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Summary

Overheating is a critical factor in the functionality of many high power density
electronic devices (microprocessors, telecommunications, solar cells, wind power,
photovoltaic, electric traction systems, thermoelectric devices, etc.). The reliability,
lifetime and efficiency of these devices are severely limited by the speed at which the

heat generated during their operation is dissipated.

The electronic world nowadays evolves towards smaller devices and components with
greater operating capacity and consequently with greater generation of heat (density of
heat flow). This increase in heat flow together with the component miniaturization
result in a cooling needs increase and therefore the power consumption associated
therewith. As an illustrative example of the weight of refrigeration’s power consumption
on total power consumption, the study by EMERSON network power is shown, figure
1.

Building Switchgear [ Computing Equipment 52% Category
MV Transformer 3% —————_— (Demand) g
Lighting 1% Computing 588 kW
Lighting 10 kw
UPS and distribution
losses 72 kW
Support
Systems 48% Cooling power draw for
(Supply) computing and UPS losses 429 kW
Building switchgear/MV
transformer/other losses 28kw
min— P —storagedx | TOTAL 1,127 kw
UpsS 3%,.’—-*""# ———___Communication
: Equipment 4%

Figure 1. Analysis of a typical 5,000-square-foot data center shows that demand-side computing equipment accounts
for 52 percent of energy usage and supply-side systems account for 48 percent.

" This represents the average power draw (kW). Daily energy consumption (kWh) can be captured by multiplying the power draw by 24.

The study shows that 38% of the total power consumption of a 450 m? data centre is due
to the cooling system. It seems obvious the need to improve cooling systems efficiency
and / or reduce data centre power consumption, cascade effect. Effect due to which, a
1W power consumption reduction of a server leads to a 2.84W reduction of the data

centre, figure 2.
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The Cascade Effect

1 Wit
soved here

Soves anadditional  and .31 W here
JBW here

amd 04 W here
and . 14 W here

1 Watt saved at the processor saves approximately W ke
2.84 Watts of total consumption Fio 3

= Cumuilative Saving 410w
and. 10 W here

Figure 2. With the Cascade Effect, a 1-Watt savings at the server-component level creates a
reduction in facility energy consumption of approximately 2.84 Watts.
However, reducing the component's consumption by 1W means reducing its operating

temperature, ie increasing its refrigeration.

As for the Peltier thermoelectric devices, the fact of having an efficient heat extraction
from both hot and cold sides directly influences the efficiency of the Peltier (cooling

capacity or energy conversion capacity), figure 3.
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Figure 3: Evolution of the cooling capacity and efficiency as a function of the temperature rise

As the temperature difference between the hot and cold side of the Peltier increases,
"AT", the maximum cooling capacity "QLmax" decreases and so does its COP
(Coefficient of operation) "COPmax". This temperature rise "AT" is greater as greater
the thermal resistance or efficiency of the heat extraction device placed on both sides of

the Peltier (discussed in this thesis) is. It is therefore essential to improve the efficiency
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of these cooling systems (heatsinks) in order to obtain the maximum of Peltier systems

(either as a refrigerator or as a converter).

The above examples and many others in industrial refrigeration highlight the
importance of efficient refrigeration technologies. However, as far as the world of
electronics is concerned, there is a fundamental aspect when looking for efficiency in
refrigeration and it is the high heat densities that occur in it. These high heat densities
mean that traditional cooling systems (fin radiators) are not efficient. In this work, a
rapid analysis of the influence of the radiator parameters on its thermal resistance is

made.

The increase in the efficiency of refrigeration happens to extract more heat under the
same temperature jump without that implies devices of great volume (not admitted in
the electronic world). High heat extraction technologies with similar or slightly higher
sizes than those of heat sources (electronic component, Peltier) are sought. In addition,
they must ensure the minimum temperature difference between the hot spot (heat
extraction) and the cold point (heat expulsion), devices such as the heat pipe "LHP".
This work focuses on this type of device: performance, key parts and their

improvement.

For this, a numerical model able to predict the LHP operation as a function of
constructive parameters and dissipation needs has been developed. Likewise, the
construction and testing of such a device have been carried out for the cooling of a

4cmx4cm surface device generating about 50W heat power.

Also, an analysis of the primary and secondary wick’s behaviour and the importance of
obtaining a very high capillary pumping is made. There are different technologies for
the manufacture of these wicks, although the 3D Printing "SLM" technology has been
used. This technology allows to create wicks with a customized internal structure and

adapted to the thermal requirements, innovative part of the work.
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Resumen.

El sobrecalentamiento es un factor critico en la funcionalidad de muchos dispositivos
electrénicos de alta densidad de potencia (microprocesadores, telecomunicaciones,
celdas solares, inversores edlicos, fotovoltaica, sistemas de traccion eléctrica,
dispositivos termoeléctricos, etc...). La fiabilidad, vida atil y eficiencia de estos
dispositivos estan fuertemente limitadas por la velocidad a la que es disipado el calor

gue generan durante su funcionamiento.

El mundo electrénico hoy dia evoluciona hacia dispositivos, componentes, mas
pequefios con mayor capacidad de operacidn y en consecuencia con mayor generacion
de calor (densidad de flujo de calor). Este incremento de flujo de calor unido a lo
reducido del tamafio de los focos generadores hace que se incrementen las necesidades
de refrigeracion y por tanto los consumos ligados a ello. A modo de ejemplo ilustrativo
del peso que la refrigeracion tiene sobre el consumo total de operacion, se muestra el

estudio realizado por la empresa EMERSON network power, figura 1.

Building Switchgear | Computing Equipment 52% Category
MV Transformer 3% ——————— (Demand) .
Lighting 1% Computing 588 kw
Lighting 10 kw
UPS and distribution
losses 72 kW
Support
Systems 48% Cooling power draw for
(Supply) computing and UPS losses 429 kW
Building switchgear/MV
transformer/other losses 28 kw
E— _—storage4% | TOTAL 1,127 kW
UpS 5% —" —————_ Communication
: Equipment 4%

Figure 1. Analysis of a typical 5,000-square-foot data center shows that demand-side computing equipment accounts
for 52 percent of energy usage and supply-side systems account for 48 percent.

* This represents the average power draw (KW). Daily energy consumption (kWh) can be captured by multiplying the power draw by 24.
Del estudio realizado se comprueba que el 38% del consumo total de un centro de
calculo de 450 m?, es debido al sistema de refrigeracion. Parece evidente la necesidad
de mejorar la eficiencia en los sistemas de refrigeracion y/o reducir los consumos del
data center, efecto cascada. Efecto debido al cual, la reduccion en 1W del consumo de
un componente del servidor conduce a una reduccion 2.84W en el consumo del centro

de célculo, figura 2.
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The Cascade Effect
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ond .07 W here

= Cumuilative Saving 410w
and. 10 W here

Figure 2. With the Cascade Effect, a 1-Watt savings at the server-component level creates a
reduction in facility energy consumption of approximately 2.84 Watts.

Ahora bien, reducir 1W el consumo de un componente pasa por reducir su temperatura

de operacion, es decir, incrementar su refrigeracion.

En cuanto a los dispositivos termoeléctricos-Peltier el hecho de contar con una

extraccion de calor eficiente de sus focos tanto caliente como frio influye directamente

en la eficiencia del Peltier (capacidad de refrigeracion o de conversion de energia),

figura3
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Figura 3: evolucién de la capacidad frigorifica y eficiencia en funcion del salto de temperatura

A medida que la diferencia de temperatura entre lado caliente y frio del Peltier, “AT”

aumenta, la capacidad maxima de refrigeracion "Qpmax" disminuye y lo mismo ocurre

con su COP (coeficiente de operacion) “COPmax”. Este salto de temperatura “AT”, es

mayor cuanto mayor la resistencia térmica o eficiencia del dispositivo de extraccion de

Xi
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calor colocado en ambas caras del Peltier (se analiza en esa tesis). Por consiguiente, es
fundamental el mejorar la eficiencia de estos sistemas de refrigeracion (disipadores) a
fin de obtener el maximo de los sistemas Peltier (bien como refrigerador bien como

CONVersor).

Los ejemplos anteriores y otros muchos dentro de la refrigeracion industrial resaltan la
importancia de contar con tecnologias de refrigeracion eficientes. Sin embargo, en lo
que al mundo de la electronica, Pelteir se refiere, existe un aspecto fundamental a la
hora de buscar la eficiencia en la refrigeracion y es las elevadas densidades de calor que
en él se producen. Estas altas densidades de calor obligan a que los sistemas
tradicionales de refrigeracion (radiadores de aletas) no sean lo todo eficientes que

pueden ser. En este trabajo se hace un rapido analisis de la influencia de la

confiquracién-disefio de un radiador sobre su resistencia térmica.

El incremento en la eficiencia de refrigeracion pasa por extraer de forma eficiente las
elevadas densidades de calor sin que ello implique dispositivos de gran volumen (no
admitido en el mundo electronico). Se buscan tecnologias de alta capacidad de
extraccion de calor con tamafios similares o ligeramente superiores a los de las fuentes
de calor (componente electrénico, Peltier) y que supongan una minima diferencia de
temperatura entre el punto de extraccion de calor y el punto expulsion del mismo.

Dispositivos como los loop heat pipe “LHP”. Este trabajo se centra en este tipo de

dispositivo: performance, partes clave y su mejora.

Para ello se ha desarrollado un modelo numerico capaz de reproducir el funcionamiento
del dispositivo en funcién de pardmetros constructivos y de necesidades de disipacion.
Asi mismo se ha llevado a cabo la construccion y ensayo de tal dispositivo para la
refrigeracion de un dispositivo de 4x4cm y unos 50W de potencia térmica.

Asi mismo se hace un anélisis del comportamiento de los “wick” tanto primario como
secundario de estos dispositivos y la importancia de la obtencion de obtener una muy
alta capilaridad. Existen diferentes tecnologias para la fabricacién de estos wicks, si
bien en este dispositivo se ha empleado el laser printing technology que permite crear
los wicks con la estructura interna personalizada y adaptada a los requerimientos

térmicos, parte innovadora del trabajo.

Xii
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1.1- Introduction

Since the 1970s the semiconductor industry (electronics) has been driven by the so-
called Moore's Law. Law, established in 1965 by George Moore, in which it was
affirmed that the number of components that could be integrated in a printed circuit
would grow exponentially in the time, which implied a manufacturing cost reduction
(cost per unit) and allowed the manufacture of more complex circuits in a single
semiconductor. Since 1970 the number of components per chip has been doubling
every two years, Moore's law. For decades, this law has been the driving force of the
semiconductor industry in particular and electronics in general thanks to the so-
called virtuous cycle, figure 1.1. A cycle in which advances in integration (cost
reduction, greater functionality) boost the semiconductor market and investments in

new technologies that in turn increase integration and reduce costs [1].

/' Transistor Scaling

=

e

-'-. — R
- j—

Investment Better Performance/Cost

Market Growth

LR

Figure 1.1 Moore law

However, this continuous advancement has led to the so-called "More than Moore"
technology which targets not only the transistor integration density increase
(miniaturization-digital) but also the diversification of functions (non-digital) in the

component.
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This heterogeneous integration of digital and non-digital functions into electronic
components is the current engine in many electronic applications. This new trend

establishes a new virtuous cycle, figure 1.2.

Technology, Device & Circuit

Innovations,
System Integratiun\

Increased
Investment functionality,

and/or lower Cost
\ Market Growth 4'/

Figure 1.2: “More than Moore” law.

These "More tan Moore" and / or "More Moore" technologies have been boosted by
the development of the semiconductor world. Although the trend in electronics is to
increase: integration level, operating temperature, reliability, functionality and
reduce size, weight and manufacturing cost, the barrier in its evolution is its
thermal management [2]. In order for the predictions of "More Moore" or "More
than Moore" to be met, it is essential to address the issue of efficient extraction of
this high heat density in new packages. In this regard, technologies such as liquid
and two-phase cooling (boiling flow) have been considered. Nevertheless, although
they have got high cooling capacity, both require of refrigerant pumping systems
that makes them more complex and risky. On the other hand, there is the air cooling
technology, with advantages such as zero risk and simplicity but with the
disadvantage of its low cooling capacity compared to the previous two, which leads
to large volume equipment. In order to improve this limitation of air cooling,
passive refrigeration systems with phase change, "heat pipes". Back in 1839, Angier
March patented a sealed tube where a fluid boiled. Subsequently, Jacob Perkins
patented the so-called Perkins tube in 1936 in which water experienced an
evaporating-condensing process being the condensate returned back to the
evaporator by gravity. As early as 1960 heat pipe technology evolved into different

shapes and sizes being applied in many sectors from PCs to telecommunications.
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Peltier modules and LEDs are also subjected to all the barriers and trends discussed

above.
1.2- Thermal challenges in Peltier pllets-LED

In these two components, as in all other electronic components, the efficient
management of the heat generated by them is the main barrier that limits their

functionality and probably prevents their cost reduction.

1.2.1- Peltier pellet.
The basic concepts of thermoelectricity have already been described in a multitude
of books and articles [3-7], so here is a brief description as a reminder to those who
know the subject and as an introduction to a better understanding for those who are

initiated in the matter.

Operating principle

It is based on a physical phenomenon whereby the union of two different conductors
generates an electromotive force as a consequence of the external application of a
thermal flow "Seebeck effect" or vice versa, when circulating an electric current
through the union, a temperature decrease or increase (depending on the current

direction) is obtained in the junction, "Peltier effect".
This is more clearly understood by the following example:

1)-be a circuit constituted by two separate conductors "a and b" connected by one

of its ends and open by the other, figure 1.3.

T,

If the junctions of these two conductors,
electrically connected in series and thermally
in parallel, are maintained at different

temperatures "Tc, Tr", where Tc>Tr, a voltage

v Tr " V=oap(Tc-Tr)” " appears at the open end

"Seebeck effect", where "ob " 1s the Seebeck
Figure 1.3:_Seebeck effect

coefficient.
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2)- be a closed circuit constituted by two separate conductors "a and b" through

which an electric current, “I”, is flowing, figure 1.4.

When passing an electric current through the
closed circuit, a heat rejection “T¢” and a heat
absorption ("Tr <T¢") occurs in the junctions,
"Peltier effect" (Qp=mw I). Being “map " the

Peltier coefficient.

Figure 1.4: Peltier effect

As mentioned previously, these phenomena are due to the matter behaviour when
subjected to external excitations (thermal field, electric field) and they have to do
with the bands theory by which materials are classified into: conductors, insulators

and semiconductors

Peltier pellet arrangement

So far thermoelectric phenomena have been briefly discussed, and how these occur
in conductor unions. However, these terms have no practical application to the
exception of temperature measurement. In case you want to use them as a
thermoelectric cooling system it is necessary to use a multitude of these

thermocouples to achieve a reasonable cooling power ‘Q ” (Q = ZQP ), where
1

‘Q p” heat generated in a joint (very small value) and “n” the number of joints
thermally in series. At this point, one can already intuit that the refrigerating power
of these systems is in the range of low powers and therefore their applications are

quite restricted..

According to the foregoing, a thermoelectric pellet (minimum unit capable of
providing a considerable effect) is merely a series of thermocouples electrically

connected in series and thermally in parallel. This results in a heat
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absorption/rejection from/to the environment equivalent to the sum of the heat

generated by each thermocouple when an electric current "I" flows through them.

Figure 1.5 shows the arrangement of the thermocouples in a pellet.

Heat Feleased T
(Hot Side) c

11 11 T1 T1

B P M P

T 17 1.1 T1
Heat Ahsorhed
(Cold Side) Tr

Il

Figure 1.5: Arrangement of semiconductors junctions type “p-n”.

As shown in figure 1.5, all "np" type joints are in the upper part (cold side) and the
"pn" type joints are in the lower part (hot side), ie they are arranged thermally in
parallel. In addition, ceramic plates are placed at the top and bottom to electrically

but no thermally isolate the pellet from the surroundings.

Parameters influencing the performance of a Peltier pellet.

Currently, due to environmental pollution and global warming, there is a
tremendous concern about: energy efficiency, energy recovery and progressive
reduction of CFCs (FGas regulations set deadlines for the use of these CFCs
refrigerants by to sector) among others. According to this, thermoelectricity presents
a great environmental advantage, what is of great interest in both refrigeration and
energy conversion (thermal to electrical). However, its efficiency and COP [8] are

not the best, depending on:
e Thermoelectric properties of semiconductors (materials science)

e Design, configuration of thermoelectric module "TE" (length and cross

section of thermoelement, contacts and materials).

e Hot and cold temperature (very much influenced by the heat sink design).
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A
/ T, T, /
COP = E e (1.1)
[+2rl | T, -T, 1+p [
where
T
p=,1+ /2 , “1” thermoelement length.
n+l
r= %, ratio between the thermoelement thermal conductivity “A”
C

and that of the contact “Ac”.

n:2&,

ratio between the electrical resistivity of the contact “pc”
yo,

and that of the thermoelement “p”.

l¢ is the thickness of metal contact plus the cermic layer..

2

“z = /j_”thermoelectric pellet figure of merit, aas, is the Seebeck
e
. = T.+T

coefficient and “T=-—¢—E~»

being “Tc¢” y “T¥” the hot and cold

temperatures of the Peltier pellet.

As a refrigerator, the effect of Peltier pellet faces' temperature “ AT= Tc-Tr” on both
the COP and cooling capacity “Qr” is shown in figure 1.6.
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Figura 1.6: Effect of AT on both COP and cooling capacity of a thermoelectric pellet

In case of working as a converter, conversion power given by (1.2), the effect of AT

on the converted power is shown in figure 1.7.

2 1+ZT
P, =(a,, AT) 5 1.2)
(1+ (1+ZT) R
1Dm 't ¥ o 't 't ¥ 1["3
-,E_ e 0 t_-.
=2 1 -
[ | E
:'% 1 ‘.nl"; 1 &
=  —— e
ril
L’ I0mme TEG, 127 COUPLES, R = }2
1 0.1
i 10 100
AT (*C)

Figure 1.7: Open circuit voltage and maximum power for a typical TEG

In view of Figures 6 and 7, it is observed that it is interesting to reduce the AT when
working as refrigerator and to increase as converter, that is to say, temperature on
the faces should be closest to the sinks' temperature with which the pellet exchanges
heat. For this, it is necessary that the heat sinks have the least possible thermal

resistance (efficient heat exchanger). Considering this heat sink, equation 1.1

becomes 1.3.
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B - ATy + T
T —AT, T —AT, /
COP = l nt it int . nt _r_C (13)
[+2rl.| AT, , +AT, +T,,—T, 1+ 8 /
. T = AT . +T , +T. —AT
Where 'B = 1 + IZ y T = amb amb int int
n+l 2

Expression that for the particular case of table 1.1 and different design temperatures,

assuming the same temperature drop on both dissipaters, results, figure 1.8:

Table 1.1: Physical properties of a commercial Peltier pellet

1 (mm) Ic (mm) n z (K r
1 0.7 0.1 2.8e-3 | 0.05
COP de pastilla vs salto en disipadores
1,6
14 .
1,2 ¢ 5/20
£ 1pt®
g 0,8 * *
a 06 | . o ¢ 5/25
o - * o * o
0,4 —o *—3
0 4 8 12 16 20 24
Salto térmico en disipadores

Figure 1.8: Peltier pellet COP as a function of temperature difference

dissipaters.

between hot and cold heat

A lot of work has been done about the thermal behavior of a Peltier pellet in order to

better understand the heat flux within the device and to be able to establish with

greater precision the influence of the temperature drop

in both the COP and

conversion capacity. One of these works exclusively studies the pellet [9] using

conventional tools, while others carry out a study of the complete thermoelectric

pellet [10-12], developing a specific tool tested in different applications [13-16]. There
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are also works that show the importance of heat sink design of on the Peltier pellet

performance [17-19].

