evaporator surface. The
channels marked in blue indicate channels in which the coolant condensates and emits its
heat to the condenser fins. The blue channels emit heat most efficiently due to the fact
that they are located closest to the cooling fins.

The coolant rises to the MPE tube channels from the Bottom manifold due to pressure
drop in the evaporator. The coolant rises through the channels located close to the surface
of the baseplate and starts to boil. The boiling fixture arrives to the Evaporator top
manifold, which gathers the high vapour quality coolant together from the channels. From
there it travels to the channels located closer to the cooling fins and condenses. The low
vapour quality coolant falls down to the Bottom manifold, which gathers the coolant and
sends it back to the evaporator. Thus begins the new cycle of the coolant circulation. The
working principles of this thermosyphon are explained in detail in patent EP 2383779 B1.
[22]

The third concept is also inspired by conventional heatsinks, but in this concept MPE
tubes replace the extruded fins. The structure of the second thermosyphon is shown in
Figure 22. Coolant travels inside a hollow baseplate and boils. The boiling occurs in the
baseplate inside channels that carry the coolant upwards to the connecting pipes through
the perforated blocks. The pipes and blocks connect the coolant flow to the vapour
compartment. Inside the vapour compartment the coolant spreads and moves to the MPE
tube channels. The coolant flows inside the MPE tubes in horizontal direction and emits
condensing heat to the surfaces of the MPE tubes and cooling fins. Louvered air fin plates
are attached between the MPE tubes to increase the cooling efficiency. The low vapour
quality coolant is gathered in the condensate compartment located next to the baseplate.
Gravity forces the coolant to drop to the bottom parts of the condensate compartment.
From there the coolant is conveyed back to the evaporator through a connecting block,
which connects them together. The perforated connecting block is located in the bottom
parts of the condensate compartment and Baseplate and cannot be seen in Figure 22.
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Figure 22. Concept three, Heatsink COTHEX

The third concept is very complex and thus difficult to manufacture. The complexity
may create thermal resistance inside the thermosyphon and thus increase the temperature
difference between the semiconductor chips and the coolant. Yet, the concept has already
proven functional in previous studies and it has been successfully manufactured.

4.1.3 Material

Both the thermosyphon applications and extruded aluminium heatsinks are made of
aluminium alloys. Typical alloy for extruded cooling elements is AW-6060-T5. However,
in thermosyphon applications it is not suitable due to its high magnesium concentration
which makes brazing much more difficult. Therefore, thermosyphon assembly parts are
made of AA-3003 alloy. AA-4045 is used to attach the separate thermosyphon parts
together. The attachment of the parts is conducted by pressing them together and placing
them into an oven. In the oven, material AA-4045 melts and attaches the components
together. The temperature inside the oven is kept constant in such a temperature that AA-
3003 stays solid, whereas the AA-4045 melts and brazes the solid components together
as it has a lower melting point.

The Reference heatsink is made of an aluminium alloy EN AW-6063 or EN AW-
6060. These alloys have good strength properties after heat treatment, good corrosion
resistance and they are inexpensive compared to copper. Therefore, these alloys are most
popular when producing extruded profiles.
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When developing cooling elements the properties of the material have a great
influence on cooling. The thermal conductivity of the cooling element material is one of
the major components that dictate the heat resistivity of the cooling element. The higher
the cooling element’s conductivity is, the less the cooling element will have thermal
resistivity. Yet, the expensiveness and the abilities to shape the material play a very
important role. Figure 23 depicts thermal conductivities of some metals. The aluminium
alloys used for the cooling elements are marked in blue and other metals in red colour.
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Figure 23. Thermal conductivities of some common metals (red) and the metals used in the
cooling elements (blue) [23], [24]

The best material in the view point of thermal performance of these metals is copper.
The major disadvantage for using copper though, is its value. When copper costs 7
USD/kg and Aluminium 1.7 USD/kg [25] it is more feasible to use aluminium as the
manufacturing material even though the thermal conductivity is twice better for the
copper.
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4.2 Thermodynamic optimization

4.2.1 Thermodynamic design

In order to know which concept proves out to achieve the best cooling performance,
the cooling abilities of all of these concepts need to be tested. It is impossible to test these
concepts by building several test set ups and conducting measurements not only due to
limited resources but also because the optimization of the concepts require countless trials
to reach the optimum cooling performance. Thus, in this study I examine the different
structures using simulation software. The simulations are used to optimize best possible
solution that meets the requirements concerning the cooling element. However, the
thermosyphon concepts are optimized keeping in mind that the concepts can be
manufactured and that way the simulated cooling performance can actually be achieved.

Two simulation programs are used for simulation. ANSYS Icepak is used to
determine how much fluid passes through the fins of the cooling element and how much
pressure drop the cooling elements cause. The other simulation program is COTHEX
Designer, which calculates the temperatures and heat transfer abilities such as thermal
transmittance, and resistivity. It also gives values for pressure drops inside the
thermosyphon, which gives an indication of the magnitude in fluid flow in the loop. The
working principles of the simulation programs are discussed in the Chapter 1.4 and the
calculation methods are based on the theories of fluid dynamics and thermodynamics
previously discussed in the Chapter 3.

When optimizing the cooling concepts and simulating their abilities to cool the heat
source, we need to define what is the measure, we want to optimize. Because the chips
inside the semiconductor are most likely the first components to suffer damage when
experiencing overly high temperatures, we assume that the temperatures inside the chips
are the most important values that need to be optimized. The temperatures inside the chips
are called junction temperatures and these are used when optimizing the structure of the
cooling elements.

To be able to optimize the cooling concepts and compare them together, standard
conditions have to be defined. There are three parameters that need to be defined: standard
heat load, standard air flow through the condensers of the cooling elements and ambient
temperature. The standard conditions are discussed in the following chapter.

After the determination of the standard conditions the cooling elements can be
optimized to meet the best possible cooling power under these conditions. The thermal
performance of the cooling elements can be optimized by designing some important
structures and parameters in the cooling elements. These structures and parameters are:
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number of condensate tubes
coolant type

coolant filling ratio

fin length

fin pitch.
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Some parameters cannot be optimized. For example, the number of evaporator tubes
and their height is strongly dependent on the tube manufacturing possibilities. In addition
to this, the positions of the screw holes in the baseplate are to remain fixed, as stated in
the Chapter 4.1.1. Then again, the height of the evaporator tubes defines the thickness of
the baseplate. Fins usually have a standard thickness in typical thermosyphon applications
and therefore are not optimized.

4.2.2 The standard conditions

Standard conditions have to be determined in order to optimize the cooling concepts
and then to compare them together under similar conditions. Three parameters are given
values: ambient temperature, heat load and air flow through the condensers of the cooling
elements.

The ambient temperature is the temperature inside the frequency converter module
and therefore the temperature cooling air in the converter module. The temperature in
which the frequency converter module works typically in customers’ applications can be
used as the ambient temperature. A typical converter working temperature is
approximately 40 °C and therefore it is used as the ambient temperature in this study.
However, the frequency converter should be able operate properly in a temperature range
of 0 °C to 50 °C [26], and the cooling element should be simulated also under these
ambient temperatures to ensure proper operation temperatures.

The cooling power of the cooling elements is determined using a worst-case analysis
when it comes to semiconductor heat losses. Therefore, we define the highest achievable
power that can be produced with semiconductors and use it as the standard heat load.
Maximum semiconductor heat losses in the frequency converter usage is 2088 W. With
this case the heat losses are generated in the bond wires and IGBT and diode chips. In
typical frequency converter usage however, the largest amount of heat loss occurs in the
IGBT chips. To make the simulations more straightforward, | assume that all of the heat
losses are generated in the IGBT chips. Because there are 18 IGBT chips in the
semiconductor, the amount of heating power generated in one chip is 116 W.

The most useful way to compare the cooling capabilities of each cooling concept
under standard air flow is to compare them in a situation as if they would be inside the
frequency converter. Each cooling concept allows a different amount of air to flow
through their condensers due to the fact they all create a different amount of pressure
drop. Therefore, the amount of the air flowing through the condensers of the cooling
elements in the frequency converter typical fan operating point is used as the standard air
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flow. This way the pressure drops that the cooling concepts create can be taken into
account. The method for defining standard air flow is explained in the following chapter.

4.2.3 Fan performance and pressure resistance curves

The converter modules need cooling in order to work properly. The electrical
components create excessive heat when they are operated and the heat needs to be
conveyed out of the module to prevent the components from overheating. The cooling
method used in the frequency converter module applications is forced air flow with fans
inserted to the bottom of the module. The fans blow air upwards through the module and
as the air bypasses and collides with components, the heat from their immediate
surroundings and their surface is caught into the air flow. The heated air travels out from
the top parts of the module.

Some converter modules are inserted into cabinets that contain other electrical
components and converter modules. These converters that are inserted into cabinets suffer
from higher temperatures because a great deal of the cooling air circulates inside the
cabinet and it takes more effort for the heat to travel out of the cooling system. To make
the simulation more straightforward however, we assume that the converter module in
the simulation environment is not inside a cabinet, but stands on its own.

As the air collides with components inside the converter module, the impact changes
the direction of the air flow. Due to the impact and the shift of direction, components
create pressure drops that are all characteristic for each component. That is also the case
for the cooling elements. Each cooling element concept changes the air direction and
produces pressure drops in different ways and with different amounts. Therefore, in order
to know the cooling abilities of each cooling element concept, we need to know how
much air travels through the condenser fins in actual frequency converter usage. Because
the cooling elements create different amounts of pressure drop, the amount of air
travelling through the condenser fins is different for each concept. Also, due to the fact
that the cooling elements create a different amount of pressure drop with certain amounts
of air flow compared to each other, the amount of pressure drop the converter module
produces is highly dependent on the cooling elements used in the module.