1.2.2 Light emitting diode (LED).

Thermal management in the LED devices is a key issue since light quality and
quantity and LED device's reliability and life depend on it. LED devices require, on
one hand, a high electric current to obtain the maximum of lumens and on the other
hand, an electric current as low as possible to reduce the generation of heat. In every
LED lighting device, the most expensive part is the LED itself, so reducing the
number of LEDs, providing the same amount of light, would reduce costs. The latter
involves increasing the electric current, but, as discussed above, this generates more
heat flow and therefore an increase in temperature (there is a maximum value
depending on the materials used). Thus, increasing the electric current should come
accompained with an efficient refrigeration system to keep LED temperature lower

than its maximum value.

Operating principle

Like thermoelectric element, a light-emitting diode is a union of two types of
semiconductors "p and n type" which produces a circulation of electron through the
union when a "V" voltage is applied. This electron flow generates an energy in the
form of photons (band gap). This energy determines the color of the light, figure
1.9.

Epaxy lens/case

F,a,;-:_ }» Leadframe
Flat spat

+ —

Anode Cathode

Figure 1.9: LED sketch
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LED Lamp Configuration

In order to increase the amount of light, LEDs are arranged in matrix and / or

multichannel mode on an electronic board, figure 1.10.

Figure 1.10: Example of LED integration

LED performance influent parameters.

LED temperature directly affects to light quantity, quality and colour as well as LED

device's efficiency [20].

Normalized luminous efficacy
Nz [m}w

0,8 - | ! { ! . | .

A
0 20 40 60 80 100 120 140

Figure 1.11: LED’s luminosity-optics decrease with temperature

Chapter 1 11



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

As shown in figure 1.11, the LED's brightness is lowered when it is continuously
operated at elevated temperatures. The reason for this is the rapid degradation of the

semiconductor structure causing its early deterioration.

Figure 1.12 shows the estimated life for a LED (Luxeon K2-Philips) depending on

the junction temperature and the circulating electric current.

70,000

60,000 —o—o0——o—o0—o—» .

~—  350mA
50,000 A

40,000 + %

30,000 A

Lifetime (Hours)

20,000 -

10,000 -

0 T T
90 100 110 120 130 140 150 160 170 180 190 200

Junction temperature (C)

Figure 1.12: Estimated life for a Philips Luxeon K2 LED as a function of the temperature and for
different power currents. courtesy of Philips
It is obvious that minimizing diode's temperature results in a LED life and
brightness increase (higher current). Taking a look at the standard configuration of a
SMD LED (surface mount diode), figure 1.13, a heat sink is assembled to directly

transfer heat out from the diode to the PCB on which it is mounted.
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Plastic Lens

Silicone Encapsulent

InGaM
: Semiconductor
Cathode Lead Flip Chip

Solder Connection

Silicon Sub-Mount Chip
Heatsink Slug with ESD Protection

Gold Wire

Figure 1.13: Sketch of a LED assembly.

Now, the challenge in refrigeration is, among others, how well the heat from the
dissipater is evacuated to the surroundings. To this end, there are techniques and

technologies that ensure an efficient heat dissipation to the surroundings [21, 22].

Taking into account the current challenge for getting lighting devices with longer
duration light intensity when operating under severe conditions (high temperatures),

LEDs manufacturers must deepen into the component's heat management.

1.3- Motivation

Overheating is a critical factor in the functionality of many high-power electronic
devices (microprocessors, telecommunications, solar cells, wind power inverters,
photovoltaics, electric traction systems, thermoelectric devices, LEDs, etc.). The
reliability, lifetime and efficiency of these devices are severely limited by the speed

at which the heat generated during their operation is dissipated.

Nowadays, electronics evolves towards smaller devices and components with
greater operation capacity and so with greater heat generation (heat density). This
heat increase together with components miniaturization make cooling needs increase
and therefore their power consumption. As an illustrative example of the weight of
cooling system's power consumption over total operating power consumption, the

EMERSON's study is shown [23], figure 1.14.
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Building Switchgear | Computing Equipment 52% [R&]=s(e]pY
MV Transformer 3% —————— (Demand) )
Lighting 1% Computing 588 kw
Lighting 10 kw
UPS and distribution
losses 72 kW
Support
Systems 48% Cooling power draw for
(Supply) computing and UPS losses 429 kW
Building switchgear/MV
transformer/other losses 28 kw
i — PF—storagesx | TOTAL 1,127 kW
upSsE— ———___Communication
' Equipment 4%

Figure 1.14:. Thermal analysis of a 450m? data centre

The study shows that 38% of the total power consumption of a 450m?2 data centre is
due to the cooling system. Therefore, it seems obvious the need to improve the
cooling systems efficiency and / or reduce data centre power consumption, cascade
effect. Effect due to which, a 1W power consumption reduction of a server
component leads to 2.84W power consumption reduction of the whole data centre,

figure 1.15.

The Cascade Effect

1 Watt
soved here

Srves an additional  and .37 W here

1EW here

and .04 W here
and . 14 W here
1 Watt saved at the processor saves approximately T
2.84 Watts of total consumption
= Cumulative Saving -
and . 10 W here

Figure 1.15: Cascade effect of the component’s consumption reduction on the global consumption

However, 1W reduction requires, among other things, that heat extraction be as

much efficient as to keep component temperature below its maximum value..
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For the particular case of thermoelectric systems, as discussed in the previous
section, a heat exchanger thermal resistance reduction means a cooling capacity
increase when operating as a cooler, or a power conversion increase as converter. As
far as LEDs are concern, the lowering of the temperature at the junction allows to

increase light quality and luminaire life.

All above has motivated the realization of this thesis which has focused on the
development of a high efficient, passive, two-phase cooling device (specific LHP)

for its application in a Bridgelux V15 LED..

Chapter 1 15



Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO

thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES
Bibliography

[1] Semiconductor Industry Association, The International Technology Roadmap for
Semiconductors, 2009 Edition

[2] Lee, F.C, Van Wyk, J.D, Boroyevich, D., Jhans, T., Chow, T.P., and Baboisa, P.
“Modularization and integration as a future approach to power electronic systems”.

Proceedings of 2" International Conference on Integrated Power Systems (CIPS),
2002.

[3] D.M Rowe, “Thermoelectric power generation”. Proceedings of Institution of
Electrical Engineers, 125 (11R), 1113-36.

[4] C.M Bhandary and D.M.Rowe , “Si-Ge as high temperature thermoelectric
materials”. Contemporary Physics, 21(3) (1980), 219-42.

[5] H.J. Goldsmind, “Aplications of thermoelectricity”. Methuen Monograph, London,
1960.

[6] A.F.loeffe, “Semiconductor thermoelements and thermoelectric cooling”,
Infosearch, London 1957.

[7] D.M Rowe, C.M. Bhandary “Modern Thermoelectrics”. Holt, Rinehart and Winston
Ltd. Eastbourne U.K.

[8] Gao Min, D.M.Rowe “Improved model for calculating the coefficient of
performance of a Peltier module”. Energy conversion & Management.41 (2000)
163-171.

[9] Gavela D. Pérez Aparicio J.L. “Peltier pellet analysis with a coupled, non-linear, 3D
FEM”. Proceedings of the 4™ European Workshop on Thermoelectrics. Septiembre
17-18, 1998 Madrid Spain.

[10] J.Esarte, M.Dominguez, J.Gonzalez, D.Astrain. “Simulation by electric analogy of
a thermoelectric cheese dryer”. 5th European Workshop on thermoelectrics,
Pardubice, Czech Republic, 1999.

[11] M. Dominguez, J.M. Pinillos, P. Gutierrez. “Comprobacion de un sistema de
calculo térmico por analogia con ordenador en una instalacion con efecto Peltier”.
Reunion bienal de la Real Sociedad de Fisica, Valladolid, Septiembre 1991.

[12] M.Dominguez, D. Garcia, J.Esarte,D.Astrain, J.Gonzalez “Possibilities of
efficiency improvement in thermoelectric systems” Journal of Thermoelectricity, n°
2, 1999.

[13] J.Esarte, J.Aguas, D.Astrain, JGonzalez. “Aplicacion de la termoelectricidad en el
disefio de un probetero y un expositor de vinos con control de temperatura”. 4th
European Workshop on thermoelectrics”. Universidad de Comillas, Madrid. 1998.

[14] M. Dominguez, J.Esarte, D. Astrain, J. Gonzalez, J.Aguas.“Equipo de
deshumidificacion mediante tecnologia termoeléctrica”. Montajes e Instalaciones —
N°338; Abril 2000

[15] M.Dominguez, J.Esarte, J. Gonzalez, D.Astrain. “Equipo de deshumidificacion
mediante tecnologia termoelectrica”. Montajes e instalaciones, n® 338 Abril 2000.

Chapter 1 16



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

[16]: M. Dominguez J. Esarte, D. Astrain, J. Gonzalez. “Design and optimisation of a
Thermoelectric Dehumidifier”. Journal of Thermoelectricity — N° 2; 2000.

[17] J. Esarte, Gao Min, D.M. Rowe. “Modelling heat exchangers for thermoelectric
generators”. Journal of Power Sources —Vol. 93/1-2; pages 72-76. Enero 2001

[18] J. Esarte, Manuel Dominguez. “Capillary Mechanism for the Heat Dissipation
through a Thermoelectric Pellet”. Applied Thermal Engineering (Elsevier Science) —
Vol. 23, Issue 13. September 2003.

[19] J. Esarte; J.M Blanco, C.Wolluschek, D.Prieto. Chapter 20 - “Heat dissipaters”.
Book: “Modules, Systems, and Applications in Thermoelectrics and/or the

Materials, Preparation, and Characterization in Thermoelectrics”, Volume 1-2 —
2012.

[20] Piotr Swietoniowski, Tomasz Binkowski. “The influence of temperature on optical
and electrical parameters of medium and high power LEDs”. PRZEGLAD
ELEKTROTECHNICZNY, ISSN 0033-2097, R. 90 NR 11/2014.

[21] J.Esarte. “Técnicas de disipacion térmica pasiva y activa en luminarias LED”.
PHOTONICS’10 Conferene. (Spain) May 2010.

[22] J.Esarte, J.M. Blanco, A. Bernrdini. “Loop Heat Pipe model for a 100W LED street
Lights”. CMN Conference. Bilbao (Spain) June 2013.

[23] http://www.emersonnetworkpower.com/documentation/en-us/latest-
thinking/edc/documents/white%20paper/energylogicreducingdatacenterenergyconsu
mption.pdf

Chapter 1 17



Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

Chapter 2. Objectives and methodology

2.1- ODJECHIVES. vvieeiiieiieeeieeeieeetee et e e e ste et eereeesaeeessaeesaseessseeesseeenseas 19
2.2- Thermal management challenges ...........cccceeeviienciieeccieeecee e, 19
2.2.1- Effect of the heat flow direction..........ccccecueeviiriiieneenncens 20
2.2.2- Heatsink effiCiencCy .......ccccveieeciieiiiiiie e 22
2.3- Methodology and Contributions............cccveeevieeerciieeeciiee e 33
Bibliography......ccocviieiiieiii e e 33

Chapter 2



Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

2.1- Objectives.

Nowadays there is a tremendous concern about energy efficiency, respectful use of
resources and the environment. More efficient equipment, better performance and
longer life are aspects desired and sought. In LED lighting and thermoelectric devices
"TEG" these aspects are conditioned by the die temperature [1,2,3,4,5]. The difficulty in
economically and efficiently cooling these devices has led to the development of new
architectures and materials [6,7] as well as to the development of new refrigeration
technologies [8, 9, 10] more appropriate for the requirements demanded: miniaturization
and high cooling capacity (heat pipes, vapour chambers, loop heat pipes, variable loop

heat pipes, ...).

This thesis aim is to develop a heat pipe loop composed of a structured primary
wick unlike the traditionally used porous wicks. A mathematical model predicting loop
heat, LHP, pipe performance has also been developed. Model that allows to adjust the
LHP design as well as to establish the influence of the different components and

operating conditions on its cooling capacity.

This section gives an overview of the problem of heat conduction in electronics and

highlights the contribution of this thesis.

2.2- Thermal management challenges

Given the importance of temperature over the efficiency, quality and lifespan of
electronic devices (LEDs, TEG) the question is how to efficiently increase the heat
extraction. Obviously, one of the first focuses of attention is the development of less
electric resistive semiconductors (Joule effect), which leads to a lower heat generation.
The other focus is on improving the mechanisms of heat transfer [11]. To improve these
mechanisms, we must first know the mechanisms that limit dissipation [12]. Among

these are:

e Material thermal properties, “Bulk thermal resistance”
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e Thermal contacts between different materials, “Thermal interface

resistance”.

e Components  miniaturization,  high  heat  densities. = “Thermal

constriction/spreading resistance’.
e Heat sink efficiency “Dissipater thermal resistance”

The first two points are closely linked to the materials science, better electric-thermal
performance. As far as the last two are concerned, a description of them is made in the

following sections.

2.2.1- Effect of the heat flow direction

Due to its simplicity, robustness and cost, air cooling is the most widely used
technology in electronics, LEDs, and thermoelectricity. However, unlike other
applications, electronics has the particularity of miniaturization, which means a high
heat flux density. It is this high heat flux density the real bottleneck for the advance of

more robust, longer life and higher capacity electronic components.

When defining a heat sink to cool down a component, it is no longer enough to know
its standard heat resistance (calculated assuming a homogeneous heat flow across the
entire base plate). If so, the component will certainly fail ahead of time since the actual
temperature at which it is subjected is greater than that obtained analytically in view of
that standard thermal resistance. This is due to the negative effect of the heat flow
concentration or opening, which means an additional thermal resistance called

constriction resistance [13,14], annex 5.
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Figure 2.1: Temperature distribution on a “L” width heat sink base surface

Figure 2.1 shows, for the same "Q" heat flux, the component temperature as a
function of how heat is distributed: figure 2.1 (a), evenly distributed over the entire
surface of the heat sink base “A” and concentrated in a smaller surface “A’”, figure 2.1
(b). It is observed that temperature reaches its maximum for case (b). This is due to the
so-called constriction thermal resistance resulting from the "A’/A" aspect ratio. The
lower this aspect ratio, the higher the maximum temperature reached and vice versa.

Apart from the aspect ratio, there is another factor that modifies the heat sink overall
thermal resistance, it is component location at the base of the radiator, ie its eccentricity

e" with respect to the position centred at the base. The more eccentric, the higher the

temperature at the source-radiator contact, figure 2.2.

Chapter 2 21



Thesis: Development of a Loop Heat Pipe “LHP” UNIVERSIDAD PAIS VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

Figure 2.2: Effect of eccentricity on the heat source temperature.

From the above it is concluded that a good thermal characterization of the radiator is

given by the thermal resistance that considers the aspect ratio and the eccentricity.

2.2.2- Heatsink efficiency

The last step in the heat evacuation is the convective heat transfer (natural convection
or force) through extended surfaces (surface with fins) to the environment. The

efficiency of convective heat transfer depends on several factors:
e Fintype
e Pitch or spacing between fins
¢ Fin dimensions

It is well known the effect of the heat exchanger's surface on the heat transfer
efficiency. The larger, the more efficient the heat exchanger. The way to increase this
surface is by mean of fins which can be of several types and configurations. Among the

most widespread are the smooth and straight fins, although there are other types.

As far as the smooth-straight fins are concerned, their size and arrangement are key
aspects to get a highly efficient dissipater, low thermal resistance. After a brief
introduction of what is meant by thermal resistance, it is described the influence of
several design parameters (number of fins, fin thickness, spacing between fins, fin

height) on the smooth and straight fin dissipater thermal resistance.
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Heat resistance is the resistance that any body or system offer to the flow of heat
flowing through it and is defined as the ratio between the body's temperature increase to
the heat flowing through it. This thermal resistance comprises two: the conduction and

convection resistances.

T -T, T,,6 —T.
sup erf base amb sup erf
R = Rcond + Rconv = : . D) :
Q frig Q frig
That’s to say,
T,,B6 —-T,
R — amb - base (UC/VV) (2.1)
Q frig
Being AT =T7,,, —T,,, the thermal drop between the temperature of the heatsink

base and the surrounding temperature.

Tamb: surrounding temperature .
Thase : temperature of the heatsink base.

Tsuperf: Temperature of the heatsink finned surface.

O e - heat power to dissipate.

1 . . .
R, = PR where “h” is the convective heat transfer oefficient [15,16] and ““Asuperf”

sup erf’

the heat exchange surface.

According to equation 2.1, radiator's thermal resistance requires the determination of
the temperature at its base once the cooling power and ambient temperature are known.
However, this temperature is not something immediate but something very complex and
laborious due to the complexity of the equations to solve [17,18]. Equations that derive
from the approach of energy conservation in the heatsink and those for the mass,

momentum and energy of the cooling air.
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= 0
Vol +£ =0
ot
DV > oT
p——=p3 —VP+ NV pc— =V -KAT 2.2)
Dt ot
DT

= =V.-KAT +
i HP

Equations for the fluid Equation for the radiator

These equations determine the temperature reached in the heat sink as a function of
the established limit conditions. These partial differential equations, due to their
complexity and impossibility to obtain closed solutions, require numerical tools that
allow their discretization and scalar transformation and thus their solution, in short, the

calculous of the heatsink temperature at the base “Tpase”.

2.2.2.1- Influence of design parameters on a straight fin dissipator: height,
thickness, spacing.

As an example, considering forced convection (air velocity 2m / s and 50 ° C) and
constant thermal power (Q), the following figures show the effect of fins size and

arrangement on the heatsink thermal resistance..

Given a fixed dimensions radiator: a heat sink base of 100mm wide x 50mm long x

Smm high and fins of 25mm high and 2mm thick.

Fin Thickness

Base =
Thickness [T~
I~

N

~

S

i

Figure 2.3: Straight fins radiator drawing.
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In Figure 2.4, the effect of fin spacing is shown. As the spacing is decreased, the
lower the thermal resistance. However, the spacing reduction has in counterpart an
increase in the pressure loss, so the optimal solution is a compromise between the

thermal resistance reduction and the pressure loss increase, in this case 1.5<ep<3mm.
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Figure 2.4: Effect of fin spacing on thermal resistance and pressure loss.

As far as the fin thickness effect on the heat sink thermal resistance is concern, it is

shown in figure 2.5. (for a 2mm fin spacing).
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Figure 2.5: Effect of fin thickness on thermal resistance and pressure loss.
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As the thickness increases, the higher the thermal resistance and the pressure loss.

However, it is observed that at fin thickness lower than 2mm the percentage reduction

of both thermal resistance and pressure loss are relatively high (5-10% and 10-40%

respectively).

Fin height effect is shown in Figure 2.6. As fin height increases, both thermal

resistance and pressure loss decrease. However, there is a fin height (50mm) from

which thermal resistance percentage remains constant, 6-7%. At the same time, thermal

resistance for fin heights larger than 50mm are low and almost constant. So, thermal

resitance improvement does not compensate the material increase.
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Figure 2.6: Effect of fin height on thermal resistance and pressure loss.

Conclusions about fin effect.

1. For a fixed air flow rate and a fixed radiator base, it turns out that the larger the

number of fins (smaller the spacing between fins) the lower the heatsink

thermal resistance.
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2. A smaller spacing between the fins supposes a greater resistance to the air
flow, larger pressure loss, what means a bigger fan to keep the same air flow

rate.

3. For a constant flow rate, the thermal resistance and the pressure drop are
inversely proportional to the fin height, if it increases then thermal resistance

and pressure loss decrease.

2.2.2.2- Effect of fin type; Comparison between rectangular and triangular fins.

Extended surfaces are used to increase the convective heat transfer coefficient
between heatsink and the surrounding [19]. Thus, low convective coefficient is

compensated in some way with the increase of area in contact with the fluid, expression

(1):

O=h-S-(Ty0y ~Tos)

Fin configurations found nowadays in the market vary very much in geometry and
sophistication-complexity. These configurations are designed for very specific
applications requiring of high performance working under maximal constraints such as
space [20]. In spite of the multitude of variants in the fin geometries, this section
analyces the influence of fin geometry on its thermal resistance [21], to finish by

making a comparison between a triangular longitudinal fin and a rectangular one.