To better understand how the components create pressure drops inside the converter
module, I constructed a simulation environment, which consists of objects of similar
geometry as in the actual converter module. The simulation environment is created in the
Icepak software in which all components are visualized in a three dimensional
environment. | designed the cooling elements with Creo Parametric program and rest of
the structures of the components are extracted from CAD —documents created by the ABB
Drives Mechanical Design Engineering team. All CAD -objects are converted into Icepak
-objects that have thermal features. The results of the simulations can be visualized with
colours where each colour indicates a certain value of measured parameter. Figure 24
illustrates the simulation set up and results calculated by the Icepak software.
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Range of the measured value

Figure 24. Layout of a converter module and simulation results presented in ANSYS software

I used the software to calculate how much the converter module and the cooling
elements individually create pressure drops when certain amount of air is pushed through
the converter module. The simulations resulted in pressure resistance curves for the
cooling elements and the whole converter. Resistance curve for the whole converter is
called system resistance curve and the resistance curve for the cooling elements are called
cooling element pressure drop curves. The simulations are performed so, that system
resistance and cooling element pressure drop curves are simulated for each cooling
element concept. While simulating different cooling element concepts, the layout of the
converter module stays otherwise intact except for the cooling elements that are changed
in the simulation module.

A simulated fan, that is able to blow a certain amount of air through the module
regardless of the system resistance, was placed underneath the converter module in the
simulation software. As the fan blows a constant amount of air through the module,
Icepak is able to calculate pressure drops generated by each object inside the module. By
doing this | was able to determine both the whole system resistance and the cooling
element pressure drop. By making various simulations with different air flows blown
through the module, the system resistance curve and cooling element resistance curve
could be determined. By including a fan performance curve into the graph, we can
determine the fan’s operating point from the intersection point of the system resistance
curve and the fan performance curve as seen in Figure 25. Fan operating point determines
the pressure drop and air flow in the module when the fan is operated on full power.

The standard air flow discussed in the Chapter 4.2.2 is the air flow travelling through
cooling element fin structure at the operating point. The operating point is determined by
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using a fan performance curve of one of standard fans used in the converter module. The
fan selected for the simulation can withstand the least amount of pressure drop and
therefore is the weakest performer of all the fans used in the converter module. As the fan
is able to endure the least pressure drop generated by the objects inside the module, it is
evident than with this fan the amount of air travelling through the cooling elements is
smallest. Thus, is the temperatures inside the cooling elements highest compared to the
other fans and blowers used in the converter module. It is important that the thermosyphon
cooling element needs to perform better than the cooling element used at the moment in
the module, especially when using this fan. Figure 25 is an example of a fan performance
curve with a system resistance curve.
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Figure 25. Defining operation point of the system with fan performance and system resistance
curve

The operating point describes the amount of air blown through the module and the
pressure drop created by all of the objects inside the module and it is in the intersection
of the fan performance curve and system resistance curve. The amount of pressure drop
created by the cooling element can be determined by drawing a straight vertical line, from
the operating point and can be seen in the figure as dashed grey vertical line. The pressure
drop of the cooling element can be determined from the intersection point of the vertical
dashed grey line and the cooling element pressure drop curve. The horizontal dashed grey
line indicates the cooling element pressure drop in the fan operating point. The air flow
through the cooling element cannot be determined from Figure 25 as the cooling
element’s pressure drop curve is determined as a function of air flow blown through the
whole converter module. The volume flow through one cooling element can be
determined from the simulation results when knowing the cooling element pressure drop.
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After defining the amount of air travelling through the cooling element, we are able
to optimize the cooling elements and determine the cooling efficiency of each cooling
element. The results of these fluid dynamical simulations are presented in Chapter 6.1.2.

4.2.4 Condensing tubes

The number of condensing tubes is determined for Thermos and Heatsink COTHEX
with an assumption that the coolant filling ratio is 50%. Previous studies concerning
compact thermosyphons have concluded that the filling ratio of 50 % is often close to the
optimal filling ratio and therefore it can be used to determine optimal number of
condensing tubes. The mounting base has its condensing channels in the baseplate, which
means it cannot be optimized and is not considered in this chapter. Filling ratio is
determined as the fraction of the fluid filled into the system compared to the maximum
mass of fluid that can be inserted into the thermosyphon. By inserting the dimensions of
the thermosyphon defined before in Chapter 4.1.1, the optimal amount of the condensate
tubes can be determined using the COTHEX Designer. Figure 26 is an example of
temperature levels in thermosyphons having a varying number of condensate tubes.

Temperature [°C]

21 19 14

Number of condensate tubes [pcs]

Junction temperature (C)

Figure 26. Defining the optimal amount of condensate tubes for the condenser

It is clear, that higher amounts of condensate tubes will result to better cooling
performance and thus, lower temperature levels at the cooling elements. This means that
increasing the number of condensing tubes will improve the cooling performance of the
thermosyphon. Theories regarding the thermosyphon operation discussed in Chapter 3.5
support these findings. Bigger amount of condensate tubes means that the coolant has
larger cross-sectional area for heat transfer in the condenser channels. Consequently, the
mass velocity of the fluid in the channels is smaller and the frictional pressure drop in the
condenser is lower, as equation 45 for frictional pressure drop predicts. The lower amount
of frictional pressure drop in the thermosyphon fluid circulation enables better cooling
efficiency. This means that the condenser should be installed as many condensate tubes
as possible.
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The amount of the condensate tubes in the condenser depends on how closely the
tubes can be installed. The distance between two condensate tubes is called tube pitch and
manufacturing requirements dictate that it has to be 10 mm. Maximum width of the
cooling element is 186 mm and therefore Thermos and Heatsink COTHEX can have
maximum of 18 condensate tubes installed. As there is need for additional space for
supporting structure in the sides of the condenser, a realistic number for MPE tubes in the
condenser is 17.

4.2.5 Coolant

There are many things to be considered when choosing the right coolant for the
thermosyphon. The ideal coolant is dielectric, non-flammable, non-toxic, has low global
warming potential (GWP), long lifetime, is reasonably priced and most importantly is
efficient at transferring heat.

There is no ideal coolant and therefore choosing the right coolant is always a
compromise. When choosing a coolant for the thermosyphon, its efficiency is the highest
priority. It is also preferable that the selected coolant can be used in the future without an
extra fee due to possible upcoming regulations for high carbon footprint. The coolant
should also be easily replaceable to another coolant if needed. It is always important that
the coolant is easily available. The most suitable coolants for these thermosyphon cooling
purposes are R245fa and R134a. Their operating range fits best for the compact
thermosyphon temperature and pressure range and they achieve the lowest possible
temperature levels in the thermosyphon operation. Their lifetime is long, 7.6 years for
R245fa and 13.0 years for R134a [27]. This is desirable, since the thermosyphon would
not need to be replaced due to expiration of the cooling liquid. As an example of this,
frequency converter’s lifetime is designed to be at least 10 years. Yet, the GWB is high
for both of these fluids: 930 for R245fa and 1300 for R134a [27].

Water would be a strong candidate due to its strong heat transfer capabilities, low
expense, availability and environmentally friendliness but is not considered here as a
cooling option. Water is not compatible to be used with aluminium alloys of which the
thermosyphons are composed of due to corrosion, growth of bacteria and freezing in low
temperatures. Water, which always has got some impurities, reacts with the alloy
electrochemically and produces corrosion on the metal surface. The surface of unclad
AL3003 alloy experiences pitting corrosion and thus, creates small pits that deepen within
time. The alloy has a mean pit depth of ~250 um after four weeks [28], which means that
if the water is used as the coolant, the MPE tube channel walls with depth of 0.4 mm
would be corroded to have holes within a month. The main reason however, is that the
frequency converter may occasionally experience temperatures below zero Celsius and
the coolant would consequently freeze. Therefore, only the coolants R245fa and R134a
are considered as the thermosyphon coolants.
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The cooling efficiency between these coolants is quite similar as can be seen in Figure
27, which was conducted to Thermos cooling concept. The figure depicts the junction
temperature of the cooling element with different coolant filling ratios. The temperature
difference between the coolants types at filling ratio of 50 % is 2 °C according to Figure
27. The difference is therefore insignificant when considering the absolute temperature
levels of the thermosyphon.
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Figure 27. The temperatures of the Thermos thermosyphon with the considered coolants

The price is also an insignificant factor when choosing the right coolant between
R134a and R245fa for the cooling concepts. As the thermosyphons can only carry coolant
the maximum of 1 kilogram, the price difference between the R-134 and R245fa is the
maximum of 13 € in the thermosyphon. As the thermosyphon costs hundreds of euros and
the whole frequency converter module thousands of euros, the coolant price is not an
important factor compared to these expenses.

In the end the main factor defining the coolant to be used is the availability of the
liquid. R134a is widely available whereas R245fa has substantially less providers. On the
other hand, R134a has a high GWP and might have to be replaced due to future EU
regulations. Fortunately a suitable replacing coolant HFO-1234ze with lower GWP of 6
has been developed. Therefore, R134a is used for the time being and upgraded in the
future for the more environment friendly coolant.