For the analysis of triangular fin thermal, a Matlab analytical model predicting fin

cooling capacity has been developed.

The developed tool can predict temperature, cooling power and efficiency of a
longitudinal rectangular and triangular fin. The basic defining parameters of a triangular

fin are shown in figure 2.7.

(1)
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Figure 2.7. Triangular fin’s dimensions used for analysis

For the study of a longitudinal, triangular or rectangular fin, the following
considerations are made:

— Forced convection all around fin, including the end.

— Fin of aluminium.

— Temperature at the fin's base is fixed.

— Fin length is constant.

— The fin is thin enough to account for unidirectional flow.
—Heat loss through the fin's ends are neglected.

Temperatures

Temperatura of a triangular fin is given by:

d’p 1 dp_¢" P

o XX e X @
Where:

T_ amb
B=7— 3)

0 amb

2-h-f-L

Pk ow - beine S= =0, 0
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X
X=— 5
- (5)

Solving the differential equation of the second order, and applying the corresponding
boundary conditions, gives the following expression for the temperature:

B=J—)I°¢'& (6)

Io(9)

Where “lo” is the modified Bessel’s function of first specie and order zero.

Cooling power
Cooling power for a triangular fin is given:

dﬂj :“.:_2-f-h-L-K,2,Il(¢),(T T

QI—K'SO'(E ¢ IO(¢) 0 amb) (7)

Where “I;” is the modified Bessel’s function of first specie and first order.

Efficiency

Finally, the efficiency of a triangular fin is given by:

2 L(9)
¢ Io(0

n= (8)

N—"

With the above formulation a Matlab model is created, "FinStudy". It allows to
quickly determine fin performance depending on its geometry, triangular or rectangular.
Previous to use it to evaluate the influence of geometric parameters, its validation is

done by comparing its predictions with those coming from a CFD model, figure 2.8.
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Figure 2.8. Distribution of the temperature along the fin, from the base to the tip being W =
10mm. A) CFD case; B) Finstudy case

As can be seen in figure 2.8, both CFD and Finstudy establish the same temperature
profile along the fin length. Nevertheless, Finstudy predicts a temperature at the fin tip a
little bit higher (0.4% higher, 78.1 © C) than that predicted by CFD (77.8 ° C).

a) Effect of base width "W" on triangular fin.

For this analysis, both the fin heightand length (L = 50 mm, H = 450 mm

respectively) are fixed while width "W" is variable..

Figure 2.9 shows the fin efficiency for the following conditions: 80°C temperature in

the fin base and 25°C ambient temperature.
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Figure 2.9. Effect of fin width on efficiency.
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It is observed that as the fin width increases, the fin effectiveness also does [22,23].
However, from a given width (15 mm in this case) the efficiency increase is hardly

appreciated. Therefore, 1 5mm can be considered the maximum value for this case.

b) Effect of the height "L" of the triangular fin.

In this case, three fin heights are analyzed: 50, 70 and 100 mm, for a fin width of W
=5 mm and a length H =450 mm. The result is shown in Figure 2.10, where we can see

the surface temperature for the three mentioned lengths.
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a) b) c)
Figure 2.10. Fin’s surface temperature; A) L = 50 mm; B) L = 70 mm; C) L = 100 mm.
As the fin height increases, the fin tip temperature decreases as well as the cooling

power, resulting in a fin effectiveness reduction [24], table 2.1. Apart from that, the fin

weight increases.

Tabla 2.1. Fin height effect on the heat dissipation
L (mm) | Q (W)

50 95,13
70 95,05
100 95
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¢) Comparative between rectangular-triangular fin.

One of the issues that always appear when designing a heatsink is to decide between
a rectangular or triangular fin. In this section we compare the efficiency of both

configurations for a fin of L = 50mm and the same outer surface "S".

Figure 2.11 shows that temperature at the rectangular fin tip is lower than in a
triangular one. It gives an idea how large the rectangular fin's thermal resistance is

compared to that of the triangular one for the same outer surface.

80

79.51

79

. . . . . . . . . 78.5 ! ! . . . . . . L
0 0005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Fin Length (m) Fin Length (m)

Figure 2.11. Surface temperature distribution; a) rectangular fin, b) triangular fin.

The efficiency ratio between the two fins is:

AT _1.04 (13)
MR

That is to say, the triangular fin's efficiency is 1.04 times greater than that of the
rectangular one.
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2.3- Methodology and Contributions

In electronics, thermal management is today the great challenge to overcome in order
to advance in the development of ever smaller components, with a higher level of
operation and functionality. The main topic of this thesis is the cooling capacity
improvement of two-phase passive cooling devices, LHPs. To do this, a thermal model
of such device is generated, the effect of the porous media is theoretically and
experimentally analyzed and finally a two-phase pasive device is constructed and

characterized in order to experimentally measure its performance.

Chapter 1 and 2 highlight the motivation as well as the technical challenges that have
led to the development of this thesis. Chapter 3 studies the fluid-mechanics in porous
media, capillary ascent, as a key element in the operation of these two-phase, passive
devices. In Chapter 4 it has been developed a mathematical model that predicts the
fluid-thermal behavior of this LHP, while providing a more in-depth information on the
influence of several variables (porous media type, among others) on its cooling
capacity. Chapter 5 describes the manufacturing and experimental tests carried out on
the LHP, as well as LHP's model validation as tool to assists in the LHP's design.
Finally, the conclusions section contains the conclusions and future lines of

improvement.
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3.1 Introduction

One of the main operating elements of a thermal superconductor is the porous medium, figure

3.1.

EVAPORATOR

C.CHAMBER

Secondary wick [ Vapar collector

Frimary wick

Figure 3.1: LHP scheme with detail of the location of the wicks or porous media.

The type of material, porosity, internal structure, geometry and wettability are, among others,

determinants of the porous medium performance, wick.
The wick fundamental role is:

e+ To pump the fluid through the entire system and wick in particular, overcoming the

system's head losses. This pumping capacity is called "capillary action".
e + To secure the liquid-vapor interface where the evaporation takes place.
This element establishes one of the operating limits of these two-phase heat transfer devices, the
so-called "capillary limit".

As for capillary or capillary action, as discussed above, it is defined as the ability of a porous
medium to pump a liquid through it without the action of external forces (eg gravity). This is
observed: when a paper is placed on a wet surface and it starts getting wet or when a capillary
tube is introduced into a glass of water and it is observed how water ascends by its interior,

figure 3.2; Annex 5
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Figure 3.2: Wick performance.

The capillary action is a consequence of the intermolecular forces that appear in the three
interfaces that appear among the liquid, solid and gas that result in a net force "F" on the liquid

that causes it to move, figure 3.3.
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Pair '

™
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Figure 3.3: Intermolecular forces.

The most widespread porous medium in thermal superconductors is powder sintering
(different materials and sintering parameters) [1-3], meshes and grooves. However, there are

other techniques to obtain a porous medium.:

e« Metal foams, one of the most commonly used techniques is the replica of a
polyurethane preform. Preform that determines pore size and distribution. These
media have fairly spherical pores, as well as a fairly homogeneous metal connection,

Figure 3.4.
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Figure 3.4: SEM image of an aluminium metallic foam

* 3D Printing - Selective laser melting (SLM). This technology allows the rapid
fabrication of complex geometries that otherwise would not be possible. It also allows
to create the pore's size, distribution and connection in a specific and controlled way,
figure 3.5. This technology is based on the contribution of metal powder while being

fused by the application of a laser.

Figure 3.5: Image of stainless steel structures manufactures by SLM.

It is crucial to know how parameters such as porosity, pore size, pore distribution, material

and internal structure affect this porous medium's capillary action of when designing a two-phase

thermal device.

In the following section the fluid mechanics in porous media is analyzed in order to evaluate

the influence of the mentioned parameters.

3.2 Fluid-dynamic in a porous medium

As discussed above, the heat transfer capacity of two-phase devices (LHP) is subject to

several restrictions. One of these is the so-called "capillary limit", which represents the

maximum heat power the device is capable of transport before dry spots appear on the
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evaporator's wick. If this occurs, it is because the wick's capillary pumping capacity or flow
velocity of the liquid through the wick is less than the liquid evaporation rate at the liquid-vapor

interface.

It is therefore fundamental to know this advance velocity of the fluid through the porous
medium in order to be able to estimate if a porous medium, together with its characterizing

parameters, is able to ensure the required heat power transport.

3.2.1- Macroscopic mathematical approach.

This is a discipline within the fluid mechanics particularized to the flow through porous
medium whose flow restriction depends on parameters such as: porosity, pore size, internal

configuration, materials "wettability 0.

In the theoretical scope the fluid dynamics in these media can be realized at both microscopic

and macroscopic level.

e * Microscopic approach. It implies that the well-known Navier-Stokes equations apply

as such to the domain of the medium at pore-scale. In this approach, the field of

velocities and pressures refer to the pore-scale velocities and pressures “ ﬁp” y “P”
within the medium. However, the solution of these equations requires a significant
effort for complex geometries since they require a precise definition of the media
internal structure, something that is very complex to define and / or measure given the
three-dimensional, random and isotropic character of these structures. Only in very
simple cases (meshes, dust deposited freely, ...) can be defined precisely this structure

and therefore be able to solve.

e * Macroscopic approach. In this approach, the Navier-Stokes equations apply to a
domain in which the porous medium has no internal structure, it is considered open to
the fluid. In such case, the effect of the internal structure is taken into account by
means of three macroscopic parameters: the so-called permeability "K", inertial
coefficient "CE" and porosity "¢". These in turn, represent the porous structure internal

forces: viscous and inertial forces. Under this approach, the fluid velocity is a

macroscopic value “ U” which is related to the real microscopic velocity (pore level)

through the porosity parameter “€”, u=u,ze.
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According to the macroscopic approach, the N-S equation is written as follows:

1- Momentum conservation:

B C
I_A_\I_A_\
L)+ (6 9)(p0) | = VoL -+ pg + V-
gl ot £
g D
A

A: Macroscopic inertial force

B: Pressure gradient

C: Gravity force

D: macroscopic viscous force, Brinkman term
E: microscopic viscous force, term Darcy

F: inertial microscopic force.

2- Mass conservation:

a<;tp>+v.(pa):o

Being

(P2

p” fluid density,

F
—
u-. Co .
gu-KmP\u\u (1)
H_J
E

)

“g” medium porosity =Vi/V, “Vi” is the volume of voids y “V” the total volume.

“u” Darcy velocity or macroscopic velocity
“R” permeability,
“u” dynamic viscosity of the fluid,

“Cg” macroscopic inertial coefficient.

Permeability “R” and the macroscopic inertial coefficient “Cg” represent the resistance that
the medium offers to the fluid flow. Such resistance depends on the porosity and tortuosity of the

medium or the inter-connection among pores and on the type of fluid for the case of the

permeability.

In general, it is necessary to determine them experimentally.

Equation (1), (2) represents the general form of the averaged NS equations; however, for the

case of advanced two-phase devices, these are simplified because the following requirements are

satisfied in capillary pumped flows:
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* The flow is laminar, incompressible
* Newtonian fluid

» The movement of the fluid is by capillarity, whereby inertial forces are zero, “Cg” =0

Hence equation (1) is:

Hore H-
—| = ~Viu-—u
g| ot £ R ®)

| )@V |t

The obtaining of the macroscopic advance speed implies to solve the system of equations (2
and 3) which are difficult due to the complex nature of the porous structures., “R, €”.
However, for porous media used in two-phase heat transfer devices, two further
requirements are satisfied:
e e stationary flow and

e e unidirectional flow
Which simplifies the system of equations (2 and 3) as follows:

Mass conservation

5U

~=0 )

Momentum conservation

p(,.oU
I U—|=—-Z=U-VP 5
8( 82) R TPE )

Combining (4) and (5) provides the macroscopic flow rate or liquid front velocity, Darcy's

equation.

Us—=|—"""r8 ©)
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Figure 3.6: Pressure variation with height.

The pressure variation in the liquid phase with the height "dPy/dz", figure 3.6, is in turn related

to the capillary pressure of the porous medium, which is defined:

20 cosf
AP, = ————— (has to do with the curvature of the liquid-gas interface) (7)

reff

Like wise APc= Py-P;, what results in

pl:pv_Apc:pv_M ®

l‘eﬁ(

By incorporating (8) into (6), the forward velocity or pumping capacity is given as a function
of the porous media geometric characteristics, material compatibility and fluid properties,

expression (9):

Jlp _2-0'-cos0

R ’ Yoy
U= " % ~P8 9)

Expression that determines the liquid velocity through the porous medium as a function of the
wick height, wick physical characteristics and the capillarity. There are a lot of technical work
done regarding the obtention of a closed solution to equation (9) [4]. A simple solution is the
Washburn equation, which determines the capacity of capillary pumping or pumping height as a

function of time.
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Considering the mass absorbed results:

¥, .0 COS @
me =(pAz) ”Tﬁ (an

h (10)

However, this expression applicability is subject to conditions: porous medium with nuniform
pore distribution and constant pore size and when gravitational forces are negligible compared
with the capillaries. But these conditions rarely occur in real cases, therefore the values predicted
by Washburn equation differ from those obtained experimentally [5,6]. In spite of everything, due

to its simplicity, it is an expression very often used to obtain some guiding values.

Other researchers have developed a solution of the exponential type [7], which best fits the

experimental curve of porous medium pumping capacity, load curve.
Maximum reachable height

From this expression (9) there is an interesting feature of the porous media that can easily be
obtained, this is the maximum height that the wick is capable of pumping liquid. The maximum

height is the one at which the velocity becomes zero U=0, lo que resulta:

20cos0
reffpg

hmax (12)

3.2.2- Wick loading curve

The knowledge of the advance speed "U" through the wick is fundamental when defining the
most appropriate wick for the two-phase device. This wick must satisfy that the advance speed is

equal to or greater than the liquid evaporation rate in order to ensure its optimum operation..

m<me (13)

(13 mC 2

Being: mass Flow rate; “ “evaporation rate.

As discussed above, the equation (9) solution is complex and experimentation is presented as

the alternative to establish the relationship between pumping capacity and wick properties. This
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relationship is called wick loading curve [7, 8]. This can be given as a function of liquid height

or mass absorbed.

Description of measurement method

The experimental measurement requires a simple device such as the one shown in Figure 3.7.

Sujecion del
“MP™

Medio
Poroso “MP”

Recipiente

PC
l: 0,000 gr |

Balanza

1707777777777 77

Figure 3.7: Capillary pumping measurement equipment

Device that has the following elements:

a container in which to place the liquid
a wick sample clamping arm

a stopwatch

a balance or video camera
measurement scale

Measurement procedure. Firstly, the equipment is prepared: the vessel is filled with liquid, the

wick sample is grasped at one end by the clamping arm and then the weight or chamber is
switched on. Subsequently, if the mode of measurement is mass, the vessel is placed in the
weight "Sartorius MA45" and the initial mass of liquid in the vessel is measured. Then, the
holding arm with the wick sample is placed vertically next to the weight submerging the other
end of the wick's sample into the vessel. Immediately afterwards the register of weight (mass
variation) and time begins. Weights recorded are subtracted from the initial value to obtain the
mass absorbed by the wick as a function of time, loading curve. This curve has the shape shown

in figure 3.8 (sintered powder Nickel and water).
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Figure 3.8: Pumping curve for nickel powder sintering, 2.5um diameter particles, 59% porosity, distilled water

If the height is used as the measuring parameter, a "Sony DCR-SR55E" video camera and the

measurement scale (height reading) will be used; Annex 5.

From the experimental data of figure 3.7 an adjustment of the exponential type is made to

obtain the curve in analytical form (13).

y=A4, l—e( a + A, l—e(_é] (13)

That for the case of Nickel-water is, figure 3.9:

[Sinterizado de Nikel-Agua

m=08271- e[_ﬁ] 16921— e[_zo;.44j

Masa absorbida (gr)

0t T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

Tiempo (sg)

Figure 3.9: Nickel-water adjustment curve
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3.2.3-Permeability

It is defined as permeability to the ability of a porous medium to circulate a fluid

therethrough. Due to the complexity of the porous media internal configuration, there is no

general relation that determines the value of " R " as a function of the effective porosity
(porosity, tortuosity). In spite of this, there are approaches that aim to simplify this internal
structure to directly solve the N-S equations at pore level and obtain an expression for
permeability. Among these approaches are: the one that resembles the porous medium to a set of
micro-ducts [9, 10], or the one that representes it by a hydraulic radius. Thus for the latter
approach one can find expressions for permeability as a function of porosity such as the Carman-
Kozeny equation for spherical particle beds:
d’e’

o) (19

Being its more general form:

3
&

K:— 15
R (—e) A2 )

Where

“Ao=As/Vs” specific surface,
Ass: solid wetted surface
Vi: volume of solid
“Rk=Kot” Kozeny constant
Ro: Numerical value according to the cross-sectional shape of the duct (2 for circular and
between 2-2.5 for rectangular, elliptical, annular ...)
1: Tortuosity

(1P

and “€” porosity.

For the case of porous media in which the internal structure can resemble a bundle of straight
tubes (longitudinally oriented fibers, structures created by SLM-3D printing) by directly
applying NS to tube level (Hagen- Poiseville) the following expression is obtained for the

permeability:

d’e
K=—= 16
% (16)
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Where & = is porosity, “n” number of tubes per unit area in cross section and “d”

tube diameter.

In spite of the existence of these expressions, whose application is restricted to the range
under which they were obtained, the experimental method is the most accurate in determining
the permeability of a porous medium of complex internal structure. For this purpose,
permeability measurement devices are used, such as that of figure 3.9, which allows indirect
determination, comparison with Darcy [11, 12], of wick permeability by measuring the head loss

"AP " and flow rate through the medium.

In the device of Figure 3.10, the fluid flows through the porous media by means of a pump
placed in the "simple holder". A "differential pressure" sensor is located on both sides of the
sample to measure the head loss when passing through the porous medium. The device has a by-
pass that ensures low flow control through the medium. This is because the pump is not able to
supply low flow rates. The two flow meters placed in the by-pass allow to determine the low
flow rate flowing through the sample. As shown in the figure, it is a closed circuit with a
reservoir from which the fluid is aspirated and returned after the stroke. This reservoir also has

an air chamber that absorbs any pressure variation.
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Figure 3.10: Porous media permeability equipment.

At the start of a permeability measurement a pressure-flow measurement is performed for a
wide flow sweep. The purpose of this is to determine the flow rate from which the P-Q curve

takes a quadratic form, limit flow rate. Once this is detected, another battery of P-Q
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measurements is performed for a flow range lower than the limit flow rate in which the curve
presents a linear behavior that is what is sought to later determine the permeability of the
porous medium. For example, in the case of a ceramic foam of 30 ppi (pores per inch) and water,
a limit value of 0.85 g/s (0.0012 m/s) is obtained below which the pressure loss has a linear

behaviour, figure 3.11.
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Figure 3.11: Linear relation of pressure loss with temperature (Darcy law)

For this flow rate the value of the Reynolds number at pore level "Rep" is 9.17 which is less
than 10, being 10 the limit above which Darcy's law is not applicable [13-15] (Rep <1 Darcy
regime; 1 <Rep <10 can be Darcy regime; Rep> 10 is not Darcy). Although this classification of
the type of regime is accepted by the scientific community it must be said that it is not always
fulfilled, it may happen that in low flow regimes, Rep <1, Darcy's law is not satisfied. This non-

compliance is more likely to small than large pore sizes because of higher frictional forces.
The slope of curve 3.11 determines the permeability of the porous medium.

AP

e K= =50110%m? (17)

_ L _ _
1g(a)= U (@)

- #
K
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3.3. Experimental characterization

3.3.1- Loading curve

Apart from the characterization of the Nikel powder sintering, shown in section 3.2.2, other
powder sintering materials are characterized: "Alugram SIL G and Alugram Nano-SIL G" silica

gel sheets, copper powder; Stainless steel mesh and 3D printing-SLM stainless steel; Annex 5.

» Sinterized powder "Silica Gel Sheets". Two types of commercial silica gel films used
for flat chromatography are analyzed, the characteristics of which are shown in Table

3.1.

Table 3.1. Properties of Silica gel sheets

Material Powder size
- - Alugram SIL G 5-17pm
Laminas de Silica Gel
Alugram Nano-SIL G 2-10 uym

Following the procedure and equipment described in section 3.2, the silicone sheets loading

curves are obtained for two fluids: water and methanol, figure 3.12.
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Figure 3.12: Differences between the two types of silica gel using two different liquids: water and methanol

The experimental result shown in Figure 3.12 confirms a bi-exponential behavior for the

loading curve of the silica gel sheets. It is also shown that the pumping capacity (gr / s<a) of the

smaller powder size film (NanoAlugram 6um) is higher than that corresponding to a larger dust

size (Alugram 11um), 9 versus 8, 40 for Water and 8.25 versus 7.75 for Methanol, figure 3.13 a).

The percentage of pumping capacity improvement due to a smaller size of powder (pore) results

to be of 7.14% and 6.45% for Water and Methanol respectively.

In the second part of the curve, the "B" slope is also smaller the larger the powder size (pore),

Figure 3.13b).
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For a powder size of 6 um, the loading curve slope decrease (a-f) results from 82.78% for the

case of Water and 92.73% for Methanol, figure 3.13c¢).
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Figure 3.13: a) forward slope "a'"; b) forward slope "B"; ¢) percentage of descent of slope "a" with respect to

slope "B".

» Stainless steel wire mesh.

Regarding meshes, AISI 304 stainless steel meshes are considered and their characteristics are

shown in Table 3.2, figure 3.14.

Table 3.2. Metallic mesh characteristics

d w
Tela (diam. alambre) (espaciado) (poro‘;:i dad)
mm mm
60 0.024-0.027 0.06 0.4756
200 0.072-0.078 0.15-0.16 0.4519
300 0.17 0.3 0.4074

1

B | e} . |

|_
!
l
I

—— | | ——i

Figure 3.14: Detail of 60um mesh, 160pum and 300um pitch

The samples for the mesh-Methanol loading curve measurement were obtained by forming
ring cylinders of 10 mm inner diameter and 5 layers of coiled mesh, figure 3.15. A sample for

each type of mesh: 60, 200, 300 um pitch.
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Figure 3.15: Mesh Sample

After tests, results look like those plotted in figure 3.16.
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Figure 3.16: Pumping curve for stainless steel mesh of different pitch: 60, 200 and 300

The above figure confirms the bi-exponential shape of the load curves as well as that the finer
the mesh (mesh 60) the greater the capillary pumping capacity. At the end of the recording time
(60sg) the total mass absorbed by the mesh is greater for small pitch than for larger pitch, fig.
3.17.
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Figure 3.17: Drop the absorbed mass to increase pitch size

» Copper powder sintering.

In this case tests were carried out for different sintering samples of copper dust as porous

material and methanol as liquid. The objective is to determine the effect of pore size on the

porous media loading curve as well as confirm its shape.

For this purpose, various samples of copper powder sintering with different pore sizes

(powder size) have been created. The denomination of the samples is shown in table 3.3.

Table 3.3. Characteristics of sintered powder copper samples

D
Muestra (poro‘;:i dad) (Tamaﬁ‘(‘) po,fo medio
pm”)
1 0.573 30
2 0.573 60
3 0.573 95
4 0.56 130

The results are shown in figure 3.18 and 3.19.

Chapter 3 56



Thesis: Development of a Loop Heat Pipe “LHP”
thermal superconductor device with

UNIVERSIDAD PAIS VASCO
Dpto. INGENIERIA MINERA Y METALURGICA

multicondensers Y CIENCIA DE LOS MATERIALES
Sinterizado Polvo Cobre-Metanol
12
1,0 1 -
L ] L]
™ L]
E 0,8 - . »
e s e® ;
@ 06- "
1] ! @
= L] : . I ¥
e s o v
o .==°. T A ®  Polvo30mic
P Lalv ¥ ® Polvo60mic
02 o® usevr " A Polvo95mic
lé-é'v' v Polvo130mic
I
0,0 ¥ I I I | I
0 50 100 150 200 250
Tiempo (s)
Figure 3.18: Pumping curve for copper powder sintering
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Figure 3.19: Drop the absorbed mass to increase pore size

» Escaffol 3D laser printing SLM.

By means of the SLM technique two porous samples were developed. Both with a fine control

of the pores connections. This technique offers an absolute control over the pore size or capillary

radius, as well as the tortuosity of the matrix. In this case the configuration is as if there were
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capillary conduits arranged parallel to each other. This arrangement reduces the tortuosity of the
medium which a priori would favour the pumping capacity. Two samples are constructed: fine,
"90um capillary radius", and thick, "180um capillary radius", figure 3.20, whose porosity is 30%
and 45% respectively.
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Figure 3.20: a) form of the scaffol; b) fine capillary, 90um; c) thick capillary, 180pm

The scaffol material is stainless steel and methanol as working fluid. The loading tests are

carried out with the following results, figure 3.21.
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Figure 3.21: Pumping curve for scaffold of stainless steel and methanol for two sizes of capillary

As in previous cases to lower capillary radius, greater pumping capacity. The curve shows the
expected bi-exponential behavior. A very high absorption rate is observed for both cases in the

first instants of the pump, which is positive for the final application.
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Analysis of the results "loading curve”.

e A first conclusion of the load curve analysis is that regardless of the method of
manufacturing the porous medium or wick the smaller the pore size the greater its

pumping capacity.

e The most used technique in wick manufacture for two-phase, capillary pumping
devices is the powder sintering. Basically because of its low manufacturing cost and
good performance. Considering the slopes of the height vs time loading curves the

result is that of figure 3.22.

Pendiente inicial
Metanol

2,5 -

1,5 -

0,5 -

Velocidad avance (mm/s)

NanoAlug Malla 90  Sinteriz.Cobre 95 Escaffol 90

Figure 3.22: SLM compared to sintering for a similar pore size

As can be seen, apart from the influence of the wettability, the scaffol presents a higher
advance speed than others techniques, specifically compared with that of copper sintering. This
demonstrates the SLM technique goodness to create porous media for two-phase devices. On the

other hand, there would be the porous media tortuosity which will be discussed below.

3.3.2- Permeability

In this section we intend to experimentally determine the effect of pore size and porosity on
the permeability of the medium, as well as the internal structure or tortuosity. For this, samples
of different pore sizes are tested and constructed with different techniques such as sintering, 3D

printing "SLM", foam.

A scanning electron microscope "JEOL-JSM5900LV" was used to determine the pore size,

while the porosity was determined by measuring the size and weight of the samples.
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» Foams

Four samples of 30, 40, 50 and 80 ppi (pores per inch) ceramic foams were analyzed, each

with the pore size and porosity characteristics collected in Table 3.4 and a thickness of 50 mm.

Table 3.4: Pore size and porosity of 30, 40, 50 and 80 ppi foams.

Espumz.l tipo Tamafio poro Porosidad
(ppi) (pm)
30 972 0.89
40 705 0.886
50 632 0.863
80 392 0.858

With the equipment shown in Figure 3.9, water flow tests are carried out at low speeds (0-
0.0012 m/s) in order to obtain the Darcy curve from which to obtain the foam permeability,

figure 3.23.

Espuma ceramica de 30 ppi
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Figure 3.23: Darcy law for a 30ppi ceramic foam structure and water.

As mentioned in section 3.2.3, the permeability is obtained from the loading curve slope. The
same procedure is performed for each of the remaining samples whose permeability is plotted in

Figure 3.24.
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As shown, the permeability presents an upward linear behavior with pore size, the larger the

pore size the greater the permeability [16-19].

> Sintered

It is analysed the permeability curve versus pore size for the case of Copper powder sintering.
For this purpose, samples of Copper powder sintering with the same characteristics as those used
in obtaining the loading curve, section 3.3.1, are considered. First, the Darcy curve for each
sample is obtained as a function of the flow rate. Figure 3.25 shows the one corresponding to the

pore size of 95um. The fluid used is water.

Sinterizado polvo cobre
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Figure 3.25: Darcy law for a 95um pore size cupper sintering;
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From these curves the permeability of each of the samples are obtained, figure 3.26.
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Tamafip poro (um)
Figure 3.26: Permeability versus pore size in a cupper powder sintering, water as fluid

As can be seen from Figure 3.25, the larger the pore size the greater the permeability. Also

this growth proves to be linear with the pore size.

» 3D Printing, "SLM”

The same scaffol samples used in the loading curve determination are taken and the same
procedure as that for permeability is followed. In this case the flow rate, Darcy regime,

employed is (0-0.01 m / s) with water as working fluid, figure 3.27.
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Figure 3.27: Darcy law for a SLM escaffol of 90um capillary;
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Carrying out the same process for three different diameters, Figure 3.28 shows the effect of

capillary size on permeability.
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Figure 3.28: Permeability versus capillary size of the Escaffol-SLM, water as fluid

As expected the permeability increases linearly with pore size..

Analysis of the results "permeability”

e The permeability increases with pore size regardless of the technology used to

manufacture the porous medium.

e At equal 90 um pore size, it results that the SLM has a permeability of 1.16x10°1°
versus 5.62x107'° of the ceramic foam and 4.9x107'> copper sintering, figure 3.29.
Although the permeability of the escaffol is lower than that of the foam and two orders
of magnitude higher than that of the copper sintering, it must be said that the scaffol
porosity (46%) is lower than that of the foam (80%) and the sintering (57%). Another
issue revealed in this comparison is the pores arrangement inside the porous media ,
the so called tortuosity, which is defined as the path the fluid travels through the
medium from the entrance to the outlet. Intuitively, the more complex this pathway is,
the lower the permeability [20, 21]. This is clearly observed when comparing the
permeability of the powder sintering and the escaffol which is two orders of

magnitude higher than that of the powder sintering for equal pore size and porosity.
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Figure 3.29: Comparison of permeabilities for an identical pore size of approximately 90pum

e At equal porosity, around 60%, the scaffol permeability (9.1x1071) is slightly superior
to the ceramic foam (8.4x10°'%) and well above that of the copper powder sintering
(4.9x107'2), figure 3.30. In this case both foam and scaffol have a similar pore size,

around 200um, while the sintering is 90pum.
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Figure 3.30: Comparison of permeabilities for an identical porosity 60%
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4.1 Introduction

The electronic world, LED devices and thermoelectricity among others, technically
evolve in a vertiginous way. This allows them to enter markets never before explored,
what set new technological challenges. Thus, for example, miniaturization in
electronics, light quality of LEDs [1-3], the thermoelectric efficiency, durability, etc.,
present a challenge in terms of heat management, that's to say, in terms of temperature
control at components level. Traditional technologies, liquid cooling [4, 5] or air [6-8], in
many applications are no longer valid because of their large volume. Nowadays market
requires refrigeration technologies with smaller volume and equal or even higher

performance than the traditional cooling systems.

Among these technologies are the so-called Loop Heat Pipes, "LHP". Two-phase
capillary pumping devices similar to heat pipes [9, 10] but with the advantage that they

can work equally well for any orientation with respect to gravity.

Over the last decade, LHPs have been intensively researched thanks to the interest

they have aroused in the field of electronics cooling [11,12]. All this thanks to:
e -« they have a greater heat transpor capacity for equal of dimensions
e - they have very low thermal resistance

e by its design, allow a huge variety of designs expanding the range of

possible applications

e - they perform efficiently for any orientation with respect to gravity.

As a consequence of the above, LHPs have aroused a great commercial interest.
Nevertheless, due to their manufacturing complexity and difficult operation, there are
very few technical information available in open literature (this remains within the

developers know -how).

Developers of this type of devices have progressively evolved from the traditional
"test & error" methodology to a simulation-based methodology. Simulation

methodology based mainly on a stationary approach of the Navier-Stokes equations
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(mass, momentum and energy conservation) [13-16]. These models have mainly worked
on flat evaporators [17,18] as they better fulfil the electronics cooling requirements.
However, as these devices application to other sectors progress, LED illumination, for
example, heat source shapes vary from one application to other what requires other

evaporator geometries, such as cylindrical [19, 20].

The stationary approach of this type of devices is an approach that simulates-predicts
the LHP steady state operation (representative mode of 90% of the life cycle) but is not
able to predict behaviour in situations such as: transient effects (start-up, operating
conditions changes) and effects of the presence of non-condensable gases - progressive
condensation. Effects that in some applications may be of great interest and that require
a knowledge and simulation tools capable of addressing the complexity of the
thermodynamic and hydraulic phenomenon that take place in the LHPs [21]. These
transient models development is complex and requires a great thermodynamic and fluid-
dynamic knowledge interesting to define or analyze the components behaviour rather
than the LHP system as a whole. At full system level, transient models are very heavy,
complex and of doubtful reliability, while the stationary ones are agile and reliable in
their steady state operation prediction. As far as transient behaviour is concerned, there
are complete models that predict changes in operating conditions and / or start-up [22].
However, steady state models are the most widespread for the LHP design since steady
state behaviour represents 90% or more of such devices' operating time and therefore
their design must be focused on optimizing such mode of operation. In this chapter we
present a steady state model for the design of LHPs with flat evaporator in which the
heat transfer towards the compensation chamber is not given by an external input, as

current models, but is determined by the model itself.

4.2 Model's Development

This section describes the analytical model developed to predict the LHP's operation.
It is a model that simulates the LHP steady state operating and determines the influence

of certain parameters on the LHP's heat transfer capacity. Parameters such as:

e radius and length of steam pipe

e condensing temperature
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e thickness and typology of the primary wick

e type of working fluid, type of material the wick is made of and container
material

e dimensions of the heat source and its maximum permissible temperature

Figure 4.1 shows a LHP scheme, components and operation.

Canales Wick primario

Wick Secundario Wick Primario

Cémara
Compensacion

Camara de
descarga

Evaporador /

Linea de Linea de
liquido vapor

/

Condensador Q

NN

Figure 4.1: LHP diagram showing the constituent elements.

The operation of this type of devices is as follows. The refrigerant, which is inside
the evaporator (low pressure and temperature), is pumped by capillarity through the
primary wick to the outside of the evaporator. In this outer zone of the evaporator the
heat generated by the component to be cooled (heat source) is absorbed. This causes the
refrigerant to evaporate (high temperature and pressure) and accumulate in the
discharge area of the evaporator before exiting the high temperature (red) vapor line.
The steam flows through the vapor line until it reaches the condenser where heat is
rejected to the environment causing the working fluid condensation (liquid state). From
here, liquid flows through the liquid line until it enters again into the evaporator sine,
passing previously through the compensation chamber. Through the secondary wick
liquid is pumped from the compensation chamber into the evaporator sine when the

return liquid does not satisfy the amount of liquid required for evaporation (changes in
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heat loads). Liquid evaporates at the primary wick periphery and flows to the
longitudinal channels disposed therein and from there towards the discharge chamber

before exiting to vapor line.

4.2.1- Brief description of the components:

Usually, wicks are defined with the following criteria: primary wick with very fine
pore sizes in order to increase the LHP pumping capacity and ensure refrigerant
circulation; secondary wick with larger pore sizes in order to reduce the pressure losses
induced by the passage of the refrigerant therethrough when liquid is supplied from the

compensation chamber to the evaporator.

The compensation chamber has two fundamental functions: on one hand, to house
the excess of refrigerant that could be produced in the device and on the other hand, to

ensure a continuous supply of refrigerant to the evaporator [23].

The evaporator function is to absorb the heat generated by the source / component to

be cooled by means of the refrigerant evaporation.

The condenser is responsible for expelling the heat absorbed to the environment by

means of the refrigerant condensation.

The fact that the evaporator and the compensation chamber are physically joined
through the secondary wick not only prevents hot spots from appearing on the primary
wick but also ensures that the steam remains in the evaporator. The compensation
chamber keeps at the saturation temperature corresponding to the pressure therein in

which the liquid and gaseous phase coexist.

4.2.2- Mathematical formulation

This section presents the steady state N-S equations for each of the components
constituting a LHP which define the mathematical expressins representing the LHP's
operating mode. Given the general geometric characteristics of these devices, LHP,
there are a number of assumptions that apply to conservation laws (mass, momentum,

energy) without risk of error, these are::

e axial symmetry

Chapter 4 72



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

e one-dimensional approach
e incompressible, viscous fluid
Despite the developments made on the mathematical models representing this kind of
systems, there still exist a lack of understanding, at the analytical level, on how the
different physical phenomena occurring in this type of devices take place. Thus for
example micro LHPs present additional difficulties as a consequence of the treatment at

micro-scale in which continuous media approach is questioned [24-26].

Energy balance:
In Figure 4.2, heat flows along the evaporator and condensation chamber are shown.

It shows the heat load coming from the generation source "Qr" wich must be given as

an input to the model.

et b REE MY

ottt

Figure 4.2: General heat flux directions.

Unlike a conventional LHP, there is no specific condensation zone. It occurs at some
point along the vapor and liquid line. Therefore, there is not an specific energy balance

in the condenser but along the circulation lines (vapor and liquid).

Evaporator-source

Not all heat load "QL" is absorbed by the evaporator [27,28], part of it flows through
the evaporator housing towards the compensation chamber, "Q. ", another part is
transmitted to the interior of the evaporator, "Q." and another part leaks to the

environment. In our case, we assume that it is perfectly thermally insulated, so that this
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thermal leakage to the environment is zero. The energy balance under these conditions
is:

QL - Qe+ Qe_cc @

Inside the evaporator, the incoming heat, "Q.", is distributed as shown in figure 4.3.

Qe

/

Figure 4.3: Heat flux through the evaporator.

Evaporator-primary wick

One part of the heat that enters the evaporator "Q." is transmitted to the steam in the

primary wick channels "Qcan", and another part goes towards the primary wick "Qv".
Therefore:

0,=0,+0., @)

Where:

Qe :Ge(TF _Te); Qe cc :Ge_cc(]; _]Lc); Qw :Gw(Te _Twl);

Qcan = hcan Acan (Te - T )

can

Where "Ge" is the thermal conductance of the evaporator housing plus that of the

evaporator-heat source contact, "Ge cc" is the sum of the evaporator and compensation-
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chamber housing thermal conductances. The coefficient "Gy" is the sum of the thermal
conductance of the wick and that of the contact between wick and evaporator housing.
Being a porous medium, its thermal conductance will be a weighting of the thermal
conductance of the solid matrix and that of the liquid (assuming a wick totally
saturated of liquid). "hcan" is the convective heat transfer coefficient on the channels

walls and "Acan" is the corresponding heat transfer surface.

As a cylindrical arrangement the thermal conductance is defined as:

Fluido
frio
2 Lk
sl,s2 —
T; Ln(r ) /1 )
Fluid . .
co'[ijlen?e “K” permeabilidad del wick

I, <1,

Figure 4.4: Thermal conduction scheme.