Defining the optimal coolant filling ratio for Thermos and Heatsink COTHEX is
conducted similarly by using the number of 17 condensate tubes. The ambient
temperature of 40 °C and ambient heat load of 2088 W was used. The optimal filling ratio
was determined from the junction temperature curves.
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When considering the optimal filling ratio, there are two phenomena that need to be
avoided. A low filling ratio might result in dryout in the evaporator, which will lead to
superheating the coolant. In the case of dryout, the heat transfer coefficient decreases thus
increasing the thermal resistance of the evaporator and therefore increasing also the
temperatures of the thermosyphon. A high filling ratio might result in subcooling of the
coolant in the evaporator, which increases the temperatures in the thermosyphon
application as discussed in the Chapter 3.5.
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Figure 28. Defining the optimal coolant filling ratio for Thermos and Heatsink COTHEX
cooling concepts

Figure 28 shows that the optimal filling ratio for Thermos cooling concept is 55 %.
The curve begins to ascend rapidly with filling ratios larger than 60 % and therefore it is
essential that the cooling element is filled accordingly to avoid high temperatures. The
optimal filling ratio for the Heatsink COTHEX is 60 % and because the temperatures
ascend slowly with filling ratios both smaller and larger than the optimal ratio, the filling
ratio does not make a great difference when optimizing the cooling element.

COTHEX Designer could not be used for the thermal optimization of the Mounting
base thermosyphon concept as it was not designed for thermosyphons having lamel fins
in the condenser. As a result of this, an optimal coolant filling level could not be
determined for the Mounting base thermosyphon. The cooling properties for the
Mounting base thermosyphon were calculated by other means and are explained in the
Chapter 6.1.
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4.2.6 Fins

There are two types of fins used in the cooling concepts studied in this thesis. One
type is the lamel fin, used in the Reference heatsink and in the Mounting base
thermosyphon. The other fin type is called the louvered air fins and it is used in Thermos
and Heatsink COTHEX thermosyphons. The fins can be optimized by determining the
optimal fin height and fin pitch. Figure 29 depicts the fins and their pitch and height.

pitch

Figure 29. Fin pitches and fin heights of the lamel and louvered air fin types

Lamel fins are extruded aluminium profiles, lamel profiles, and they are attached to
each other with a pressurising tool that presses the base parts of the fins together forming
a finned structure with a baseplate. These fins are only attached from their base and
therefore their thermodynamic heat dissipation efficiency can be calculated with equation
18. The louvered air fins are manufactured by bending a plate into the shape depicted in
Figure 29. Louvers are placed on the sides of the fins to increase the turbulence of the
bypassing air. Bigger turbulence stands for a larger Reynolds number, and by increasing
the Reynolds number, the convective heat transfer increases as stated in equation 28.
Louvered fins represent the fins that are attached and also heated from both of their ends
and their thermodynamic heat dissipation efficiency can be calculated with equation 19.

The distance between two cooling fins that are located next to each other is called the
fin pitch. For lamel fins used in the Reference heatsink and in the Mounting base
thermosyphon concepts, the fin pitch is easily defined to be the distance between the
centre lines of lamel profiles as presented in Figure 29. For bent plates used in the
Thermos and Heatsink COTHEX cooling concepts, the fin pitch is the distance between
the adjacent top or bottom parts of the bent plate. The height H of the fin can be
determined to be the distance between the tip of the fin and the base of the fin or in the
case of enclosed fin the distance between top and the bottom parts of the fin.
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The height of the lamel fins can be determined from the boundary rule of having
maximum height of the cooling element to be 86.5 mm. As the baseplate takes 25 mm for
the Mounting base thermosyphon, the fins can be the maximum height of 61.5 mm. When
knowing that the convectional cooling power increases when raising the height of the
cooling fins as stated in equations 12 and 15, it can be said that the longer the fins are, the
better the cooling efficiency is. Figure 30 presents the cooling power of the fins calculated
using these equations 12 and 15.
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Figure 30. Cooling power of the fin respect to its height

This means that the optimum length of the fins for the Mounting base thermosyphon
with these boundary rules is 61.5 mm.

For louvered air fins in Thermos and Heatsink COTHEX cases, the amount of
condensate tube determine the height of the fins. As stated in Chapter 4.2.4, the optimal
number of condenser tubes for the Thermos and Heatsink COTHEX is 17 with the
condenser tube pitch of 10 mm. The thickness of the tubes is 2 mm and therefore the fin
height is 8 mm.

The fin pitch should also be optimized. The boundary rule for the minimum value of
the fin pitch comes from the manufacturing issues for both fin types. The bending
machine of the supplier for the louvered air fins is able to bend the plate into fins pitches
between the values 2.5 mm and 5 mm. The lamel fin profiles can have the thickness of 1
mm and the distance between them can be 2 mm, meaning that the minimum theoretical
fin pitch for the lamel fins is 3 mm. The lamel fins can be thicker and have more distance
between them quite unlimitedly. Therefore there is no boundary rule for the maximum
fin pitch for the lamel fins. The fin thickness of the louvered air fins is 0.14 mm.
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One might assume that the bigger the amount of air travelling through the condenser,
the lower temperatures the cooling element will reach. This is not entirely true as the
amount of heat transfer area has also a great impact on the cooling performance. Increased
air flow will raise the velocity of the air through the condenser fins according to equation
23. That will increase the Reynolds number as stated in the equation 22, which will lead
to higher heat transfer coefficients in the fins, as shown in equation 28. However, to
increase the air flow through the condenser, the fin structure has to be modified in such
way that it will create a smaller pressure drop. Due to the fact that fins create the largest
amount of pressure drop, the amount of fins has to be reduced. This means that the total
fin cooling power is smaller, because there are fewer fins to emit heat. Therefore, the
optimal fin pitch needs to be solved using simulations. The cooling element pressure drop
and air flow are calculated using Icepak and the thermal performance with COTHEX
Designer. The optimal fin pitch for the Thermos thermosyphon cooling elements is stated
in Figure 31.

Junction temperature [°C]
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Figure 31. Defining optimal fin pitch for the cooling elements

Figure 31 show that a small fin pitch will result to low junction temperature level.
Therefore, it is clear that with these thermosyphon concepts the smallest fin pitch creates
best thermal performance. Therefore, Thermos and Heatsink COTHEX will use fin plates
with fin pitch of 2.5 mm and fin height of 8 mm.

The cooling fins of the Mounting base cooling element use same lamel fin
construction as used with the Reference heatsink. The construction has been optimized
for the frequency converter usage and therefore it can be assumed that it will provide best
cooling performance. The fin construction can straight be applied for the Mounting base
concept, because the cooling is conducted in similar manner in both cooling element
concepts.
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5 Testing

5.1 Simulations

The purpose of the simulations is to test thermal performance of the cooling elements.
Three variables, air flow, heat load and ambient temperature are tested in the simulations
to get a wider picture of their cooling abilities. Simulations are made under the standard
conditions defined in the Chapter 4.2.2 to enable comparison between the elements. The
simulation results are analysed and a suggestion is made whether a compact
thermosyphon is suitable for replacing conventional heatsink in cooling of power
electronics.

The air flow simulations are conducted to know how the thermosyphon reacts on the
increase or the decrease of the air flow blown through the condenser. Knowing this is
highly important because the amount of air travelling through the condenser might reduce
through time due to clogging of the condenser with dust. The amount of air blown through
the cooling elements strongly affects the temperatures in which the thermosyphons
operate. Increased air flow typically decreases the temperatures in the cooling element
and decreased air flow increases the temperatures in the cooling element. It is especially
important to know how steeply the temperatures rise when the cooling air travelling
through the condenser decreases. For example, if one of the two blowers used in the
converter module breaks, it would be highly beneficial if the thermosyphon could keep
the semiconductor undamaged until the fault is repaired.

The heat load simulations measure how the thermosyphon reacts to the increase of the
heating power. The temperatures in the thermosyphon are assumed to increase linearly as
the heating power is raised, yet this may not be the case. Should the thermosyphon
operation reach dryout, the heat transfer coefficient reduces dramatically and thus
increases the temperatures in the cooling element exponentially. Dryout is explained in
the Chapter 3.5. The angular coefficients of the temperature curves respect to heat load,
in other words the heat resistances of the cooling elements, determine how well the
cooling element transfers the heat to the surroundings. An ideal cooling element has a
heat resistance of 0 in which case the temperatures in the cooling element and
semiconductor would be the ambient temperature of 40 °C.

In the case of having a thermosyphon that performs better than the Reference heatsink,
it is also possible to estimate with this temperature curve the amount of extra heat the
thermosyphon is able to withstand until the temperatures have risen to the same level as
with the Reference heatsink. It is particularly important to know if the cooling elements
are able to cool higher heat loads more efficiently than the Reference heatsink, because
that would create a possibility to increase power load converted through each
semiconductor. Increasing the power load would result in more cost efficient power
modules and would save space in the customers’ production facilities.
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The variation in the ambient temperature tests how well the cooling concepts adapt to
changing conditions outside of the frequency converter module. The outdoor temperature
affects the temperatures inside the thermosyphon as it determines a great deal of the
operation conditions inside the thermosyphon. The frequency converters can operate in
surrounding temperature range between 0 °C and 50 °C [26], which imply that the
thermosyphon should be able to operate under these conditions. Even though the standard
ambient temperature is 40 °C, the thermosyphon should operate predictably with linear
increase in the thermosyphon temperatures as the ambient temperature increases. The
coldest temperatures may result in subcooling the coolant and the highest temperatures in
superheating. It is especially important to ensure that superheating does not take place,
since it would cause the temperatures in the thermosyphon to rise in an uncontrollable
manner.