Primary wick

The heat transferred to the primary wick "Qy" is divided into three parts, one part is
intended to evaporate liquid at the "Q," interface, another part to heat the sub-cooling
liquid entering the evaporator core from the line Liquid "Qsu" and a third part flows
through the secondary wick in the axial direction "Qr". Energy balance at this

component is:

Qw — Q/1+ qub+ Qfa 3

Where:
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Qi :/’lm"ﬂ qub :CPml(TTV—l,wl _]},wl);

Qfa = Gwz,cc (Tv—l,Wl - Tv—l,CC)

+T,

v—Il,wl I,wl
T, =t @)

Vapour channels

The steam trapped into the channels and coming from the liquid evaporation at the
interface of the primary wick is reheated to the temperature corresponding to the
pressure at the vapour line inlet (vapour reservoir). Thus, the energy balance in this

element indicates:

chn = CP ’;1" (Tv,in - ]wcun)
(6))
T=T,

()

Liquid and vapour lines

Since both lines have the same diameter "D" and the steady state is considered, the

energy conservation equation for each of them is:

[ ] m [ ] m [ ]
v y
CPv,in m, I:J,in + Pv,in - CPv,out m,y Tv,out + Pv,out + Qv,perd (7)
v,in v,out
[ ] m [ ] m [ ]
! _ l
CPl,in m; L, + Pl,in - CPl,out m, TLf + Pl,out + Ql,perd (¢))
l,in l,out

Being "Qv, perd and Qy, perd” the heat losses along the vapor and liquid line respectively.

Compensation chamber
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Saturation conditions are assumed inside the chamber, vapor and liquid coexist
throughout the operation of the device. If we look at figure 4.2, the energy balance is as

follows:

Qefcc + Qﬁl = Qcciamb + QcciLf

The heat coming into the compensation chamber, "Q. ¢c and Q" is equal to the heat
being lost to the "Qcc amb”" environment plus that which is inverted in preheating the

subcooled liquid through the wall of the bayonet entering through the liquid line

"Qcc Lf". As the system is totally thermally insulated., O =0.

cc_amb

Qe—cc + Qfa = Qcc_Lf )

Where

Qcchf = GccﬁLf (ch - TLf)

Condensing zone

As discussed above, in this device there is no specific zone of condensation but it
occurs somewhere along the lines of vapor and liquid. Along these lines, the "Qqu" heat
extraction is given by: the steam cooling "Qs" (sensitive heat), the condensation

(change of phase) "Q." and the liquid cooling (sensitive heat) "Qsub".

Qout = QSv+ Q/I + qub (10)

Being:

Qﬂ:ﬁ’ml; QSv:CP,vmv(Tsuth_Tc); qub:CP,lml(Tc_Tsub)

By making an energy balance to the whole LHP device, assuming that it is totally
thermally insulated (except the source, and a section of the liquid and vapor line), the
heat of the source coming into the evaporator "Qc" has to be evacuated throughout the

condensation "Qout".
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0,.=0, (11)

Momentum balance:

Liquid, vapour lines.

This law establishes that the sum of forces on the control volume is equal to the

variation of momentum. For the particular case of steady state:

— —

ZI_; = ZP_)A +| — Ent + 6 — ”.’l ({}salida_ Ventrada)

For the particular case that the entrance and exit have the same orientation and pipe
is in horizontal position (/Vsalida/ = /Ventrada the momentum conservation along the

stream line results in:

(P‘A)salida - (P'A)entrada = _Ent = _(F ric + FAA' + FDir) ; “Fint” Is the sum of
Si

the viscous frictional forces along the tube "Fgic" , the forces that cause the fluid to
change direction "Fp;" and the forces that are generated by passing the fluid through a
narrowing or widening, "Faa". Clearing the cross-sectional area "A" of the above

equation results:

+AP .+APD,.,)

Fric+F '+Fir le :_([sl .
(P)salida - (P)entrada == _( ! ;;A = J """ fl’l
This equation indicates that the total head loss in the duct is the sum of friction head
losses and those due to direction and section changes.
7LD ? v’

\ 4
5 AP, :K’Dir?p; AP, :KAA'TP'

AP, =1
fiic A

Being "D" pipe diameter, "A" pipe cross section, "L" pipe length, "t" shear stresses
on the pipe wall, "Kpi" the dimensionless coefficient of head loss due to flow direction
change and "Kaa'" the dimensionless coefficient of head loss due to cross section

change.
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In the case of friction head losses, by using the dimensionless loss parameter “f”

f= 8—2-2 , the Darcy-Weisbach equation for straight tubes is obtained:
pv

1 L ,
A[)fric :EpBu 'f;
Where “f” is:
f 64
For laminar regime: — 5
Re”
For turbulent regime:
0.316
f= ReO® Re<10°
0
Ru(g/
5.74
——==-2.log D, 09 (Prabhata); being “Rug”
Jf 37  Re,

wall roughness

alternatively, the Moody diagram can be used directly
(diagram which is a function of Reynolds number and

roughness).

It follows that the loss of pressure in the duct (liquid and vapor line) is:

2 2
vaV LV pvvv
Pv,in - Psat,c = T(Bf + kDir + kAA'j = 2 Zkl (12)
P,V ‘(L L,V ’
Psat,c - Pl,out = L2L Blf + kDir + kAA' - 121 Zk] (13)
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Evaporator.

Assuming: one-dimensional flow in radial direction, negligible mass forces and

totally saturated wick, the momentum equation (11) is reduced to Darcy's law:

R m
)l:_:ul Wy = H; I (14)

=—(aP . B/ -
K R p, 27,

I)vfl,l - P, fric

lout

Where "vy" is the forward velocity through the primary wick, "Ry" the outer radius
of the primary wick, "Pinterf”" liquid pressure at the meniscus interface, "Py, ou" the liquid
pressure in the evaporator core (equal to the liquid line inlet pressure) and "K" the

wick's permeability [m?].

On the other hand, the LHP's driving force is the capillary pressure, "APcsp" which is
generated in the "ref" meniscus of the primary wick. Pressure that must be greater than

or equal to the head loss throughout the LHP circuit, “AP”. Thus:

20

AI)tot = (Pvfl,v - I)vfl,l ) S AI,cap = (15)
reff

Being: Pvfl,v = Pv,in (16)

Condensing zone.

In the condensing zone, there coexist a two-phase fluid homogeneous (the velocities
of the liquid and the gas are equal, there is no slip between phases) and in equilibrium
(perfectly mixed having both phases equal temperature and pressure). This approach is
almost always suitable for modelling an LHP (most of LHP applications), however,
advanced models for two-phase flows can be used [29] in applications (exceptional
cases) where the previous simplistic approach gives erroneous predictions. These are
applications in which, for example: it is critical to determine the vapor fraction, it is
necessary to know the transient movement of the liquid or when considering a non-

equilibrium flow.

Momentum in the condensing zone, assuming annular condensation, is divided into
three parts: the condensate film on the pipe's wall, the vapour in the pipe core and the

interface between them [30, 31]. In the case of the present thesis a simple model is
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proposed [32] in which the transition zone from vapor to liquid is not considered. This
transition zone is included in the vapor line with the vapour properties for such fluid (in
fact would be that of the mixture). However, their inclusion would require an equation

of momentum along this transition (condensing) length "Lcond" given by:
2
1 L .

1
P —-P. =— cond | py | |
v,out lin 2 l e D f

Where "pme; and m " are density and mass flow of the two-phase mixture (liquid and
vapor). Density is calculated by weighting the density values of each phase, the so

called "title, x".

| _ X +(l—x).
pmez IOv pl ,

Fluid title is obtained from the energy conservation equation in the condensing zone
and that for the heat transfer whose coefficient of condensation is given by the

following expression for turbulent flows Re <35000:

h, = 0,555:|— 280K
c T W ( T ) , being Tme, the temperature of the mixture as it is
lul ¢ Tmez

condensing and Tc is the condensing temperature.

Nevertheless, this two-phase approach is left as an open line for future developments

in this field.

As stated, transient length is some zone in the vapor line in which condensation

interface is anchored at the vapour line outlet, Figure 4.5.
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Evaporator exit Condenser C.Cinlet

| e |

Figure 4.5: Condensing process.

The system of equations above is closed with the incorporation of the state equations
as well as the Clausius Clapeyron equation that relates the pressure to temperature in a
phase change process for a mono-component system like this. These relationships as
well as the rest of the fluid properties (density, viscosity, specific heat, latent heat, etc.)
are obtained from the thermodynamic database that the Engineering Equation Solver
(EES) has got. This tool is also used to solve the system of equations that represents the

LHP operation.

As far as the wick's conductivity is concerned, the following exponential equation is

considered [33]:

0.53

K,,.)\
K — K matrig
eff l[ Kl j

It is also considered that:

I)e - I)v,in = Pv—l,v = sat (Tv—l,wl) (17)

Being “Psa(Tv-1w1)” the saturation pressure corresponding to the temperature at the

interface of the meniscus in the primary wick..

Mass balance:

As steady state, it turns out that M2, = M, = M (18)

With all the above a set of equations (18) with its corresponding unknowns
(pressures and temperatures) is obtainded. As input data are: Qr, Tr, Te, LHP geometry,

fluid type.
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Such set of equations is introduced into the EES solver which runs the calculus

following an iterative calculation algorithm, figure 4.6.
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Figure 4.6: Algorithm of calculation.
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4.3 Results

4.3.1- Validation.

~ UNIVERSIDAD PAIS VASCO
Dpto. INGENIERIA MINERA Y METALURGICA
Y CIENCIA DE LOS MATERIALES

This mathematical model with its corresponding iterative algorithm is run for a

specific application with the following characteristics: 80W luminaire “QL = 80W?”,

70°C maximum temperature in the heat source “Tr = 70°C”, those input parameters

shown in table 4.1 and the geometric dimensions already introduced to the model.

Table 4.1: Input data

Inpurs

Qw) 30

Tc (7€) 10,20, 30
Te, max [*C) 70

ke (W/mEK) 140

ky (W/mEK) 0.6

Validation is done by comparing the results predicted by the model with those

obtained experimentally with an LHP whose characteristics are shown in Table 4.2.

Table 4.2: Geometric characteristics of LHP's prototype

Item Value

Working fluid Merhanol

LHP housing Copper

Primary wick Tubular, axially grooved

-Stainless steel (90 pm porous)
-23 mm length
-16 mm external diamezer

Secondary wick

Rolled up mesh

-Stainless steel mesh
-70.5 mm length
-7 mm exrernal diamerer

Grooves (amount/type) 7 radial
Evaporator (mm)) 30 30= 20
Compensarion chamber (mm) 22 X3 20
Pipes diameter (mm}) 6

Methanol is the working fluid. The body of the LHP is copper, wick of the stainless

steel and with general dimensions shown in figure 4.7.
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22mm

Liquid line

Secondary wick Vapour line

Primary wick

Figura 4.7: Some dimensions of the experimental LHP.

Also, Figure 4.8 shows the LHP test assembly. The source is an LED that is mounted

on the evaporator and attached to it by means of screws.

Figure 4.8: Experimental test bench.

Except for the contact surface of the LED with the evaporator, the rest of the

evaporator surfaces are thermally insulated.

Validation was carried out with two tests: one with different "Qr" thermal loads and
the other with different "T." condensing temperatures. The comparison between the
predicted and experimental temperature at the evaporator (operating temperature) for

both tests is shown in figure 4.9 and 4.10.
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Figure 4.9: Comparison between the predicted and experimental LHP operating temperature as a
function of the heat load. 25°C condensing temperature.

As seen from figure 4.9, the predicted values are slightly higher than those measured

exprimentally, however this deviation is less than 4%.

With respect to the condensation temperature "T.", figure 4.10 shows a very good
correlation between the predicted value and the experimental value, with a deviation
around 3%. It is verified that for values of condensation temperature below 28 ° C, the
predicted value is lower than the experimental data while for higher values the situation

is reversed.
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T
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SD 1 1 1 1 1 1
20 22 24 26 28 30 32 34 36 38 40
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Figure 4.10: Comparison between the predicted and experimental LHP operating temperature as a

function of the condensing temperature. 60w heat load
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A remarkable issue from the results of figure 4.10 is that the higher the condensing
temperature, the lower the operating temperature, contradictory to what the intuition
marks. However, it has its reason to be when the thermal load "QL" is less than a critical
value (depends on the fluid and configuration of the LHP). When this situation occurs,
as in figure 4.10, the heat leaking from the evaporator to the compensation chamber
increases as the condensation temperature decreases, which causes an increase in the
temperature of the compensation chamber and, consequently, in the Operating
temperature [34, 35]. When heat load is higher than this critical value, the behavior
corresponds to the intuition, the lower the condensing temperature the lower the

operating temperature.

In order to quantify the variations between the measured data (exp), and the
numerical outcomes (model), the square of the Pearson product moment correlation
coefficient was calculated "R>". Coefficient that gives an idea of the linear arrangement
between two variables (tmodel and experimental). A value R?> = 1 indicates a linear
arrangement between both variables and therefore total coincidence between the values

of both variables. This coefficient value is shown in figure 4.11.
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Figure 4.11: Pearson's correlation coefficient squared for both two trials
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As can be seen, both tests show a coefficient almost 1, which demonstrates a good

prediction and therefore the model validation.

4.3.2- Effect of vapour line length and radius.

Figure 4.12 shows the dependence of the operating temperature with the pipe radius
(liquid and vapor line) and the length of the steam line "L,". The condensation

temperature remains constant and equal to 10 ° C.
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Figure 4.12: Dependence of operating temperature with radius, steam line length and wick thickness

In this figure for a given wick thickness, the greater the length of the vapor line the
greater the operating temperature. This is due to fact that the longer pipe the larger the
head loss and since the condensing temperature is fixed (saturation Pressure) it results
that the evaporator pressure increases and so does its temperature (operating
temperature). Regarding pipe radius, as it increases, the operating temperature decreases

exponentially (for a given wick thickness). This is because the higher the radius, the
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lower the head loss in the vapor line and therefore, for a fixed condensing temperature,
the lower the pressure in the evaporator and consequently its temperature (operating
temperature). Figure 4.13 shows this behaviour. For a 20°C condensing temperature, the

behaviour is identical for any pipe length.
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Figure 4.13. Operating temperature vs tube radius for a condensation temperature of Tc =20 ° C for a

length of steam pipe of a) Iv=0.1m,b) Iv=0.2mand ¢) Iv=0.3 m.

From 4.13, it is easily checked that the larger the vapour line length, the higher the
evaporation temperature consequence of a greater pressure loss. The existence of a
critical radius value is also corroborated. Radius from which the temperatures hardly
change whatever the pipe radius or the length are. Numerically, it is observed that an
increase of the vapour line length from 0.1m to 0.3m, for a constant Tc = 20°C, results

in 80% operating temperature increases for given 1mm pipe radius.

Regarding wick thickness, its effect on the operating temperature is negligible. This
indicates that the primary wick capillary pumping (fixed element) "loading curve of
chapter 3" is larger than that required to pump through the LHP the required mass flow
rate (established by the thermal loads to be evacuated and Type fluid).

4.3.3- Effect of condensing temperature.

Figure 4.14 shows the behaviour of the operating temperature for different

condensing temperatures.
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Figure 4.14: Operating temperature vs condensing temperature, Lv=0.2m, QL=60w

In general, it is verified that as the condensation temperatu

re rises, so does the

operating temperature. It is also observed a peculiar behaviour for a pipe radius of 1.5

103 m. In this case, as the condensation temperature decreases, the operating

temperature will also decrease until a critical value (20 © C in this case) is reached.

From this critical value, a progressive decrease in the condensing temperature causes an

increase in temperature of operation, figure 4.15. This type of behaviour occurs for a

combination of thermal load, pipe radius and condensing temperature. The question is to

find out this combination so that it does not appear during the LHP operation, ie, the

allowable operating range has to ensure that the LHP operates in the growing zone of

the T-operation vs. T-condensation curve.
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Figure 4.15: Operating temperature vs condensing temperature, critical
Lv=0.2m,
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This decrease in the operating temperature when increasing the condensation

temperature, until a minimum value, is the result of the heat leak from the evaporator to

the compensation chamber, figure 4.16. When the condensing temperature is low, or

below a specific value depending on the LHP design, it turns out that much of the heat

from the source is transferred to the compensation chamber through the evaporator

casing reducing so the heat used in the evaporation of the refrigerant. By having a

smaller amount of heat in the evaporator, it results that the superheating capacity of the

steam is reduced and consequently its temperature (operating temperature).

Heat leak (¥V)

L 1 1
5 10 15 20 25
Condensing temperature (°C)

Figure 4.16: Heat leak to the C Chamber vs condensing temperature. Pipe radius = 1.5 10> m

The behavior of the operating temperature against the condensing temperature and

pipe radius is ploted in figure 4.17. Likewise, there is a critical radius from which the

operating temperature remains invariant with the pipe radius whatever the condensing

temperature.
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Figure 4.17: Operating temperature vs tube radius for a tube length "Lv = 0.2m" and condensing
temperatures: a) Tc = 10 °C, b) Tc =20 °C and ¢) Tc =30 °C.

Chapter 4

91



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

If 1mm pipe radius is considered, it turns out that as the condensing temperature

increases so does the operating temperature. This confirms the behaviour of figure 4.15.

Thus, all parameters are linked together and have their effect on the LHP operation.
Table 4.3 lists those combinations of geometric and operating parameters that ensure an

operating temperature below the allowed limit value of 70 °C.

Table 4.3. Combination of parameters allowing Te <70 ° C

Parameters combinartion to satisfy the Te ma consraine,

lv (M) Tc(*C) r{m)s 103
01 10 =0.875
20 =0.700
30 =0.600
0.2 10 =1.063
20 =0.850
30 =>0.725
03 10 =»1.125
20 =0.950
30 =0.800

Finally, Figure 4.18 shows the behavior predicted by the model as a function of the
evaporating latent heat "Qiaent" as well as the heat leaked to the "Qieak" compensation
chamber, for a given "QL = 80w" heat load. Values are all based on the condensing

temperature, pipe radius and vapour line length.

90 T T T T T T T &0
—— IVZD m
wl ol —e—1,702m||
——1 =0.3m
v
or
— 1, =0Am |
— 1, =02m
g% 3
——1,=0.3m
® H = 30F
E K
o 80F =]
20+
40
anl 10F
a0 I . L . . . . 0 . L
0.5 1 18 2 25 3 35 4 4.5 05 1 15 2 25 3 3.5 4 45
Pipe radius (m) it Pipe radius (m) w10
a)

Chapter 4 92



Thesis: Development of a Loop Heat Pipe “LHP”
thermal superconductor device with

multicondensers
80
osl
o}
o
A
£ o 1, =0.2m |
= 65l 1 =03m | |
=
= el
a5t
50
45
0 ‘ ‘ . ‘ ‘ ‘ .
05 1 15 2 25 3 3h 4 45
Pipe radius (m) aig
o
85
o
g 75
i Fim
- ¥
£ 1,=0.2m
&£ 70 =
——1203m
85|
s
- ‘ . ‘ ‘ ‘ . .
85 1 15 2 25 3 35 4 45

Pipe radius (m) 3

~ UNIVERSIDAD PAIS VASCO
Dpto. INGENIERIA MINERA Y METALURGICA
Y CIENCIA DE LOS MATERIALES

——1,=0.1m
30F ——1,=02m Y
——1,=0.3m
%
£ 20
§
o 15
10F
5L
a L L &
05 1 15 2 25 3 35 4 45
Pipe radius {m) - 1EI73
el
——1,=0.1m
18 H
——1,70.2m
1B —— |, =0.3m [
14t
12
E noF
=]
al
Bl
4|
i
] L I " "
0s 1 15 2 25 3 35 4 45

Pipe radius {m) o WEIVE

Figure 4.18: Latent heat and leakage heat (QL = 80w) depending on the radius of the tube and the

length of the vapor tube for three different condensing temperatures: a) Tc = 10 °C, b) Tc =20 °C and ¢)
Tc=30°C

Some numbers. For the case of: Tc = 10 ° C, 0.3m vapour line length and 1mm pipe

radius, it is observed that 75% of the heat is used for evaporation while a 25% is lost by

leaks to the compensation chamber. This LHP design should be improved in order to

reduce the heat leakage.

4.4 Conclusions

e A stationary numerical model has been developed with a mathematical

definition of the heat transfer coefficient towards the compensation chamber.

Coefficient that allows to determine, depending on the geometric design and

materials, the heat leakage from the evaporator to the compensation chamber
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Chapter 4

unlike most of the steady state models that consider this as an input parameter

what requires a deep knowledge of thermodynamics by the user.