5.2 The testing errors

The simulation and testing results have a certain margin of error that needs to be
considered when analysing the results. This thesis conducts only simulations but error
margins need to be defined for the experimental measurement results when validating the
simulations in the following chapter. The chapter discusses whether the COTHEX
thermal simulation program, COTHEX Designer, is able to predict the thermal
performance of thermosyphon technology accurately by comparing standard COTHX
measurement data to its simulation results. The simulation results should reach the same
values as the measurement data within the error margins. Therefore, the simulation and
measurement errors need to be defined when comparing the results.

When it comes to lcepak modelling, some simplifications had to be made. The
simulation model in the Icepak had to be simplified and the grid had to be made coarser
in some places in the converter due to limitations in the computational resources. Without
the simplifications the model would have been too complicated to simulate. The
simplifications decrease the accuracy of the simulation results, which means that the air
flow, pressure and temperature distribution in the module become less accurate.

Another simplification concerns the fins of the Thermos and Heatsink COTHEX
cooling concepts. They can be very thin in reality, but the Icepak simulator can only build
a mesh of a certain density. If the fins are constructed into the simulation as too thin, the
simulator will fail to mesh them and therefore, the fins will not be in the grid. This would
mean that the simulator does not take them into account when calculating the flow
directions, pressure drops and heat dissipation. Should the fins not be represented in the
mesh, the program will calculate the situation as if the fins were not in there. Therefore,
the fins have to have a certain thickness for the mesh to notice them. Thick fins create
simulation results with higher pressure drops and lower air flows through the condenser
than what would be possible in reality. Additional simplification made to the fins is that
the louvers were not simulated for similar reasons regarding the mesh, resulting smaller
pressure drops and less turbulence than in reality.
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Icepak simulation program itself is predicted to have an error of 3 % even with an
accurate model with an accurate grid mesh [29]. The main sources or error in lcepak
modelling are lack of convergence and inappropriate numerical models, such as
turbulence models, radiation modelling and discretization schemes [30]. These
simplifications and sources of error generate the total error generated in the lcepak
simulations. The total error is estimated to be 6 % for pressure drop, air flow and
temperature. The uncertainty of the simulations is depicted with the error bars in the
figures that present simulation results for the operating points of the cooling systems and
their cooling elements.

COTHEX Designer has an error of some degree to its predictions of the cooling
element performance and the level of error is determined in the following chapter. The
simulation results of standard COTHEX is compared to results acquired in testing of the
standard COTHEX. By using an error of approximately 5 % the results of the standard
COTHEX simulations match quite accurately with the testing results and therefore the 5
% error margin is used in the COTHEX Designer simulations.

The measurements of the standard COTHEX have some errors due to limitations in
the measurement devices. Errors in the measurements are created in the current generator
and thermocouples. The error for the heat load consists of the current generator’s error
for the voltage level and the current level. The error for the voltage is in the current
generator 0.25 % and error for the level of current is 1.0 % [31]. The system error for the
thermocouple is +/- 2.2 °C or +/- 0.75% depending on which of the errors have a larger
value at the measured point [32]. The heat load measurements are dependent on the use
of multiple testing devices that all generate error and therefore the errors accumulate.

The accumulation of error concerns also the simulations. When simulating the thermal
performance of the cooling element concepts with COTHEX Designer, the errors of the
simulation results with Icepak have to be taken into account as well. The generated air
flow and pressure drop simulated with Icepak have an influence on the thermal
performance simulation results with COTHEX Designer. The total error, in other words
uncertainty, of the measurements and simulations’ results is calculated with a variance
formula, which is the sum of individual errors in quadrature. This variance formula is
stated in the equation 54:

af = v, (Zax) (54)

where Af is the total uncertainty of the parameter, X; is the variable with an error of Ax;
and % is the partial derivative of the parameter with respect to the variable xi.

According to equation 54 the uncertainty for the heat load directed to the
semiconductor chips is 1.1 % in the following Chapter 5.3. The cables connecting the
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current generator to the semiconductor terminals create some systematic error due to their
thermal resistance that create heat in the cables. However, this systematic error is so small
that it can be ignored in this study.

Equation 54 calculates a total error of 8 % for the temperature of the Thermos and
Heatsink COTHEX thermosyphons when considered the errors of Icepak modelling (6%)
and COTHEX Designer modelling (5%). The Reference heatsink and Mounting base are
first calculated operating points with Icepak and then their temperatures are calculated in
their operating points. Therefore, the air flow rate and pressure drop contribute to the
simulation of the temperatures of the cooling elements. With an error of 6 % for each
parameter, the equation 54 calculates the Reference heatsink and the Mounting base
thermosyphon total error of 10.4 % for the temperature. The heat load and ambient
temperature are fed in to the simulation programs as known quantities and therefore they
do not generate any error in the simulations.

5.3 Validation of the simulations

Thermosyphon technology has proved to be an efficient cooling technology for the
semiconductor cooling and a cooling method based on thermosyphon technology has
been developed for the frequency converter usage by ABB product development and is
presented in the patent EP 2031332 Al [8]. It can be called standard COTHEX and
frequency converters utilising this thermosyphon technology are under the process of
bringing the product in to manufacturing.

The standard COTHEX acts as a substitute to heatsink, however, it cannot be used
directly to replace the heatsink because of its structure as seen in Figure 3 in Chapter 2.2.
It requires a flat planar space through which the fan blows air perpendicularly compared
to the baseplate of the cooling element. The heatsink instead needs a cuboid shaped space
through which fan blows air parallel compared to the baseplate of the cooling element.
The standard COTHEX application used in the frequency converters has proved to be
functional and even more importantly, testing has proved that the simulations predict
thermosyphon thermal performance quite accurately, which means that the simulation
software, COTHEX Designer, for the thermosyphon design studied in the thesis can be
used to predict its thermal performance. This chapter validates the use of COTHEX
Designer in this thesis by comparing the simulation and testing data of the standard
COTHEX together.

Both the simulations and testing results of the standard COTHEX followed the
guidelines discussed in the Chapter 5.1, although the ambient temperature in this test was
50 °C. This change does not have an effect on the prime goals of the testing though. The
simulations and the testing results of the standard COTHEX measure the cooling
performance of the standard COTHEX in different semiconductor heat loads.
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The simulations for the standard COTHEX were made with COTHEX Designer. The
structure of the frequency converter using standard COTHEX cooling is designed
differently. The cooling fan in it is designed to blow air only through the cooling element
condenser and therefore other objects in the frequency converter do not generate any
pressure drop. This results that fan blows all of its air through the condenser and there is
no need to simulate air flow and pressure drop distribution in the converter module.
Therefore, Icepak was not needed when simulating the standard COTHEX cooling
performance.

When conducting the tests, heat was generated in the IGBT chips of the
semiconductor. The heat is generated by converting electricity in the IGBT chips into heat
in the manner explained in Chapter 2.1. A current generator fed the IGBTS current over
a small voltage, which generated heat according to the equation 1. The IGBTs were
attached to the generator in series creating a closed circuit. The heat was transferred inside
the cooling element to its condenser and the fan air flow conveyed the heat out of the test
module.

Temperature sensors were drilled inside the semiconductor baseplate under different
IGBT chips as seen in Figure 32. The simulation result temperatures however, are given
at the surface of the semiconductor baseplate. There is a thickness of length s between
these measurement points in the semiconductor baseplate and therefore, the simulation
results need to be adjusted so that the results can be compared together. The temperature
inside the semiconductor baseplate in the simulation case is calculated from the
simulation results with equation 6 to match the testing results.

. IGBT chip Measurements
Semiconductor \ /
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Cooling element baseplate

Figure 32. Measurement and simulation points in the simulation validation case

The simulations and testing results of the standard COTHEX are presented in Figure
33. As can be seen in Figure 33, the temperature curve of the simulations follows the
temperature curve of testing rather well. An error margin of 5 % for the simulation results
will suffice to make a match between all measurement points at specified heat loads
within error margins except for one measurement point at the heat load of 4400 W.
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Figure 33. The simulated and tested semiconductor baseplate temperatures of the standard
COTHEX

The simulations estimate a slightly smaller thermal resistance than what it is in reality.
The thermal resistance of the simulations before the heat load of 4400 W is approximately
11.2 °C/kW and the thermal resistance of the testing at the same measurement point is
12.3 °C/KW. This means that with one kilowatt of heat load simulations predict 1.1 °C
smaller temperatures than what it is in reality. Thermal resistance of the simulations
increases significantly at heat loads higher than 4400 W, which means that the simulations
predict that coolant is at its superheated state after reaching the heat load. It seems not to
be the case, however. The superheating of the coolant never occurs according to the
temperature curve of the testing due to the fact that the curve’s thermal resistance never
increases significantly. As stated before, the simulations do not predict reaching critical
heat flux accurately, but otherwise the simulation results seem to match the testing results
quite accurately. Therefore, the simulations can be considered to produce credible results
within the error margins.
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6 Results

6.1 Simulation results

6.1.1 Backgrounds

The thermal simulations regarding the cooling elements studied in this thesis are made
both with the Icepak and COTHEX Designer. COTHEX Designer is preferred as it is able
to calculate the boiling and condensing phenomena unlike Icepak, but Icepak is needed
to simulate the thermal performances of the Mounting base thermosyphon and the
Reference heatsink. The Reference heatsink is simulated using Icepak because it requires
no coolant circulation and therefore can be simulated in typical thermal simulation case
for electronics. The Mounting base has to be simulated with Icepak because the lamel fin
structure in the thermosyphon application cannot be simulated with COTHEX Designer.