Model validation shows a very good correspondence with the experimental
values (less than 4% of drift) and therefore its appropriateness as a steady

state LHP design tool.

The model allows to check the effect of certain parameters on the operating

temperature:

v Both condensing temperature and vapour line length affect directly
the operating temperature, ie as they increase, so does the operating

temperature.

v' There is a pipe radius below which the operating temperature is
inversely proportional to the pipe radius, ie if the radius increases the
operating temperature exponentially decreases. However, from this

radius, the temperature variation is almost zero.

v' As regards the condensing temperature, the model detects an atypic
behaviour of the LHP when the condensing temperature is below a
singular value. Value that depends on the geometric characteristics,
materials and operating conditions (thermal load). It turns out that,
for values below the singular value, a decrease in the condensing
temperature results in an increase in the operating temperature. This,
in turn, results in an increase in the percentage of the thermal load
leaking from the evaporator to the compensation chamber and thus a

decrease in the LHP cooling capacity.
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5.1 Introduction

Chapter 4 describes the mathematical model developed for LHP design. In chapter 5
a prototype LHP for a specific application is developed. Prior the LHP development /
manufacturing, thermal characterizations of the used wicks (primary and secondary) are
performed in order to satisfy the thermal-fluidic requirements that any application

requires. Finally, the LHP is assembled to proceed with the operating tests.

5.2 Primary Wick

As discussed in Chapter 3, the wick is the key piece in the capability and
functionality of a LHPs. The different manufacturing techniques used to create such
components determine the future capacity of the device very much. In the present thesis,
the manufacturing technology used is the 3D laser printing, "SLM, Selective Laser
Melting" technology due to the benefits described and analysed in chapter 3, among
them the greater permeability to the refrigerant flow [1, 2].

In the primary wick manufacturing process by SLM, the first step is to generate the
wick's CAD file containing the its geometry (external passages and external channels,
type of material). This file is subsequently loaded into the 280 HL printer with a series

of manufacturing specifications, Table 5.1.

Table 5.1: Technical specifications for the 280 HL printer

Item Value
Build Envelope (L x W x H) 280 x 280 x 365 mm?
3D Optics Configuration Dual (1x 400 W und 1x 1000 W); IPG fiber laser
Build Rate up to 55 cm*h
Variable Layer Thickness 20 pm - 75 pm
Min. Feature Size 150 uym
Beam Focus Diameter 80 - 115 pm
Max. Scan Speed 10 m/s
Average Inert Gas Consumption in Process 2,5 1/min (argon)
Average Inert Gas Consumption Purging 70 1/min (argon)
E-Connection / Power Input 400 Volt 3NPE, 32 A, 50/60 Hz, 3,5 - 5,5 kW
Compressed Air Requirement / Consumption | ISO 8573-1:2010 [1:4:1], 50 I/min @ 6 bar

Laser intensity, radius of action, powder supply flow, dust matrix, layer depth, etc.

are then adjusted in the printer to begin manufacturing, figure 5.1.
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Figure 5.1: SLM 3D additive process. Courtesy of LORTEK

At the end, the desired product is obtained with the external and internal shape of the

design to fulfil its function [3], figure 5.2.

Figure 5.2 a) Primary kick external appearance, b) internal passages

Once fabricated, its fluidic-thermal characterization is carried out. Characterization
obtained through 4 tests that allow the determination of parameters such as:

permeability, wettability, capillary pumping and thermal conductivity.
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5.2.1-Permeability, “i”

As described in Chapter 3, the permeability measures the ability of the porous
structure to let a liquid flow through it. The experimental determination of this

parameter is carried out with a permeability test bench, figure 5.3.

"Y' Reservoir

Flowmeter

NaN_ Lu/Mn)
Maximum m
Minimum m

Differential pressure

m NFN n.bar

Sample holder

Reservoir

Pump

Figure 5.3: Porous media permeability equipment

It is a closed circuit in which the fluid circulates thanks to the capillary action

through the sample whose permeability is intended to be determined. The fluid is
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discharged and aspirated from a reservoir which acts as a deaerator and pressure

damper.

The sample holder has two pressure ports, one before and another just after the
sample, where a differential pressure gauge that measures the pressure drop throught the
sample is connected. The fluid flowing through the sample is measured with a flow
meter. In order to have a finer control of the flow, due to pump limitations, the circuit
has a bypass that allows to reduce the flow through the sample to levels in which the
viscous friction force is predominant versus inertial force. In such a case, Darcy's law
that linearly relates pressure drop to the flow rate (velocity) is applicable. The

proportional coefficient is the so-called permeability, “K (m?)”

T 1)

Being: “A”, The wick cross-section, "AP" the pressure drop along the wick, "p"

fluid dynamic viscosity, "L" the wick thickness and "Q" the flow rate. (m?/s) [4].

Thus, obtaining the permeability consists of plotting the curve P/Q (pressure
drop/flow rate), figure 5.4. To do this, several tests are carried out in the test bench
where pressure drop is recorded for any flow rate flowing through the wick, low

Reynold numbers. Then, the wick permeability value is determined. (1.25 10712 m?).

Escaffol 90 um

AP/L (KPafm)
[ =TI FORY
=) -y =} o0 (=) () =y <))
o (=] (=] (=] (=] (=) o o (=]

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014
Velocidad de Darcy (m/s)

Figure 5.4: Pressure/Velocity curve for the 90pm escaffol

o,

5.2.2- Wettability- Capillary Pumping, “@

Wettability is a surface property by which a surface presents avidity for or repulsion

of a liquid (interaction between superficial molecules of the liquid and those of the solid
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which comes in contact with it). This is defined by the "contact angle" which is the
angle that forms a liquid drop when deposited on the solid's surface. This method is not
applicable to porous media because liquid is absorbed, therefore it is indirectly
determined by the Washburn method or capillary ascent method (depth of penetration of
the liquid in the Wick) [5]. Three different liquids were used: water, acetone and
methanol. As a qualitative mode, in order to observe whether drop penetrates into the

wick and how fast it does, a drop is poured on the wick, figure 5.5.

Figure 5.5 Drop evolution. a) drop of water after 1 minute; b) acetone drop after 1 second; c)

methanol drop after 1 second

These are photographs taken with an optical microscope at the moment drop begins
to penetrate just after its deposition on the wick. In the case of the water drop, it is
observed that after 1 minute the drop is still on the wik surface what demonstrates the
low wick absorptivity to water, low wettability. The opposite occurs with acetone and
methanol, in both cases the drop is absorbed quickly, less than 1 second, showing a high

wettability.

This is a quick, simple but qualitative procedure to measure how well or badly a fluid
wets the wick. A more quantitative measurement requires of the so-called capillary
ascent method (height ascension versus time), Washburn, described in Chapter 3. Figure

5.6 shows images of the experiment for the three tested fluids.
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Figure 5.6: A) water rise after 5 minutes) acetone rise after 1 second; C) methanol rise after 1 second

As can be seen from figure 5.6, the water ascension is very slow (low height after 5
minutes), low capillary action, whereas for acetone and methanol this is very fast, high
capillary action. By registering the raised height versus time, curve V/t, it can be foresee

the maximum height (asymptote) the wick can pump.
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Figure 5.7: Liquid rise curve
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n.n

With this maximum height value and equation (2) the value of the contact angle "¢",
wettability, between wick and fluid is indirectly determined.
20cos¢

h
rypg @

Table 5.2 shows the contact angles for the three fluids tested: water, acetone and

methanol.

Table 5.2: Wick’s contact angles for three liquids

Fluid Contact angle

Water >9(0°
Methanol 30°
Acetone 30°

For this case, the chosen fluid is methanol due to its chemical compatibility with the
Viton joints used as sealants in the evaporator — compensation chamber. Acetone is not

compatible with Viton.

5.2.3-Thermal conductivity “K”

Thermal conductivity represents the ability of a solid to conduct heat from the hottest
side to the coldest one. In LHPs this parameter is important not only because of its
direct impact on the heat transfer to the liquid evaporation but also for its influence on
the thermal leakage to the compensation chamber. Various configurations and materials

have been employed and characterized in order to find ad-hoc conductivities [6].

In this work, the wick is a single material whose conductivity is measured with the
commercial equipment "THB - Transient Hot Bridge" of LINSEIS, figure 5.8.
Equipment that allows to measure the conductivity of solids (dense or porous), liquids

and powders.
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Figure 5.8: Thermal conductivity equipment

Unlike a stationary measuring equipment, THB does not need to reach temperature
stability (cold-hot side) to measure the thermal conductivity, it is determined by
measuring the slope of the temperature versus time curve at the first instants of the
measurement. For the case of the 3D printing wick, the conductivity value turns out to

be: K=1.48 W/m K.

Once the thermal and fluidic characterizations have been completed, next step is the
assembly inside the evaporator. One end of the wick is closed to ensure that the liquid
flows radially from of the core towards the periphery. The other wick end is left open at
the core to allow liquid to enter from the liquid line. It is the wick closed end that is

placed on the evaporator's side close to the inlet vapour line.

5.3. Secondary Wick

Secondary wick has two clear functions in the LHP. On the one hand, to supply
liquid to the primary wick (evaporator) when liquid coming from the liquid line is not
sufficient (transient phenomena) and on the other hand, to absorb any bubbles that are

generated into the evaporator core [7, 8].

This secondary wick is created from a 300um pitch stainless steel wire mesh, Figure

5.9.
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Figure 5.9: Stainless steel mesh image

This mesh is rolled with three turns in order to create a hollow cylinder with a 7mm
outer diameter and 0.5mm wall thickness (generated by the three mesh turns). This wick
is placed in the core of the primary wick and serves as a hydraulic connection between
the compensation chamber and the primary wick. This link must ensure the liquid
supply from the compensation chamber to the primary wick to avoid hot spots (areas
without liquid) that appear when a decompensation between the vapor generated and the

liquid returning occurs. In case it happens, the LHP heat transfer capacity is reduced.

5.3.1-Transport capacity “TC”

The liquid transport capacity of the secondary wick is called the transport capacity
"TC" and is defined as the thermal load per meter that the secondary wick can transfer
while keeping the evaporator temperature "To" [9] constant, i.e. the length that the liquid
is able to travel through the secondary wick without there being any variation in the
evaporator temperature. This length depends on the wick characteristics as well as the
thermal load applied to the evaporator. As known, when applying a thermal load to the
evaporator a liquid-vapor interface along it is generated. As the heat load increases, the
interface is no longer levelled along the primary wick, figure 5.10 a). This
decompensation causes a temperature increase "AT = T1-To" at a given point "S" at the

interface, figure 5.10 b).
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L

Ta —

Y

Figure 5.10: Temperature drop in the primary wick because of thermal imbalance.

If the heat load is increasing, then this temperature difference increases to the point
of drying off part of the primary wick causing an evaporator overheating (large
temperature rise). To avoid this, given a determined heat load for the LHP, a maximum
value for this increase "AT" (in this case 0.7 ° C) is established when designing a LHP.

All this requires a maximum value of "TC" for the secondary wick.

The "TC" or effective length required to transfer the design thermal load "Q" is

obtained by a simple test as shown in Figure 5.11.

S Primary wick

Secondary wick

AT

A
R

e
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Figure 5.11: “TC” test for the secondary wick.

The secondary wick is placed with one end inmersed into a vessel with the liquid to
be transported and the other end inserted into a heater where the heat load is applied.
Evaporator temperatures are monitored to observe any excessive temperature increase.
Heat load is stepwise increased until a temperature rise above the set value is observed.
If it happens, then the point of the evaporator "S" where it ocurrs is recorded and the
correponding distance "Les" is measured. If this length is greater than or equal to the
physical length required to connect the compensation chamber to the evaporator then
the secondary wick is correct, otherwise both secondary wick and heat load must be
modified. For the case of a 80w heat load, "Les=150mm” while the physical length is
“L=70mm”.

L, >L ,then the secondary wick configuration is valid.

eff

The parameter "TC" is obtained from equation (3)

TC=QL, =12[wm] 3)
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5.4. LHP-Results

Once all the constituent elements and the operating conditions have been defined, the
assembly of all of them, the refrigerant charge and the experimental tests of operation,

are performed, figure 5.12.

g T7 (amb)
Condenser
Ta T3
Liquid Manometer Vapor
line line
Ts . ) Ts LED T, T2
- Compensation Evaporator
L chamber P
J

Figure 5.12: LHP test bench.

Chapter 5 110



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

The heat source is a BRIDGELUX LED (up to 80w), which is placed directly on one

side of the evaporator.

The test bench is equipped with 8 temperature probes "K" type (accuracy + 0.5 © C at
100 ° C), positioned as shown in figure 5.12. T just after the evaporator, then T2, T3
and T4 in points of the condensation zone (start and end theoretically). Ts just before Ts
which is next to the compensation chamber entrance. Te¢ is placed between the
evaporator and the compensation chamber. The test bench has a manometer and a power
supply to power the LED. All this fully controlled and registered. Table 5.3 shows some

of the equipment characteristics while table 5.4 does for the LHP's components.

Table 5.3: Characteristics of the equipment

Item Value
THERMOCOUPLES
Type K
Number 8
DATALOGGER
Model ALMEMO 5590-2 v5

Operating temperature (°C) -10 to +120
Humidity of ambient air (%) | 10 to 90

MANOMETER
Type Bourdon
Accuracy +3-2-3% or +1.6% full scale
Pressure range (bar) 0-10

Table 5.4: Characteristics of the LHP’s components

Item Value
Evaporator
Volume (mm?) 2827
Active length(mm) 23.2
Material Copper
Compensation Chamber
Volume (mm?) 961
Active length (mm) 17
Material Copper
Liquid/Vapor line
Outer diameter (mm) 6
Inner diameter (mm) 4
Length (mm) 100
Material Copper
Primary Wick
Pore radius (um) 80
Permeability (m?) 1.2510"12
Porosity (%) 17
Thermal conductivity (W/mK) 1.48
Number of grooves 7
Outer diameter (mm) 16
Inner diameter (mm) 7
Length (mm) 23
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Material Stainless steel AISI 316

Secondary Wick

Pore radius (um) 300

Outer diameter (mm) 7

Inner diameter (mm) 6

Length (mm) 70.5

Material Stainless steel mesh

5.4.1- Starting up

The tests were performed under two different ambient conditions: one at 25°C and
the other at 35°C. For each of these conditions tests are run for different heat loads.
These heat load changes allow a progressive LHP start-up [10] so that the LHP is

automatically activated without any external assistance.

At start-up, the evaporator temperature rises rapidly even exceeding the limit value
for a brief period until it drops to the steady operating value. This behaviour depends on

the initial thermal load, figure 5.13.
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Figure 5.13: Start at 35°C ambient for different thermal loads: a) 57 W; b) 120 W.

As shown in figure 5.13, the LHP device reaches the steady state with a 15°C
temperature difference between Evaporator temperature and that of the Compensation
Chamber whatever the heat load is (57w and 120w). In both cases, no overheating at all
is observed [11]. This shows that the LHP device has at least capacity to work with

thermal loads of up to 120w at ambient temperatures of 35°C.

If we look at the start, it is observed that for the case of 57w the temperatures
undergo a rise above the steady value that is not observed for the case of 120w.
Likewise, the times at which temperatures begin to experience a change are different,
unlike the case at 120w in which all experience variation in unison. They are the
temperatures closest to the evaporator and C.C that more quickly detect any variation
what indicates that the evaporator has not started yet and therefore it is not operating as
two-phase system, ie, no capillary force has been generated (pure conduction). When
temperatures start to fall (variation of the T3 and T4) the LHP begins to operate,
circulation of refrigerant. In the case of 120w, the LHP starts operating as such from the
beginning, without overheating as in the case of 57w, resulting in smoother operation.
This is because the evaporation takes place from the first moment making the
refrigerant flow and thus, avoiding overheating. On the other hand, the start times are
different, longer for the case of low load (57w) and shorter and soft for the case of

higher load (120w). From this, it is concluded that the LHP presents a more optimal
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start-up at 120w heat load, although it is able to operate in an optimal way for both heat

loads.

5.4.2- Charge of refrigerant.

As far as the refrigerant charge is concerned, there is a maximum permissible load.
This maximum value results from the fulfilment of two LHP constraints [12,13]. Each of
these restrictions sets a maximum charge when the LHP operates under certain
conditions. The minimum of these maximums will be the maximum refrigerant charge
to be introduced into the LHP. One of these restrictions states that when the LHP device
is at its maximum temperature in non-operation mode (eg in storage), then the volume
of liquid refrigerant must be less than the total volume of the device; "Vi". The other
restriction states that when the LHP is at its maximum operating temperature
(corresponding to its maximum thermal capacity and the most unfavorable condensing
conditions), the volume of liquid refrigerant must be less than the sum of the volume of

the liquid line, evaporator core and the compensation chamber; "Vi".
V. <lowerof V.V,

In addition, there is a minimum refrigerant charge, "Vmin", this is one that ensures
full flooding of the wicks by the refrigerant when the LHP is in storage or non-operation
mode. If the minimum refrigerant charge value exceeds the maximum charge value,
then a redesign of the LHP (change in some of its dimensions, usually increasing the

volume of the compensation chamber) is required.

If, Voo <Viin = LHP redesign.

In the present case, Vmax = 28gr and Vmin = 16gr. Therefore, the amount of refrigerant

with which is possible to fill up the LHP is a value between 16 and 28gr.

Once the refrigerant charge restrictions are fulfilled, an analysis of the refrigerant
charge effect on the LHP temperatures is carried out. Figure 5.14 shows this effect for

two different heat loads: 20gr and 22gr.
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Figure 5.14: Operating temperature as a function of thermal load and the refrigerant charge.

As can be seen, as the heat load increases, the increase in the operating temperature
is lower for higher refrigerant charges, ie for high heat loads, higher refrigerant charges
are preferable. However, for low heat loads, small refrigerant charges are
recommended. This goes to say that: depending on the heat load to be evacuated and the
maximum temperature allowed for the heat source, there is a refrigerant charge that
makes it operate optimally (any other casuistry, for that given refrigerant charge, will
cause it to operate less optimally). For this case, if the heat load is 55w and the
maximum permissible operating temperature is less than 80°C, then the optimum
refrigerant load is 22gr since a lower load means a higher temperature (92°C). Table 5.5
shows the numerical values of this analysis.

Table 5.5: Effect of the thermal load on the temperature of the LHP operation. Methanol as
refrigerant

Heat Load (W) Operating temperature (°C)
Fluid charge 20 (gr) | Fluid charge 22(gr)
28 65
40 77 75
50 84
55 92 78
70 89
85 97.5

Since our heat load is higher, the mass of refrigerant introduced has been 22gr.

Chapter 5 115



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

5.4.3- Condensation/ambient temperature.

Figure 5.15 shows the behaviour of the LHP when operates at different heat loads
and for two condensing/ambient temperatures of 25°C, 5.15 a) and 35°C 5.15b).

The process carried out in this test is to start with low heat loads and stepwise
increase the heat load once the steady state corresponding to the each one is reached.
During this process the time evolution of the LHP's temperatures is recorded. As plotted
in figure 5.15, although the start-up in one of the two condensing temperature
conditions presents a different behavior, as discussed earlier in this chapter, the
evolution is similar, an increase in heat load implies an increase in temperature. In the
case of 80w heat load, it is observed that the operating temperature is lower for a higher

condensing/ambient temperature (explained above in the chapter).
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Figure 5.15: Temporal evolution of LHP temperatures; a) 25 ° C; b) 35 ° C.

In any case, the LHP operating temperature is lower at 35°C condensing temperature

than it does at 25°C, figure 5.16.

110

+Tamb 25°C
BT amb 35°C

105 1-
100 -

95

90 &
85

80 .
75

70
65 =

60

Operating temperature (°C)

55

50

55

60

65 70 75 80 8 90 95
Heat load (W)

100

Figure 5.16: Evolution of the LHP operating temperature with the thermal load and the condensing

temperature.