To be able to solve the temperature curves for the Mounting base thermosyphon
concept with Icepak, some assumptions had to be made. The boiling inside the baseplate’s
evaporator channels increases the heat transfer in the baseplate and the increased heat
transfer can be taken into account by defining a thermal resistance R for the baseplate.
The baseplate is typically made of an aluminium alloy AA-3003, which has thermal
conductivity of 190 W/mK and by using the equation 6, the thermal resistance of the
baseplate without any fluid cooling inside the baseplate is calculated to be 5.7 K/kW. A
lower value is used to account the boiling that increases the heat transfer inside the
baseplate. COTHEX Designer is needed to estimate the degree how much the thermal
resistance of the Mounting base’s baseplate would decrease due to boiling.

Thermos thermosyphon has an identical baseplate, which means that the values for
thermal resistance COTHEX Designer has produced for Thermos cooling element can be
used to estimate thermal resistance of the Mounting base’s baseplate. The thermal
resistance varies respect to the temperature of the baseplate. The thermal resistance is
stated in Figure 34:
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Figure 34. Thermal resistance of the baseplate in Thermos application

The figure shows that liquid cooled baseplate in Thermos application has lower
thermal resistance than the baseplate without liquid cooling if the temperature of the
baseplate is below 110 °C. Therefore, the Mounting base has potential to cool more
efficiently than the conventional heatsink, which has no fluid cooling in its baseplate, at
temperatures below 110 °C. The thermal resistance of the liquid cooled baseplate is
inserted into the Mounting base Icepak simulation case to give an estimation on how
much the Mounting base cooling element improves cooling respect to the conventional
heatsink cooling.

The simulation programs have some thermodynamic differences between them that
need to be considered when analysing the results. One major difference is how the
simulation programs handle power sources. Different approaches for the diffusion of heat
from the IGBT chips to the baseplate are used and as a result the COTHEX Designer
calculates consistently higher junction temperatures, which means it is not reasonable to
compare the junction temperatures of the cooling elements. The temperatures in the
baseplates of the cooling elements are steadier and less prone to systematic differences
between the simulation methods. Therefore, the mean temperatures of each cooling
concept baseplates are used as comparison values.

6.1.2 Operating points

Pressure resistance curves for the converter module and cooling element are
calculated for all of the cooling concepts and the method’s for this are discussed in the
Chapter 4.2.3. The simulations produced resistance curves that determined how much
pressure drop the cooling elements and the converter modules as a whole created when a
certain amount of air flow was passed through the module. These system resistance and
cooling element pressure drop curves were simulated with Icepak to indicate how much
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air passed through the condenser of the cooling elements. The pressure drop curves enable
prediction of the cooling elements’ thermal cooling performance as the standard air flow
passing through the fins of cooling element can be determined.

The results of the Icepak simulated system resistance curves for each cooling concept
are shown in Figure 35:
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Figure 35. The system resistance curves of the cooling concepts

As seen in the figure, the converter module with Reference heatsinks and Mounting
base thermosyphons create similar system resistance curves. The reason for this is that
the Mounting base and the Reference heatsink have a similar structure. The Mounting
base had the same fin thickness and fin pitch as the Reference heatsink, because such fin
structure had been studied to create best cooling performance in the given frequency
converter usage. Thermos and Heatsink COTHEX have both very different kind of
structures and therefore create different amounts of pressure drop. As a result their
converter modules’ system resistance curves differentiate as well.

The system resistance curve for the module with Thermos element generates lowest
amount of pressure drop as a function of air flow. The whole system pressure of the
converter module can be calculated as a sum of generated pressure drops. Because the
only difference between the simulation cases is the cooling elements, one can assume that
Thermos element creates the least amount of pressure drop respect to air flow compared
to the other cooling elements. For the same reasons, Heatsink COTHEX can be assumed
to generate biggest amount of pressure drop.

The pressure drop itself cannot completely predict the amount of air travelling through
the cooling element condenser, because the cross-sectional area of the condenser
contributes as well. Therefore, the individual pressure drop curve and the operating point
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for each cooling element are quite different. The operating point of the cooling elements
is defined here as the air flow and pressure drop of the cooling element when operating
the standard fan on full power in the frequency converter module. The pressure drop
curves and operating points of the cooling elements are shown in Figure 36.
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Figure 36. The pressure drop curves of the cooling elements with their operating points

The large pressure drops of the Heatsink COTHEX can be explained with the
condenser structure in which the air has to travel a long distance to reach the end of the
cooling element. Also the small fin increases the pressure drop. The long travel distance
gives the air time to absorb the heat, so it might prove to be a beneficial feature.

Mounting base had the same fin pitch as the Reference heatsink and consequently it
generates the same amount of pressure drop with same air flow rates through the converter
module. However, it allows more air flow to pass through the condenser than with
Reference heatsink. This can be explained with the fact that Reference heatsink has longer
condenser fins. Longer fins restrain air from flowing through the condenser and as a
result, less air is allowed pass through the condenser with the same amount of pressure
drop.

The Thermos cooling concept creates the smallest amount of pressure drop due to the
fact that the air travels a very short distance in the cooling fins compared to the other
cooling concepts. With inclined fins, the air does not have to shift its course significantly.
Should the fins that be placed perpendicularly compared to the condenser MPE tubes like
explained in the Chapter 530 about Thermos fin cooling concept, the amount of pressure
drop respect to air flow would be significantly higher. However, the inclination of air
produces by far the greatest deal of the pressure drop in the Thermos cooling concept with
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inclined fins. Should the cooling element pressure drop be further decreased and thus
increase the amount of air flow, the only reasonable way to conduct it is to increase the
inclination of the fins.

It could be assumed that the element, which allows largest amount of air to travel
through the condenser will result the lowest temperatures. This may not be always true,
because other factors, such as the structure of the cooling element, the amount of fins and
their length in the condenser have a strong impact on the cooling element cooling
performance. The relations between the fin structure and the cooling air flow are
explained in Chapter 4.2.6 relying on the theories regarding heat transfer from fins
discussed in the Chapter 3.3.2. As a result, one cannot predict the cooling performance of
the cooling elements only with their pressure drop curves.

The operating points of the cooling elements are defined by using the methods
described in the Chapter 4.2.3. The operating points and the temperatures of the cooling
elements with standard heat load, air flow and ambient temperature are defined in Table
2. In Table 2, Vis the air flow, which travels through the cooling element condenser, Ap
is the pressure drop produced by the cooling element and T is the baseplate temperature
of the cooling element in these conditions.

Table 2. The operating points and temperatures of the cooling elements at standard
conditions

V [m3/h] Ap [Pa] T [°C]
Reference heatsink 208 165 109
Thermos 285 43 88
Mounting base 246 172 106
Heatsink COTHEX 174 270 119

As can be seen in Table 2, the most promising solutions for the cooling is Thermos
cooling concept, because it has the lowest baseplate temperature at the standard
conditions. Mounting base seems to improve cooling by small degree compared to the
Reference heatsink and Heatsink COTHEX has the lowest cooling performance at the
standard conditions.

One noticeable discovery is that the amount of air travelling through the condenser
does correlate in this study to the cooling performance of the elements. The elements,
which allow large amount of air flow pass through the cooling element, also have low
temperature at their baseplate. As matter of fact, the dependency between the air flow and
temperature is linear. This strong dependence of the cooling performance to the air flow
rate might indicate that cooling air flow is substantially inadequate and much better
cooling results would be achieved should higher air flow rates be made available.
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6.1.3 Air flow

The simulation results in the standard operating points stated in the previous chapter
predict the cooling performance of the cooling elements in typical working situations. It
would be beneficial, however, to know how the cooling element operates under
conditions that do not match the standard conditions. In typical frequency converter
working conditions the ambient temperature might be higher for a period of time. Cooling
air flow could also be lower than predicted due to fan malfunction or clogging of the
converter module. As time passes, the condenser of the cooling element experiences
clogging as well to some degree. Therefore, it is important to study how the cooling
elements react to changes in the ambient temperature and air flow rate through the
condenser.

The variation in air flow depicts how well the cooling element is able to cool the
semiconductor with insufficient amount of air and also estimate the cooling power of the
cooling element when given an excessive amount of air. Figure 37 depicts the
temperatures of the different cooling elements in correlation to varying air flows through
the condenser.
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Figure 37. The baseplate temperatures of the cooling elements with different amounts of
cooling air flowing through the condenser

The simulations produced baseplate temperate curves as seen in Figure 37. These
curves can be iterated equations with which one can predict the cooling performance of
the elements at air flow rates out of the range shown in Figure 37. Following equations
depict the temperature curves of the cooling element’s baseplates:
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where Tr is the temperature of the Reference heatsink baseplate, V is the air flow, Tt is
the temperature of the Thermos baseplate, Twm is the temperature of the Mounting base
baseplate and Tw is the temperature of the Heatsink COTHEX baseplate.

As can be seen in Figure 37, the Reference heatsink has the lowest baseplate
temperature of all the cooling elements when the air flow through the cooling element is
less than 180 m3/h. With larger air flow rates the Thermos thermosyphon seems to operate
most efficiently. However, Heatsink COTHEX seems to reach better cooling performance
than Thermos when the air flow is higher than 360 m®h. The baseplate temperature of
the Reference heatsink is 109 °C at its operating point as the grey dashed horizontal line
shows in Figure 37. Thermos baseplate temperature falls below this temperature with air
flows higher than 180 m®/h as the grey dashed vertical line shows in Figure 37, Heatsink
COTHEX surpasses the cooling performance of the Reference heatsink with air flows
higher than 205 m®/h and the Mounting base with air flows higher than 227 m®/h.