From figure 5.16, it is verified that operating temperature increase ratio is 0.66°C per

thermal watt, 0.66°C/w, for the case of 25°C condensing temperature whereas it is

0.46°C/w for the case of 35°C condensing temperature. This shows that for high

condensing temperatures this ratio is lower than for low condensing temperatures. These

low temperatures of condensation cause a greater subcooling of the return liquid to the
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compensation chamber. This, in turn, causes a greater thermal leakage of the evaporator
towards the compensation chamber resulting in a lower evaporation flow and therefore

an increase in the temperature in the evaporator [14].

However, the parameter that best defines the LHP goodness is its thermal resistance
"R". This represents the required temperature difference between the subcooling and the
operating temperature to extract 1 watt of heat.

_T,-T,

0

R

The lower this thermal resistance, the better the LHP performance. These values are

plotted in figure 5.17.
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Figura 5.17: LHP thermal resistance as a function of heat load and condensing temperature

It is checked that the thermal resistance decreases as the thermal load increases
regardless of the condensing temperature. Likewise, figure 5.17 plots that this thermal
resistance is lower at higher condensing temperatures, nevertheless at high heat loads

this thermal resistance is almost the same for both condensing temperatures.

Chapter 5 118



Thesis: Development of a Loop Heat Pipe “LHP” ) UNIVERSIDAD PAIS’VASCO
thermal superconductor device with Dpto. INGENIERIA MINERA Y METALURGICA
multicondensers Y CIENCIA DE LOS MATERIALES

5.5. Conclusions

e An LHP has been developed and tested, the primary wick of which has been
developed using 3D laser printing technology, "SLM".

e Each of the LHP constituent elements (primary, secondary wick and refrigerant
type) have been carefully analysed and tested in order to assess their

appropriateness for the intended application (LED luminaire, 80w).

e The primary wick shows a good compatibility (wettability) with methanol as
refrigerant, which is the one selected for the LHP. Likewise, the internal
structural configuration shows suitable values: thermal conductivity,

permeability, capillary pumping (compared to other manufacturing techniques).

e Regarding the secondary wick (wire mesh wound 3 turns), its refrigerant
transport capacity and consequently its maximum length are determined. In this
case, this length is well above the physical connection length between

evaporator and compensation chamber.

e The results show an inverse relation between operating temperature and
condensing temperature, the lower the condensing temperature, the higher the
operating temperature. This is a consequence of the thermal contact between the
evaporator and the C.C (thermal leakage to the compensation chamber); a less
heat conductive contact would reduce this effect. Future work: new designs, new

materials, ...

e The LHP thermal resistance decreases as the heat load increases, iec the LHP
exhibits a better performance at high thermal loads (obviously if the increase in
the evaporator temperature does not exceed the source's limit value). The value

of this is 0.15°C / w.

e As far as the refrigerant charge is concerned, the allowed range of refrigerant
charge is set for the LHP. The maximum and minimum load limits are

determined according to safety and operating criteria.

e Within the allowable refrigerant charge range, it turns out that when the heat

load is high the LHP behaves better with a higher refrigerant charge (lower
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operating temperature). Also, when the thermal load is lower, then it is advisable
to lower the refrigerant load. The refrigerant charge selected for the application

is 22gr of methanol.

e Regarding the condensing temperatures, it turns out that the LHP tested here
performs correctly for any of the two condensing temperatures. In both cases

LED temperature (100°C) is below its limit temperature (125°C).

e It has been manufactured an LHP able to cool down a 80w LED (temperature
below its limit value) working under any ambient temperature (within a range of
temperatures) has been obtained. It presents a 10% improvement with respect to
a similar LHP but with a powder sintering wick. SLM technology is interesting

in terms of improving the LHP's operation (more efficient).
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6.1-Conclusions

Nowadays, electronics evolves towards smaller devices and components with
greater operation capacity and so with greater heat generation (heat density). This
heat increase together with components miniaturization make cooling needs
increase and therefore their power consumption. At present, temperature is the
limiting factor in the miniaturization of electronic components. That is why thermal
management research is going to more efficient and smaller cooling systems able to
fulfil current needs of the electronics. As an illustrative example of the weight of
cooling system's power consumption over total operating power consumption, the
EMERSON's study is shown, figure C.1. 38% of power consumption is used by the

cooling system.

Building Switchgear | Computing Equipment 52% €I
MV Transformer 3% (Demand) C 2 588 kW
Lighting 1% EREpRIRaY
Processor = -
= Lighting 10 kw
UPS and distribution
losses 72 kw
Support
Systems 48% Cooling power draw for
(Supply) computing and UPS losses 429 kw
Building switchgear/ MV
transformer/other losses 28 kw
u— Storage4% | TOTAL 1,127 kw
RS 5%#’ ——__Communication
Equipment 4%

Chapter 6

Figure C.1:. Thermal analysis of a 450m2 data centre (Courtesy of EMERSON)

The same study shows that a reduction of the components electrical consumption
by 1W leads to 2.84W reduction in the overall consumption of the high computing
centre. However, reducing 1W the component power consumption requires, among
other things, the heat extraction to be as efficient as possible in order to keep the
component's operating temperature as low as possible. For example, in a
thermoelectric module a temperature drop reduction means a conversion power

increase; regarding LED lighting it means light quality improvement.

One of the cooling technologies aligned with the above needs (more efficient and
reduced size) are the Loop Heat Pipes "LHP", an evolution of the traditional "HPs",

Heat Pipes. These have got a high cooling capacity while presenting a very small
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size. Thus, preventing the constriction thermal resistance that appears in
conventional cooling systems due to the heat re-routing from the source to the

heatsink.

e [HPs are passive elements, whose functionality falls on: a porous element "wick"
which pumps the refrigerant at the speed that the application requires (heat
evacuation) and a refrigerant (maintains the operating temperature taking advantage

of its change of phase), among others, to avoid heat source overheating.

e Wick performance is characterized by: load curve and permeability, basically.
Depending on the technology used these porous media structure varies and
consequently its functionality. After comparing the results obtained for different
manufacturing technologies, it turns out that the manufacturing process by 3D laser
printing, "SLM", provides the best wick performance, consequently is the method
used to manufacture the LHP primary wick. Pumping capacity is 15%, 20% and
200% higher than that for copper sintering, meshes and foams respectively. As
regards permeability and for a constant porosity of 60%, the wick made by SLM
presents a permeability 8% higher than that of the foam and well above that of the

sinter.

e A LHP's stationary numerical model has been developed together with a
mathematical definition of the heat transfer coefficient towards the compensation
chamber. Coefficient that allows to determine, depending on the geometric design
and materials, the thermal leakage from the evaporator to the compensation
chamber unlike most of the static models that consider this parameter a value
manually introduced by the user what requires the a deep thermal knowledge by
him. The model developed here does not require any knowledge on these subjects
by the user, since this is implicitly calculated by the model in function of purely

geometric and operational parameters, giving it a greater simplicity of handling.

e Model validation shows a very good correspondence with the experimental values
(less than 4% of drift) and therefore its validity to be used in the LHP's stationary

state design.
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e Thanks to the model, it can be checked the effect of certain parameters on the

LHP's operating temperature, in this sense:

v" Both the condensing temperature and the vapour line length directly
affect the operating temperature, ie as they increase, so does the

operating temperature.

v’ There is a pipe radius below which the operating temperature is
inversely proportional to the pipe radius, ie if the radius increases the
operating temperature decreases exponentially. However, from this

radius, the temperature variation is almost zero.

v" Regarding the condensing temperature, the model detects an atypical
behavior for condensing temperature values below a specific one.
Value that depends on the geometric characteristics, materials and
operating conditions (heat load). It turns out that, for values of
condensing temperature below the singular one, a decrease in the
condensing temperature supposes an increase in the operating
temperature. This, in turn, is reflected in an increase in the percentage
of the heat load leaking from the evaporator to the compensation

chamber and thus a decrease in the cooling capacity.

e An LHP has been developed and tested, the primary wick of which has been
developed using 3D laser printing technology, "SLM" (better performance than
any other direct technology). Device, intended for the cooling of a LED

luminaire (80w and maximum temperature 125°C).

e Regarding the secondary wick (wire mesh wound 3 turns), its refrigerant
transport capacity and its maximum length are determined. In this case, this
length is well above the connection length between compensation chamber and

evaporator.

e The results show an inverse behaviour of the operating temperature with respect
to the condensing temperature, the lower the condensing temperature the greater

the operating temperature. This is a consequence of the LHP design (thermal
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leakage to the compensation chamber); a less thermal conductive contact would

reduce this effect. Future work: new designs, new materials, ...

e The LHP thermal resistance decreases as the heat load increases, iec the LHP
exhibits a better performance at high heat loads (obviously if the increase in the
evaporator temperature does not exceed the limit value of the source). This value

is 0.15°C/w

e As far as the refrigerant charge is concerned, the allowed range of refrigerant
charge is set for the LHP. The maximum and minimum load limits are

determined according to safety and operating criteria.

e Within the allowable refrigerant charge range, it turns out that when the heat
load is high the LHP works better (lower operating temperature) with a higher
refrigerant charge. When heat load is low, then less coolant charge is advisable.

The refrigerant charge selected for the application is 22gr of methanol.

e It has been manufactured an LHP able to cool down a 80w LED (temperature
below its limit value) working under any ambient temperature (within a range of
temperatures) has been obtained. It presents a 10% improvement with respect to
a similar LHP but with a powder sintering wick. SLM technology is interesting

in terms of improving the LHP's operation (more efficient).

6.2-Future works

e Improve the current steady state model to be able to simulate LHP with multiple-
condensers. Increasingly, LHP applications require more than just one
condensing zone to fulfil the varying operating conditions the application is

subjected to.
e Develop a transient state LHP model from the current steady state model.

e Development and characterization of primary wick with multiple porosity to

increase their capillary pumping capacities.
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Annex 1-Nomenclature

Te Peltier pellet hot side temperature K]
Tr Peltier pellet cold side temperature [K]
I Electric current [Amper]
Qr “pn” junction heat [W]
Q Peltier pellet heat/cold [W]
COP Coefficient of Performance
1 “p” or “n” semiconductor length [m]
le “pn” contact thick [m]
Z Figure of merit [K1]
Popt  Power conversion of Peltier pellet [W]
R Electric resistance of Peltier pellet (€]
r Thermal conductivity ratio of a Peltier pellet [W/m K]
n Electric resistivity ratio of a Peltier pellet [Qem]
AT  Temperature difference [K]
. Heat power (W]
A Heat exchanger base surface [m?]
A’ Heat source contact area [m?]
T Temperature [K]
R Thermal resistance [°C/W]
h Convective heat transfer coefficient [W/m?K]
K Thermal conductivity [W/mK]
V  Fluid velocity [m/s]
P Fluid density [Kg/m’]
Cp Specific heat [KJ/KgK]
Ck Macroscopic inertial coefficient [m']
u Darcy velocity [m/s]
U, Velocity at porous scale [m/s]
P Pressure [Pa]
r Pore radius [m]
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APc Capillary pressure
g Gravity
t Time
me Absorbed liquid mass
Vv Volume
Ass Porous media wetted surface
Rk Kozeny constant
n Number of tubes
d Pore diameter
K Permeability
D Pipe diameter
LHP Loop Heat Pipe
G Thermal conductance
f Friction coefficient
Rug Rugosity
[0) Wettability
TC Transport capacity
Greek Symbols
aab  Seebeck coefficient
My Peltier coefficient
A Semiconductor ‘s thermal conductivity
AC Thermal conductivity of “pn” contact
p Semiconductor’s electric resistivity
pC Electric resistivity of “pn” contact
€ Porosity
o] Liquid surface tension

Contact angle

T Tortuosity
) Fluid viscosity
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[Pa]
[m/s’]
[s]
[Kg]

[m’]

[W/mK]
dimensionless

dimensionless

[W.m]

[V/IK]
[W/Amp]
[W/mK]
[W/mK]
[Ohms.m]
[Ohms.m]
dimensionless
[N/m]

[°]
dimensionless

[Pa.s]
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Subscript
P Peltier “pn” junction
F Cold
amb Ambient
int Hot surrounding
frig Refrigeration
base Base
superf Surface
conv Convection
P Porous scale
1 Liquid
\% Vapor
eff Effective
] Solid
e Evaporator
mez Fluid mixture (vapour + liquid)
X Vapour quality
fric Friction
C Condenser
satPv Saturation condition at Pv
e cc Evaporator-C.Chamber
w Wick
cc Compensation chamber
can Grooves
A Evaporation at meniscus interface
sub Sub-cooling
fa 27 wick heat leakage
v-1 Vapour-liquid interface
in Inlet
out Outlet
perd Leak
Lf Liquid line outlet
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Annex 2-Figures

Chapter 1

Figure 1.1: Moore law (page: 2)
Figure 1.2: More than Moore law (page: 3)
Figure 1.3: Seebeck effect (page: 4)
Figure 1.4: Peltier effect (page: 5)
Figure 1.5: Arrangement of semiconductors junctions type “p-n”. (page: 6)

Figure 1.6: Effect of AT on both COP and cooling capacity of a thermoelectric pellet
(page: 8)

Figure 1.7: Open circuit voltage and maximum power for a typical TEG. (page: 8)

Figure 1.8 Peltier pellet COP as a function of temperature difference between hot and

cold heat dissipaters (page: 9)

Figure 1.9: LED sketch (page: 10)
Figure 1.10 Example of LED integration (page: 11)
Figure 1.11 LED’s luminosity-optics decrease with temperature. (page: 11)
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Figure 1.12 Estimated life for a Philips Luxeon K2 LED as a function of the

temperature and for different power currents. Courtesy of Philips. (page: 12)
Figure 1.13: Sketch of a LED assembly (page: 13)
Figure 1.14: Thermal analysis of a 450m? data center. (page: 14)

Figure 1.15: Cascade effect of the component’s consumption reduction on the global
consumption. (page: 14)
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Annex 4-Refrigerants properties

A4.1 Thermodynamic properties of Water

P-V diagram

1 B 12 Pressure va. Vohume phot: water = oW |

T T T T 1171 T T T T T 1T TT1] T T | [ B N I B |

s (MFa)

o

Saturation properties as a function of temperature

2: water: V/L sat. T=270, to 380, K 'E”E”EI
Liguid “apaor Liquid | “apor | Liquid | “apor | Liguid | “apor
Temperature| Pressure | Density | Density |Enthalpy|Enthalpy| Cp Cp  |Viscosity|Viscosity| Surf. Tension

(K dPa) | (kg | tkgdm®) | (ki) | Gkdika) | kdkg) | (kdkg k)| (WPacs) | (WPass) | (milN/m)
1 275,00 0.00069845 | 999,89 | 0.0055066 [ 77587 | 28043 | 42139 | 1.8862 | 16820 | 9.2596 75,388
2 280,00 0.00099152 | 99986 | 0.0076812 [ 28.796 | 25134 | 42014 | 18913 | 14337 | 93815 F4677
& 286,00 00013890 | 999.47 | 0,010571 | 49,780 | 26226 | 41927 | 1.8967 | 12383 | 4.5080 73851
4 290,00 0.0019200 | 99876 | 0.014363 | 70,729 | 26317 | 41869 | 1.9023 | 1084.0 | 9.6414 73210
5 295,00 00026212 | 997.76 | 0,019281 | 91654 | 26408 | 41832 | 1.9081 | 95787 | 89.7784 72485
5 300.00 00035368 | 996,51 | 0,025590 | 11256 | 25499 | 41809 | 1.9141 | 85384 | 9.9195 71,686
7 306,00 0,0047193 | 99503 | 0033598 | 13347 | 25589 | 41798 | 1.9204 | 76645 | 10.064 70,803
8 310,00 00062311 | 993,34 | 0043663 | 15437 | 26679 | 471795 | 19270 | B9354 | 10213 70,108
g 315.00 00081451 | 99146 | 0056195 | 17527 | 267A.8 | 41798 | 1.9341 | 63081 | 10.364 9,295
10 320.00 0010546 | 98539 | 0.071662 [ 19617 | 2BBR7 | 47807 | 1.9417 | 67702 | 10518 8,470
i 325,00 0.013531 96715 | 0.090580 | 217.08 | 25846 | 471821 | 19499 | 530.29 | 10675 7632
12 330.00 0017213 | 98475 | 011357 [ 238.00 | 26033 | 47838 | 1.9587 | 48949 | 10833 6781
13 335.00 0021718 | 98220 | 034127 [ 26883 | 26121 | 47860 | 1.9684 | 45364 | 10994 65,4917
14 340.00 0027188 | 97850 | 017440 [ 27987 | 26207 | 471885 | 1.9790 | 421897 | 11157 65,040
15 345.00 0033783 | 976,67 | 021378 [ 300.82 | 26283 | 41913 | 1.9906 | 39385 | 11.321 64,150
16 350,00 0041662 | 97370 | 0.26029 [ 321,79 | 26377 | 471946 | 20033 | 36877 | 11.487 B3.248
17 356,00 0.051080 | 970.61 031487 | 34278 | 26461 | 41983 | 20173 | 34630 | 11654 f2.333
18 360.00 0062194 | 967.39 | 037858 [ 363.79 | 26544 | 42024 | 20326 | 32610 | 11.823 1,406
19 366,00 0075260 | 964.05 | 045253 | 384.82 | 26625 | 42070 | 20493 | 30787 | 11.992 G467
20 370.00 0090535 | 96059 | 063792 [ 40588 | 26706 | 42122 | 20676 | 29136 | 12162 53517
21 375,00 0,10830 957,01 063605 | 426,97 | 26785 | 42178 | 20877 | 27636 | 12332 8,65k
22 380.00 0.12885 95333 | 074830 | 448.09 | 26862 | 422491 | 21096 | 26269 | 12504 57581
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Thermal conductivity vs temperature

I 15 Thermal Card, vs. Temperature plet: water = =)

Trermal Cora (mim-H)
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A4.2 Thermodynamic properties of Methanol

P-V diagram
I B 1% Pressure vs. Valume plot: methanol = e ] ]

Fressue (MPa)

Violume [mkg}

Saturation properties as a function of temperature

17: methanol: V/L sat. T=250, to 420, K =N R
Liquid | “apor | Liguid | “apor | Liguid | Mapor | Liguid | Wapor
Temperature| Pressure | Density | Density | Enthalpy | Enthalpy Cp Cp Yiscosity| Viscosity| Surf. Tension
) MPa) | (ko) |tk | (ktka) | (kka) | (koikor) | (kfkork) | (WPass) | (WPaes) | (miNim)