These results conclude that thermosyphons seem to require some amount of air flow
to work properly and in this study the limit is at 180 m*/h. However, the amount of air
required is rather easily achievable. For example, a fan with similar abilities to resist back
pressure as the fan used in these simulations can operate only on 50 % of its nominal
power to provide sufficient amount of air flow for Thermos thermosyphon to achieve the
same cooling performance as the Reference heatsink.

The amount of air flow has been defined to be the biggest bottle neck in the
semiconductor cooling. Should there be redundant amount of air flow, the thermosyphon
technology would have even greater potential for replacing the conventional heatsinks
with thermosyphons. If the cooling elements received infinite amount of air, the
temperatures of each cooling element would reach to temperature values that can be seen
in the following equations. The equations are derived from the earlier equations 55, 56,
57 and 58:
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lim Ty = lim (88+%7) =88 , (59)
lim Ty = lim (66 +52) =66 (60)
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The equations predict that redundant amount of air flow allows the temperature of the
Reference heatsink to settle to level of 88 °C with the standard heat load of 2088 W. All
the thermosyphon applications settled into lower temperature levels. This shows the
potential of the thermosyphon applications for the cooling of electronic components.
Unfortunately the limited space and limited amount of cooling air significantly reduces
the cooling efficiency of the thermosyphon applications.

In the case of Thermos, lower air flow rates than 190 m3h will lead to significantly
decreased cooling performance due to liquid coolant rising to the condenser, in other
words flooding. The decrease in air flow rises the temperature of the air leaving the
condenser. This is due to the fact that the heat emitted from the condenser needs to stay
constant as the equilibrium rule Qe=Q. stated in the Chapter 3.5. Therefore, as the air flow
rate decreases, the temperature difference between the air that flows into the condenser
and the air that leaves it increases as stated in equation 52. As the temperature of the
incoming air is the constant temperature of the surroundings, the temperature of the
leaving air will increase. The increase in the temperature of the cooling air has a direct
effect on the temperature of the coolant. The coolant can only receive heat from higher
temperature levels as the second law of thermodynamics states. The temperature level of
the coolant has to be higher than the temperature of the air leaving the condenser in order
for it to emit heat to the cooling air.

With higher coolant temperatures the enthalpy of evaporation becomes smaller and
thus the heat of phase transition decreases. Consequently, the vapour quality change
increases as stated in equation 48. As the share of vaporized fluid increases the density of
the two-phased fluid degreases, as presented in equation 39. The decrease in the two-
phased fluid density increases the frictional pressure drop (equation 45) and consequently,
the gravitational pressure drop (equation 44) requires longer section length in the liquid
adiabatic section and the condenser section to balance the increased frictional pressure
drop. At some point the required section length becomes so long that the liquid rises to
the Condenser and it becomes flooded. This means that the liquid in the condenser is
subcooled and it reduces heat transfer area meant for condensation. As the condenser heat
transfer area becomes smaller, the thermal resistance increases thus increasing the coolant
temperature. The flooding occurs with air flow rates lower than 190 m3/h.
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Another fact is that the high coolant temperature generates high system pressure into
the loop. As matter of fact, the coolant R134a pressure surpasses its critical pressure
Per=40.6 bar [33] at air flows lower than 140 m3/h in the Thermos application. When the
coolant reaches its critical point, the differences in the material properties between liquid
and gas phases cease to exist. This means that the gravity based thermosyphon can no
longer circulate the fluid. Therefore, the heat is transferred through the element only with
conduction through element’s material layers. More of the effects of approaching coolant
critical point and its superheating are explained in the Chapter 3.5.

6.1.4 Heat load

Figure 38 depicts how the cooling elements are able to cool the heat generated by the
semiconductor. It is particularly important to know if the cooling elements are able to
cool higher heat loads better than the Reference heatsink, because that would create a
possibility to increase power load converted through each semiconductor.

200
180
160
140
120

100

Temperature [°C]

80

60

40
0 500 1000 1500 2000 2500 3000 3500 4000

Heat load [W]

Heatsink cothex Reference heatsink

Mounting base ——— Thermos

Figure 38. The baseplate temperatures of the cooling elements with variation in heat loads

The temperature of the Reference heatsink at the standard conditions is 109 °C and it
seems that both Thermos and Mounting base have lower temperatures in their operating
points. It would be beneficial to learn how much bigger heat loads these elements can
endure until their baseplate temperatures reach the same value. The horizontal grey line
in Figure 38 predicts the amount of heat load the Thermos and Mounting base cooling
elements can cool until they reach the temperature of the Reference heatsink. According
to the vertical dashed grey lines Thermos could cool up to 2760 W and Mounting base up
to 2145 W before they reach the temperature of the Reference heatsink. This means that
Thermos can cool 32 % and Mounting base 3 % more heat than the Reference heatsink at



87

their operating points. However, the cooling performance of the Mounting base
thermosyphon cannot be guaranteed, because the boiling of the refrigerant fluid inside its
baseplate was not studied. The result for the Mounting element baseplate temperatures
only apply if the assumption that the thermal conductivity of the Mounting base baseplate
is the same as with Thermos thermosyphon with different heat loads.

Heatsink COTHEX seems to provide poorest cooling performance. The cause for this
is probably that the element creates so much pressure drop that it allows very little air
pass through the condenser fins. The amount of air that passes through its condenser is
only 84 % of the amount that passes through fins of the Reference heatsink. If the element
was provided with bigger amount of air flow, the cooling would improve significantly as
predicted in equation 58.

The heat load results in shown in Figure 38 indicate that Thermos element has the
lowest thermal resistance. The temperature difference between the baseplate and
surrounding are lowest with this element, although the baseplate temperatures seem to
increase rapidly after reaching the heat load of 2700 W. The thermal resistances of the
cooling elements are calculated from the results according to the equation 6 and they are
presented in Figure 39:
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Figure 39. Thermal resistivity of the cooling elements

The lowest thermal resistance can be reached using the Thermos thermosyphon as
predicted. It has its best thermal transfer abilities with heat load of 2700 W. However,
with higher heat loads the thermal resistance seems to increase rapidly and therefore, heat
loads higher than 2700 W should be avoided. One might think the rapid increase of
thermal resistance occurs due to thermosyphon superheating as explained in the Chapter



88

3.5 about the fluid states. However, this is not the case with Thermos cooling element.
With higher heat loads than 2700 W, the condenser becomes flooded with subcooled
coolant and consequently is not able to transfer heat as efficiently. As a result of this, the
added heat load increases the thermal resistance dramatically. The reasons for the
flooding of the condenser can be explained with behaviour of the section pressure drops
in the loop discussed in the Chapter 3.5.

When the heat load increases, the vapour quality change increases as stated in
equation 48. An increase in the heat load raises temperature of the coolant. This decreases
the evaporation enthalpy and hence decreases the heat of phase transition at higher
temperatures. The decrease in the heat of phase transition also contributes to generation
higher amounts of vaporization. The simulation results of the air flow concluded that
increase of the vaporization eventually leads to flooding of the condenser. The flooding
occurs in Thermos application with heat loads higher than 2850 W. As the condenser heat
transfer area becomes smaller, the thermal resistance increases.

The coolant R134a pressure surpasses its critical pressure in the Thermos application
at heat loads higher than 3500 W. When the coolant reaches its critical point, the
differences in the material properties between liquid and gas phases cease to exist.
Without the differences in the densities of coolant material, gravity based thermosyphon
can no longer circulate the fluid and the heat is transferred through the element only with
conduction. The effects of approaching coolant critical point and its superheating are
explained more thoroughly in Chapter 3.5.

To avoid flooding in the condenser, the condenser should either be more effective, for
example by having more heat transfer area, or the condenser and liquid adiabatic section
should be longer in total to provide longer section length. When considering the
restrictions given for the space that the thermosyphon is given, the only possible ways to
improve the structure is to increase the liquid adiabatic section and thus, make sure that
flooding does not reach to the condenser area or by installing a pump. These kinds of
improvement ideas for the construction of Thermos thermosyphon are discussed in
Chapter 6.2.2.
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6.1.5 Ambient temperature

Figure 40 shows how the variation in the ambient temperature affects the temperatures
in the cooling concepts.
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Figure 40. The baseplate temperatures of the cooling elements with variation in ambient
temperature

It seems that the Thermos operates the best in whole range of ambient temperatures
and the Mounting base works little bit better than the Reference heatsink at temperatures
below 50 °C. Heatsink COTHEX operates best at low temperatures but its thermal
resistance seem to increase rapidly with higher ambient temperatures. Heatsink COTHEX
has better cooling performance than the Reference heatsink at temperatures below 8 °C.
Good cooling performance at low temperatures does not give much benefit though,
because the baseplate temperatures are at rather low level anyway.

The thermal resistance of both Thermos and Mounting base elements seem to increase
when reaching higher temperatures than 50 °C. The increase in thermal resistance can be
explained with condenser flooding and reaching coolant critical point. With high ambient
temperatures the temperature of the leaving air is naturally high as well. As already stated
in the air flow simulation results the increased temperature of the cooling air increases
the temperature of the coolant. With higher coolant temperatures the enthalpy of
evaporation becomes smaller and thus the heat of phase transition decreases. This
eventually leads to flooding of the Condenser for the same reasons as in the air flow and
heat load variation simulations and are explained in the Chapter 6.1.3. The condenser of
the Thermos element becomes flooded at ambient temperatures 55 °C.
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The coolant R134a pressure surpasses its critical pressure in the Thermos application
at temperatures higher than 65 °C. As explained in the previous chapter, when the coolant
reaches its critical point, thermosyphon applications can no longer transfer heat with fluid
circulation.

6.2 Concept selection

6.2.1 The selected concept

The best cooling concept is chosen based on the cooling performance of the cooling
element. The conditions in which the cooling elements are compared together are
explained in Chapter 4.2.2 and the results based on that presented in the previous chapter.
The cooling abilities were determined by using simulation programs Icepak and
COTHEX designer. The benefits and disadvantages of the winning concept are studied
more in detail in the following chapter

All of the simulation results show that Thermos concept generates most efficient
results. It seems to operate at approximately 20 °C lower temperature than the competing
concepts at the standard conditions and it can be safely operated under conditions that are
in the frequency converter operating range. Therefore, Thermos is selected as the best
concept to replace the conventional finned aluminium heatsink.

6.2.2 Benefits and disadvantages of the concept

The winning concept in thesis is Thermos thermosyphon concept. It provides the best
cooling performance in the whole frequency converter operation range and allows to
widen the operation range even further. The semiconductor temperatures are the lowest
with Thermos thermosyphon with heat loads up to 2700 W and it is able to cool at ambient
temperatures up to 50 °C when the fan is operated at full power. In addition, Thermos has
provided some benefits that are typical for thermosyphon cooling elements, such as even
temperature distribution at the cooling element baseplate. However, Thermos also has
some disadvantages, such as condenser flooding and manufacturing costs.

Thermos experiences one significant challenge when it comes to the structure of it.
The condenser of the element reaches all the way down to the bottom parts of the cooling
element and as a result of that part of the coolant is stratified to the bottom parts of the
condenser MPE tubes in liquid form. This is not favourable situation as the liquid will
become subcooled due to condenser fins absorbing the heat from the coolant and emitting
it to the surroundings. The condenser MPE tubes should be filled with vapour instead to
provide well-functioning device. Picture a. in Figure 41 shows the stratification of the
coolant in Thermos element.



91

additional heat
transfer area

Evaporator

N
'

pressure
head

.

pressure
head

Condenser

b,

Figure 41. Stratification of liquid in Thermos; a. with original structure and b;. with pump
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The pressure head between the evaporator and condenser liquid levels is due to
frictional pressure drop generated in the pipe walls and at curves, expansions and
shrinkages of the loop. The simulation results do not take into account the condenser
flooding and therefore the results indicate Thermos performance without the condenser
flooding. The coolant in liquid form in the condenser MPE tubes decreases heat transfer
out of the cooling element dramatically and therefore a solution to this should be
provided. Storing the liquid in the condenser should be avoided for several reasons.

Experimental measurements conducted in ABB research team concluded that
condenser practically does not transfer heat out of the flooded area in the condenser and
hence, the area does not dissipate any heat out of the element. The reason for poor heat
transfer is that heat transfer coefficient for convection from liquid to the condenser fins
is widely smaller than heat transfer coefficient for condensation of the two-phase fluid.
As stated in Figure 2 in Chapter 2.2, heat transfer of condensation from two-phase fluid
to the condenser fins is 10 to 100 times larger than with the convective heat transfer of
liquid. Therefore, the flooded condenser area can be seen as lost heat transfer area and
only the parts of the condenser in which vapour condensates contribute to heat transfer.

Another reason for avoiding storing of the coolant in liquid form in the condenser is
that it creates great temperature differences over the evaporator baseplate. The liquid in
the condenser becomes highly subcooled due to heat transfer to the fins and because the
convective heat transfer to the subcooled liquid at the evaporator has higher thermal
resistance than in evaporation, the baseplate temperature increases drastically as predicted
in equation 6 in Chapter 3.4.1.
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The final disadvantage for fluid storage in the condenser is that the lost heat transfer
area increases air pressure drop and thus lowers the amount of air flow through the
condenser. The effective area creates pressure drop as well, but simultaneously heat is
transferred out of the condenser. The flooded condenser area hinders the air flow with no
gain and therefore placing fins on such area is useless.

The problem of having subcooled liquid in the condenser can be solved in two ways.
One way is to add an external force that keeps the liquid out of the condenser and pumps
it to the evaporator tubes. This would mean that an additional pump would have to be
installed into the element. One major benefit of using thermosyphon technology in the
semiconductor cooling was that no external forces would be needed in the cooling. The
heat entering the cooling system is supposed to work as a natural pump and circulate the
coolant in the loop. The major disadvantage of using a pump in the thermosyphon
application is that it requires electricity and it needs to be replaced repeatedly and thus
the expenses of using the thermosyphon increase. Picture by. in Figure 41 depicts the
gravitational stratification of the fluid in the Thermos element when pump is used to keep
the liquid out of the condenser MPE tubes.

Another solution is to rely on the effective heat transfer area of the element. The
lowest point of the condenser should be at same level as the surface of the liquid, because
all parts of the condenser that are flooded practically do not transfer any heat. The element
should not generate pressure drop for the air flow at element parts in which heat is not
transferred to ensure highest possible air flow rate passing the effective heat transfer area.
Therefore, pipes connect the condenser to the bottom manifolds. The liquid surface in the
condenser is at the level of evaporator added by pressure head. Consequently, heat
transfer area diminishes radically as the bottom of the condenser is located higher.
Effective heat transfer area can be increased by minimizing the baseplate length and
adding fins between the MPE tubes on top of the baseplate before the top manifold.
Picture b. in Figure 41 depicts the gravitational stratification of the fluid in the Thermos
element when only the effective area of heat transfer is used.

With filling ratio of 55 % the heat transfer area of the condenser is about 48 %
smaller than in the original solution, however, if the additional heat transfer area is put
into use, the effective heat transfer area is only 9 % smaller than the original condenser
area. Even without the additional heat transfer area, the b, Thermos element has a good
probability to function better than the Reference heatsink, because it has 32 % more
heat transfer area than the Reference heatsink and it generates less pressure drop, thus
ensuring more air flow through the condenser.

Even the pipes in the picture b, cannot completely prevent condense flooding.
Condenser may become flooded due to increase in the frictional pressure drop in the
loop, which increase the pressure head in the liquid adiabatic section. As explained in
the simulation result chapters, the frictional pressure drop increase with as air flow rates
decrease or when heat loads and ambient temperatures increase. Therefore, the cooling
element structure and the coolant filling ratio should be determined in such way that
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there is room for the liquid to rise in the liquid adiabatic section. More studies are
needed to define the optimal filling ratio and condenser length for the Thermos cooling
element and they are discussed in the following chapter about future development ideas.

Thermos has a structure that is easy to manufacture. Both the cost of manufacturing
the Thermos cooling element and making the initial investment to acquire tools is rather
small, however, the manufacturing costs are higher than with the Reference heatsink. If
the price of the Reference heatsink is stated as x, the Thermos would cost depending on
the amount of manufactured yearly between 2.1x and 3x. The tooling investment would
increase the price of the cooling elements by some degree. If considered that the tooling
investment is paid in the prices of the cooling elements in one year, the cost of single
Thermos cooling element would be between 2.2x and 4.1x for that year. The
manufacturing costs of Thermos seem rather high compared to the Reference heatsink,
but it should also be taken into account that their costs compared to the manufacturing
costs of a whole frequency converter are small.

Thermos will achieve the same cooling performance as the Reference heatsink with
only air flow of 180 m3/h. This means that a with similar abilities to resist back pressure
as the fan used in the frequency converters can operate only at 50 % of its nominal power
to provide sufficient amount of air flow for Thermos to achieve the same cooling
performance than with the Reference heatsink. Another benefit is that the clogging of the
condenser fins will not create problems. For example, let us assume that the clogging will
prevent air from flowing through the cooling element condenser and allows only 80 % to
travel through of the nominal air flow rate. At the standard conditions this would raise the
Thermos element baseplate temperature by 5 °C according to the equation 56.

Thermos will achieve the same cooling performance as the Reference heatsink with
heat load of 2760 W. This means that more power can be converted in the semiconductors
with the same sized cooling element. The semiconductors may also be operated at wider
heat load range without risking of damaging them. Thermos also allows the working
conditions to be at higher temperature levels than before. At standard conditions Thermos
reaches the same baseplate temperatures as the Reference heatsink at ambient temperature
of 55 °C. This advantage originates from the general good cooling performance of the
element however, not from abilities to cool efficiently at high ambient temperatures. On
the contrary, the thermal resistances of all studied thermosyphon structures increased at
higher ambient temperatures and decreased in lower ambient temperatures. The reason
for this can be found in the coolant material properties and its behaviour in the loop. The
same problems occur if the heat loads reach too high or air flow rates are too low. These
problems are discussed in the previous chapters regarding simulation results.

The thermal simulations revealed one major benefit in the thermosyphon cooling
technology. It is evident that the temperature distribution in the baseplate is more even
with thermosyphon applications than with heatsinks. The reason for this is that the heat
transfer is more efficient in the solutions where refrigerant absorbs and transfers heat out
of the baseplate rather than where all heat is only conducted out of the baseplate.
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Therefore, it can be said that the thermal resistance between the semiconductor chip and
the cooling element baseplate is often smaller in the thermosyphon solutions than in the
heatsink solutions. However, one must keep in mind that the total thermal resistance of
the whole cooling element determines element’s cooling performance and yet, efficient
heat transfer in the cooling element baseplate gives many advantages. Figure 42 presents
the temperature distribution in the baseplates of the Reference heatsink and Thermos at
the standard conditions.
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Figure 42. Temperature distribution in the baseplates of the Reference heatsink and
Thermos

Due to higher thermal resistance, more heat seems to travel along the baseplate in
vertical direction in the heatsink cooling element than with thermosyphon element. This
means that the chips located in the lower parts of the semiconductor heat the chips located
in the upper parts. Consequently, these chips suffer from higher temperatures than the
lower chips and are in bigger risk of breaking. For example, the temperature difference
between the coolest and hottest chip in the heatsink cooling concept is 12 °C whereas it
is 7 °C with the Thermos cooling concept. The big temperature difference between the
chips also results that the hottest chips age at faster pace and therefore they perform less
ideally. This increases leakage current in the chips.

The temperature difference itself will create thermal stress between the components
inside the semiconductor and inside the components as well. The constant change in
temperature inside a chip or between components will cause strain and fatigue their
material. The higher the temperature difference is, the faster the components will age due
to thermal stress. For example, the largest temperature difference inside an IGBT chip in
the heatsink cooling concept is 17 °C and it is only 5 °C with the Thermos cooling
concept. Additionally, high changes in the temperature at the semiconductor will pump
thermal grease out of the layer between the semiconductor and module baseplates. This
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means that air will replace the areas where grease no longer exist and further increase
junction temperature due to lower heat transfer. That is why it is essential to have smallest
possible thermal resistance between the semiconductor and cooling element baseplate to
allow an even temperature distribution in the semiconductor and cooling element
baseplate.
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7 Future development ideas

Some improvements can be made to the Thermos cooling element concept. Defining
the most feasible structure for the Thermos cooling element to replace a conventional
heatsink is about optimizing the structure to allow highest possible air flow rate to pass
the condenser and to have the largest possible heat transfer area at the condenser with
most effective fluid circulation at the thermosyphon loop. These features could still be
improved further to develop even more effective cooling element.

The bottleneck of the current Thermos solution lies on the restricted heat transfer area
at the condenser and the shape of the cooling element could be developed in such way
that the effective heat transfer area of the condenser could be increased even further. The
effective heat transfer area is strongly dependent on the filling ratio of the coolant. For
example, if the structure in picture bz in Figure 41 was used, the condenser effective area
could be increased by reducing the filling ratio. Smaller filling ratio will directly decrease
the liquid length and thus the condenser could begin from a lower point and hence,
effective heat transfer area can be increased. Figure 43 depicts the effects of decreasing
coolant filling ratio.
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Figure 43. Higher filling ratio in the picture a. and lower filling ratio in the picture b.

Decreasing the filling ratio from the chosen 55 % might prove out to be effective.
However, very small filling ratios may cause dryout and increase the cooling element
temperature and especially temperature difference at the baseplate. Therefore, it would
be beneficial to define an optimum filling ratio that cools the semiconductor most
efficiently.
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Another improvement made to the Thermos element concerns the structure of its fins.
The structure of the condenser fins can further be developed by optimizing the degree of
inclination to of the fins in the Thermos cooling element condenser reach better cooling
performance of the cooling element. The basic idea of the optimization is that the
optimization has to be done between increasing air flow through the cooling element and
having maximum amount of fins in the condenser.

Increasing the angle of inclination in the fins will reduce the created amount of
pressure drop at the element as the air flow has to shift its course much less when
travelling through the condenser. The decrease of pressure drop leads to increase of the
air flow rate. This will result in greater heat transfer in the condenser area and thus, better
cooling performance. On the other hand, high inclination in the fins means that less fins
fit into the condenser structure and the fins become longer in length. Having smaller
amount of fins in the condenser decrease the amount of heat transferred in the cooling
element. However, longer fins will increase the fin efficiency as the air has more time to
absorb heat from the fins.

This study was made to find a solution to a very specific case. A solution was found
to replace a conventional heatsink of certain size within a certain operating condition. It
would be beneficial to know if Thermos cooling elements can replace heatsinks of other
sizes and could Thermos elements be optimized to operate at even more severe
conditions. Optimization of cooling element to operate at more severe conditions, such
as higher heat loads and lower air flows, means that coolant type needs to be reselected.
It is important that the coolant type is selected according to the conditions the cooling
element operates in and the air flow rate, ambient temperature and heat load subjected to
the cooling element have a great influence on cooling abilities of the coolant. Therefore,
the selected coolant type R134a should be changed as the coolant R134a reached its
critical point at rather low temperatures and thus, loses its ability to transfer heat. Another
coolant, which has its critical point at higher temperature should be selected if the cooling
element were used outside of Thermos operation range. As this study can guarantee
success for replacing the Reference heatsink at standard conditions, it would be beneficial
to know how well Thermos can replace heatsinks of other sizes and structures as well.

These kind of new studies would improve Thermos cooling performance and gain
knowledge on the chances of replacing any kinds of heatsinks to thermosyphons and
would gain much benefit when improving cooling of electronics.
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8 Conclusions and recommendations

There were two criteria defined in the objectives that determine whether a successful
thermosyphon cooling concept was found to replace conventional heatsink in cooling of
semiconductor devices. Naturally, the cooling performance of the thermosyphon would
have exceed the cooling performance of the heatsink, but also the thermosyphon structure
would have to fit into the same space and be cooled with air, which flows in same
direction as with the heatsink. These requirements allow the heatsink to be replaced
directly with a thermosyphon without having to make any alternations in the application
it is used in. Thermos cooling concept was found to fulfil these criteria and so it can be
stated that a successful thermosyphon based cooling concept was found and patented.

Thermos proved out to work best of all the studied thermosyphon cooling concepts.
It has the best thermal performance at most of the conditions regarding heat load
conveyed into the element, air flow travelling through the condenser of the element and
ambient temperature it operates in. At the standard conditions, which resemble frequency
converter’s typical usage, the temperature of Thermos element’s baseplate was 18 °C
lower than the baseplate of the second best concept, the Mounting base. Additionally, it
was 21 °C lower than the baseplate of the same size conventional heatsink, which is called
the Reference heatsink. However, the thermal performance of Thermos concept did not
surpass the cooling performance of the Reference heatsink at all study points. In the air
flow simulation tests Thermos gave better cooling performance with air flow rates over
180 m3/h. This indicates that if a very low amount of air is provided, a conventional
heatsink may convey heat better than a thermosyphon. However, a fan operating on 50 %
of the nominal power in frequency converter usage would provide sufficient air flow rate
for the thermosyphon to surpass the cooling performance of conventional heatsink.

Condenser flooding has proved out to be problematic in the Thermos design. It was
discovered that the area in the condenser, in which the coolant is in liquid form, does not
transfer heat and can be seen as lost heat transfer area. In fact, the flooded area causes
major problems due to the fact that the liquid emits heat to the fins and becomes
subcooled. Consequently, the subcooled liquid produces highly uneven temperature
distribution to the baseplate due to higher thermal resistivity in the baseplate. Therefore,
I suggested a new Thermos element design in which the condenser is redesigned in such
way that it does not gather any liquid in the condenser. Redesign and adding more
effective heat transfer area between the baseplate and top manifold result that Thermos
can be constructed in such way that it has only 9 % less heat transfer area than in the
original design.

Thermos cooling element may still experience condenser flooding at low air flow
rates, high heat loads and high ambient temperatures. At extreme cases, the coolant may
reach its critical point. In such situation the heat transfer of the element becomes unstable
and the temperature in the cooling element will rise rapidly, which may lead to material
damage. Therefore, it is recommended that the Thermos operates within the standard
conditions and exceeds only with maximum of one condition parameter from the limits
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of standard conditions. The absolute operating limit for the maximum amount heat load
Is 2700 W, which allows the Thermos concept to dissipate 29 % more heat than the
Reference heatsink. The operating limit for the minimal amount of air flow travelling
through the cooling element is 190 m?h, allowing the converter be operated with 33 %
less air flow. Furthermore, the ambient temperature should always be less than 50 °C. If
the cooling element is operated within the standard conditions without exceeding the
operating limits, the cooling element can be operated without a risk of overheating the
semiconductor chips.

The manufacturing costs of the thermosyphon technology are estimated to be from
two to four times higher than with the conventional aluminium heatsinks. However, it is
important to note that the improved cooling performance offers many benefits that
increase the value of the converter. Improved cooling provides lower temperatures and
more even temperature distribution at the baseplate of the cooling element and
consequently, decelerates aging of semiconductor’s components and lessens the need for
their maintenance. Additionally, semiconductors will have wider operation range because
the heat loss they cause while in operation is dissipated more efficiently. Further studies
should, however, be conducted regarding the economic viability of implementing
thermosyphon technology.

Replacing a conventional heatsink of size 186 x 86.5 x 250 mm with Thermos
thermosyphon will improve significantly the cooling of semiconductor device in the
studied ACS880 frequency converter usage. Furthermore, Thermos is designed in such
way that it can be used to replace of other conventional heatsinks of similar sizes only
with moderate modification in its design. This thesis concentrated to study the possibility
of replacing the conventional heatsink with a thermosyphon from the technical point of
view and therefore, the study can be said to have been successful.
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Appendix 1. The Zero Equation Model — Mixing Length
Model

The viscosity of the fluid is changed (from a constant value) to one defined by:

e = pl3S,

where  p is density [kg/m?] and
Im is the distance across which turbulent mixing takes place (size of
turbulent eddies).

The distance across which turbulent mixing takes place is defined as:

l» = min (0.419y,0.09W) ,

where y = distance from wall and
W = maximum dimension of the computational domain.

S is the modulus of the mean rate of strain tensor, defined as:
where the mean strain rate is given by:
_1(dwm
Sij - 2 (duj + dxi) ’
The fluid conductivity, ki, is then defined as a function of the turbulent viscosity p,

specific heat cp, and the Prandtl number, Prias follows:

uec
kt = _p .
PT't

Priis 0.9 away from the wall and near the wall an empirical equation is used to increase
Pri.