250,00 000081030 | 831,52 |0.012677) -221.69 | 10131 | 23121 | 23704 | 12365 | 81123 2h,352
255,00 00071791 | 82676 | 0.017964| -210.09 | 10166 | 23287 | 25009 | 11204 | 82691 254908
260,00 00016889 | 82203 |0.025270( -198.40 | 10240 | 23467 | 26339 | 101688 | 64260 25471
2K5.00 00023834 | 81731 | 0.035039| -186.62 | 10293 | 23661 | 27660 | 929.37 | 65830 25,038
270.00 00033166 | 81260 | 0.047933| 17474 | 10346 | 23871 | 29024 | 85048 | 87401 24611
27500 00045545 | 80791 | 0.064742| 16275 | 10398 | 24096 | 30359 | 76054 | 88371 24168
268000 00061769 | 803.23 | 0.086401 | 150,64 | 10450 | 24336 | 31677 | 71846 | 90538 23,768
285.00 00082787 | 749855 | 0174071 | -138.40 | 10501 | 24593 | 32970 | BE307 | 921068 23,350
g 240,00 0010872 | 749387 | 0148684 | -126.04 | 10662 | 24867 | 34230 | K13563 | 93664 22,935
10 245,00 00143490 | 78918 | 018235 | 113563 | 10603 | 26166 | 35454 | BE9.09 | 95227 22521
il 300,00 0018682 | 78451 | 024623 | -100.87 | 10653 | 256461 | 36R38 | 62912 | 96780 22107
12 305,00 0024026 | 77981 | 0.31237 | -88.057 | 10702 | 25783 | 37780 | 49305 | 9.8327 21,643
138 310.00 0030621 77508 [ 039291 | 75077 | 10752 | 26120 | 38880 | 4R0.43 | 99865 21.278
14 315.00 0038692 | 770.34 | 0.43025 | -61.923 | 1080.0 | 26472 | 39840 | 43083 | 10140 20,862
15 320.00 0045434 | 76556 | 060706 | -48.588 | 10848 | 26840 | 40862 | 40381 | 10,291 20,443
16 325,00 0060310 | 760.74 | 0.74629 | -35.063 | 10895 | 27223 | 41960 | 37935 | 10442 20,022
17 330,00 0074453 | 75588 | 091122 | 21,342 | 10942 | 27621 | 42911 | 35689 | 10592 19,598
18 335,00 0091270 | 75097 | 11064 | 24162 | 10987 | 28034 | 43850 | 33630 | 10,740 19,169

oo |~ || e[| raf—=

9 340,00 011114 746,00 | 13329 | 67217 | 11032 | 28462 | 44777 | 317.37 | 10.887 18,736
20 345,00 013447 740,96 | 15879 | 21.079 | 11075 | 28304 | 45701 | 28991 | 11.032 18,299
21 350,00 018172 73584 | 19053 | 356R4 | 11116 | 29362 | 46631 | 28378 | 11175 17,855
22 355,00 019337 730,65 [ 22601 | 50484 | 111656 | 29835 | 47580 | 2B884 | 11317 17,4086
28 360,00 022992 72536 | 26681 | B5E47 | 11194 | 30324 | 48559 | 25495 | 11457 16,951
24 365,00 027195 718,97 | 31384 | 80861 | 112371 | 30829 | 49582 | 24203 | 11595 16,488
25 370,00 0.32004 714,47 | 36688 | 96434 | 11264 | 31351 | OGR4 | 22996 | 1171 16,019
26 375,00 037483 708,86 | 42757 | 11227 | 11296 | 31891 | 51821 | 21866 | 11,866 15,542
27 380,00 0.43687 F03.01 | 49644 | 12839 | 11324 | 32450 | 53070 | 20806 | 11898 15,056
28 385,00 050717 B97.22 | 57440 | 14480 | 11349 | 33030 | 54429 | 18870 | 12129 14563
28 350,00 058617 69118 | BE244 | 16749 | 113771 | 33632 | BEIG | 18871 | 122688 14,061
30 355,00 067476 B84.98 [ ZB170 | 17850 | 11390 | 34258 | 57556 | 17984 | 12386 13,560
B} 400,00 0.77374 G78,59 [ 87343 | 19583 | 11404 | 3412 | 59366 | 17143 | 12512 13.031
32 405,00 0.88359 B72.001 | 99805 | 21348 | 11413 | 35595 | B1366 | 16346 | 12638 12502
38 410,00 1.0064 BBE.22 [ 11401 | 23148 | 11418 | 36312 | 63572 | 16588 | 12763 11,964
34 415,00 11414 B58.20 [ 12885 | 24484 | 11418 | 37067 | 65991 | 14865 | 12888 11,407
35 420,00 1.2914 B50.93 | 14762 | 26858 | 11413 | 37865 | BA616 | 141,76 | 13.014 10,861
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Thermal conductivity vs temperature

A=l

0|

[ 21: Themat Cand, vs. Temperature plet: methanal

Themal Cond, (=Wm-H)
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A4.3 Thermodynamic properties of Acetone

P-V diagram

B 25 Pressure vs. Viokume plat: acetonn ki) -E

100,

T
AR
il LN
I|'| AVILARRANS
PN

J\||'|'|||!

i

Pressure (W 7a)

Voilime (mikg]

Saturation properties as a function of temperature

24: acetone: V/L sat. T=250, to 400, K ’EI@
Liguidd | “apor | Liguid | “apor | Liguid | “apor Liguid Yapaor
Temperature | Pressure | Density | Density | Enthalpy| Enthalpy|  Cp Cp Yiscosity Yiscosity | Surf. Tension

8] tPa) | kafm®) | (ko) | (kdfko) | (kdfko) | tkdfkoK) | kdikgK)| - (HPaes) (HPaes) {mtfm)
1 250,00 00023819 | 636.94 |0.066908| -166.69 | 41224 | 2.0494 | 11833 | Mo eqguation | Mo equation 29.816
2 285,00 00032765 | 83161 |0.090341| 168,43 | N7.78 | 2.0568 | 1.20012 | Mo eguation | Mo equation 29.090
3 260,00 00044425 | 626.26 | 0,02031 | -148.02 | 423.34 | 2.0645 | 1.2200 | Mo eguation | Mo equation 28,368
4 2RE.00 00059437 | 620,90 | 015816 | -137.78 | 428.92 | 2.0733 | 1.2397 | Mo equation | Mo equation 27.650
5 270,00 00078514 | 81551 | 0206471 | -127.39 | 43452 | 2.0824 | 1.2603 | Mo eguation | Mo equation 26.935
G 275,00 0010249 | 81010 | 0.26379 | -116.95 | 44013 | 2.0820 | 1.2818 | Mo eguation | Mo equation 26.224
7 280,00 0.013230 | 80466 | 033578 | -106.46 | 44576 | 21021 | 1.3042 | Mo eguation | Mo equation 25,518
i 285,00 0016899 | 79919 | 042167 | -95.921 | 451,39 | 21127 | 1.3274 | Mo eguation | Mo equation 24.815

3 280,00 0021373 | 79368 | 052556 | 85,327 | 457.04 | 21238 | 1.3515 | Mo equation | Mo equation 24116
10 285,00 0026779 | 78814 | 0.64931 | -74.674 | 46269 | 21355 | 1.3763 | Mo equation | Mo equation 23422
1 300.00 0.033259 | 78256 | 0.79564 | -63.962 | 46835 | 21477 | 1.4020 | Mo egustion | Mo egustion 2271
12 305,00 0.040964 | 776.93 | 096744 | 53,186 | 474.02 | 21604 | 1.4285 | Mo eguation | Mo equation 22,045
13 31000 0.050059 | 771.26 | 11678 | 42,345 | 479.68 | 21736 | 1.4557 | Mo equation | Mo equation 21,364
14 315,00 0060720 | 76554 | 1.4001 | -31.435 | 48534 | 21874 | 1.4837 | Mo equation | Mo equation 20,687
15 32000 0073136 | 759.76 | 16678 | -20.455 | 491.00 | 22016 | 1.5124 | Mo eguation | Mo equation 20.014
16 326,00 00587505 | 75393 | 1.9748 | -9.4002 | 49666 | 22164 | 1.5419 | Mo equation | Mo equation 18,346
17 33000 010404 | 748,03 | 23251 | 1.7307 | 50230 | 22316 | 1.5720 | Mo eguation | Mo equation 18,603
18 335,00 012296 | 742,07 | 27230 | 12,941 | 60793 | 22476 | 1.6029 | Mo eguation | Mo equation 18.024
14 340,00 014450 | 736,03 | 31730 | 24233 | 513586 | 22641 | 1.6346 | Mo eguation | Mo equation 17.371
20 345,00 0,165891 729892 | 36800 | 35610 | 51916 | 22811 | 16671 | Moequation | Mo equation 16,722
21 350,00 018643 | 72373 | 42492 | 47.075 | 52472 | 22988 | 1.7003 | Mo eguation | Mo equation 16.074
22 355,00 028733 | 717.45 | 48862 | 58,630 | 53027 | 23171 | 1.7345 | Mo equation | Mo equation 15,441
23 360,00 026188 | 711.08 | 55969 | 70.280 | 53579 | 23360 | 1.7696 | Mo eguation | Mo equation 14.808
24 365,00 030037 | 70461 | B.3877 | §2.027 | 641,27 | 23557 | 1.8057 | Mo eguation | Mo equation 14.181
25 370,00 0.34308 | 698.04 | 72655 | 93,875 | 64671 | 23762 | 1.8429 | Mo eguation | Mo eqguation 13,560
26 375,00 039033 | 691,35 | 82378 | 105,83 | 55209 | 23975 | 1.8813 | Mo eguation | Mo equation 12,4944
27 380,00 044240 | 68455 | 93127 | 11789 | 65743 | 24196 | 1.9212 | Mo eguation | Mo equation 12334
28 386.00 049964 | B77.61 | 10,499 | 130,06 | GE2EY | 24428 | 1.9625 | Mo equation | Mo equation 11.731
29 380,00 056235 | 670,53 [ 11.807 | 142,35 | 56789 | 24670 | 20058 | Mo eguation | Mo equation 11.134
30 385,00 063089 | 66331 | 13246 | 15476 | 67301 | 24924 | 20510 | Mo eguation | Mo equation 10,543
k) 400,00 0,70559 | GBE.92 | 14830 | 167.30 | 67803 | 25191 | 20986 | Noeguation | Mo equation 9.9592
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A4.3 Thermodynamic properties of Butane

P-V diagram

V4 Pressure v, Volume plot: bugans [l

Prossure (MPa)
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Saturation properties as a function of temperature

B 2 butane: V/L sat. T=240, to 420, K = [
Liquid | “apor | Liguid | Vepor | Liguid | “apor | Liguid | Yapor | Liquid | ‘Vapor
Temperature | Pressure | Density | Density | Enthalpy | Enthalpy | Entrapy | Entropy Cp Cp  |¥iscosity|Yiscosity| Surt. Tension
K (Pa) | (kghr®) | (kafm | (kdika) | (kikg) | (kdkgF) | (kfeark)) (ko) | (kIkg-K) | (WPa-s) | (UPss) | (miN/m)

1 240,00 0.024086 | B35.06 | 071204 | 12664 | 3664 | 071046 | 24313 | 21765 | 1.4760 | 280.87 | 59664 18.007
2 245,00 0.030885| B30.03 | 0649706 | 13657 | 54556 | 076651 | 24249 | 21945 | 14888 | 27441 | GO&77 18,362
3 250,00 0.039153 | B2485 | 171182 | 14760 | 55257 | 080001 | 24143 | 22133 | 15226 | 26926 | 2087 17.723
4 286,00 0.049106| B19.83 | 13602 | 158872 | BBAGG | 084400 | 24160 | 22330 | 16472 | 24527 | B3295 17.087
5 260,00 0060975 | B14.65 | 1.6GE0 | 16995 | BEER3 | 088753 | 24132 | 22536 | 15726 | 23232 | B4502 16,457
[
7
i

265.00 0075015 B09.41 | 20470 | 181.29 | 57370 | 093062 | 24114 | 22750 | 15989 | 22031 | R5704 16.832
270,00 0091487 BO411 | 24628 | 19273 | BB07S | 097330 | 24106 | 22974 | 1h262 | 20913 | BAY1A 18.211
275,00 011065 | 59874 | 29416 | 20429 | 58791 | 1.0156 | 24106 | 23206 | 1.6543 | 19871 | K.&133 14,596
g 280.00 0132682 | 59329 | 34896 | 215487 | 68603 | 10676 | 24114 | 23447 | 16635 | 168897 | 69363 13,986
10 286,00 016825 | BEFF7 | 41136 | 22778 | 60217 | 1.0892 | 24129 | 23698 | 1.7137 | 17485 | 7.0683 13382
11 240,00 018734 | BE217 | 46208 | 23871 | 60831 | 11406 | 24160 | 23858 | 1.7450 | 171,25 | 7.1626 12,783
12 295,00 022034 | 57647 | BA190 | 26170 | 61644 | 11816 | 24170 | 24230 | 17775 | 16323 | 7.3085 12.140
13 300,00 026760 | 67068 | BA164 | 26400 | 62368 | 12226 | 24211 | 24812 | 1.8171 | 16663 | 74364 11.603
14 306,00 0.29946 | BE4.73 | 7HE16 | 27635 | B306H | 12631 | 24248 | 24806 | 1.5461 | 14846 | 7.5EEG 11.022
15 310,00 0346268 | BEO.77 | B6450 | 2608086 | 63778 | 13035 | 24291 | 25112 | 168626 | 14167 | 77001 10,447
16 315,00 039842 | 55263 | 98862 | 301.52 | 64487 | 1.3437 | 24337 | 25432 | 19205 | 13522 | 78371 9.8783
17 320,00 045624 | B46.36 | 11,267 | 31435 | 651891 | 1.3837 | 24386 | 25766 | 1.9603 | 12808 | 79782 9.3166
18 325.00 052012 | B39485 | 12830 | 32734 | BABA0 | 14237 | 24439 | 26116 | 20020 | 12326 | 81243 67618
14 330,00 059045 | 53338 | 14540 | 34052 | 6BRS.84 | 14635 | 24493 | 2B485 | 20459 | 11768 | 82761 8.2141
20 335,00 066761 | B26.63 | 16431 | 3B3.87 | 67272 | 16032 | 24860 | 2R874 | 20923 | 11234 | 854346 7.6738
21 340,00 075201 | 51969 | 18522 | 36742 | 67953 | 15429 | 24609 | 27267 | 21416 | 10722 | 86007 71413
22 345,00 084406 | 51255 | 20.834 | 38118 | GB624 | 15825 | 24668 | 27726 | 21941 | 10230 | 87757 6616
23 350,00 084475 | BOB1SG | 23388 | 38614 | 68284 | 16222 | 24727 | 28197 | 22606 | 97658 | 89610 61004
24 356,00 10528 | 49755 | 26216 | 40934 | 69932 | 16618 | 24787 | 28705 | 23116 | 924876 | 971582 55938
2h 360.00 11704 | 48963 | 28347 | 42377 | 70564 | 1.7M5 | 24645 | 29259 | 23706 | GA.535 | 93692 50860
2k 3kb.00 12974 | 481,38 | 32822 | 43847 | F11.78 | 17413 | 24801 | 28868 | 24634 | §4.220 | 95964 4.6081
27 370,00 14343 | 47276 | 36689 | 45344 | F1768 | 17813 | 24985 | 30548 | 25384 | 80014 | 98425 41305
28 375.00 156816 | 46372 | 41007 | 46072 | 72335 | 18216 [ 25005 | 31318 | 26372 | 75800 | 10111 3.6642
24 380,00 17389 | 45417 | 45861 | 48433 | 726868 | 18619 | 28060 | 32206 | 27644 | 71868 | 10407 3.2098
30 386,00 18088 [ 44403 | 61,321 | BOO32 | 73366 | 19027 | 2B088 | 33269 | 2899 | B7.672 | 10736 27663
) 390,00 20918 | 43317 | 57546 | 51674 | 736815 | 19440 | 25717 | 34543 | 30753 | R3814 | 11107 2.3408
32 345,00 22868 | 42141 | B4709 | 53367 | 74206 | 19860 | 25738 | 36178 | 3309 | 59458 | 11.532 1.9291
33 400,00 24984 | 40848 | 73077 | BA1.22 | 4621 | 20289 | 28138 | 38375 | 36228 | BRARd | 12027 1.6348
34 405.00 27167 | 39397 | 63062 | BRAGE | 74734 | 20731 | 28120 | 41867 | 40885 | B1G76 | 12624 1.1604
35 410,00 289578 | 37713 | 895371 | 58906 | 748.00 | 27194 | 25071 | 46773 | 48403 | 47586 | 13373 080970
3k 415,00 32142 | 35645 | 11141 | B1032 | 74630 | 27682 | 24868 | BF113 | 63233 | 42837 | 14383 048832
37 420,00 34897 | 32777 | 13500 | B3519 | 73488 | 22269 | 24761 | 88522 | 10719 | 37394 | 16962 020707

Thermal conductivity vs temperature

Bl 5 Thermal Cond. vs. Ternperature plat: butane = =R |

Tharmial Cond, (min -0}

Tempdratere (%)
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AS.1 Porous Media analysis

AS5. 1. 1-Effect of wettability on heat conduction in a porous medium

A previous step to the development of a two-phase heatsink has been the empirical
measurement of the effect of having the porous medium wet or not on its temperature.

Two experiments were carried out on porous structures. These are:
e Wet porous media
¢ Dry porous media
Porous media materials are:
e 20um diameter carbon fibre blanket arranged longitudinally and transversely.
e 20um diameter glass fibre blanket arranged longitudinally and transversely.
Water is the wetting liquid used in the experiments.

In order to carry out such experiments, it was necessary to build a test bench that would
allow monitoring of all parameters of interest: heat flow, temperatures, liquid level, etc,

Test bench consists of an electrical resistance embedded in a rectangular aluminum
plate of dimensions 165x25x200mm and capable of supplying 800w power, figure
AS.1.

Figure AS.1: Heat power source for the test bench
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Tests methology

First of all the input and otput parameters are defined, table AS.1
Table AS.1: Test parameters

Definition

Heat power

Operating P

oo Material

conditions
Water as wetting liquid
Height of liquid rise

Output Sample’s Surface temperature

unknown | Heater’s Surface temperature

Ambient temperature

These tests intend to measure:

e Sample’s thermal resistance variation due to whether it is wetted or not.

e The influence of the liquid level on the sample's thermal resistance.
Test methodology is as folow:

¢ Placing the material (carbon or glass fiber) on an aluminum foil.

e Placing temperature probes along the sample surface.

e Placing the aluminum foil over the heater.

e Placing the bottom end of the aluminum foil into the liquid.

e Switching on the infrared camera and the heater and start measuring, figure A5.2

Figure AS.2: Test bench
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Results
Wet or dry

For the carbon fibre sample, the result is plotted in figure A5.3.

Resistencia Equivaente {aluminio+M.P[F.Carhono]}
(m2 K. kw)

amagT
a0

40,00
35,00 !
30,00 |
25,000 i
20,00
15,00 .
10,00 -

0,00

Seco Humedno

Resistencia térmica
(m2K kw)

1T AT

Situacion

Figure AS.3: Sample thermal resistance and infrared image

For the following test conditions:

Heat power: 0,59 [Kw/m2]
Ambient temperature: 19 [°C]

Sample porosity: 52 [%]

Sample permeability: 5,25E-09 [m2]
Material: 3 layers carbon fibre

As expected (Fig. A5.3), the overall thermal resistance of the medium is considerably
reduced (83.8%) compared to dry, which demonstrates its benefit as heat dissipation
system.

Wet or dry

Under the same testing conditions, the effect of the height of liquid on the sample
thermal resistance is plotted in figure A5.4.

Variacion de la Resistencia en funcion del nivel

de agua
40
lE 30 L ]
4 .
ﬁ g 10 X
2 o

0 0,25 0.5 0,75 1 1.25

MNivel de agua normalizado

Figure AS.4: Height liquid effect on sample thermal resistance

As the liquid height increases, the sample thermal resistance decreases.
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AS5.1.2-Capillary action
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Table AS5.5 shows the maximum water height pumped by different porous media.

diferentes materiales y fluidos

Resumen altura capilara los 7.20 minutos para

EF.Carbone
mE. vk
OM.Cobre MNTOQ
OM.Cobre N3350

mM. A hox. N350
o F.C SN (S L
mF.C SN (2w &)

oF.C.Shn (2= Sdum
| FZDep.(S= & um
mP.C.Dep. (=01 um

Altura capilar (mm

o P.C.Dep.S=0 .1 pm

= Arena Playa (S0 0pm)
W Ar=na Flaya (=00 0pm)
mFPFiro 04

WP FiITo 05

mP.Firo 558

EFE.Fira 553
O Escamas @ rafizo “MED D"

O Sraffo cristalino “ILARD UYA
OMantade Caroone

o T

Agua Dest. Metanol Acetona

Butano

o Earra Arens
o Plezs de slicatios

o F.FAlumina CE 115

o P.F Alumins 1400 comp

mP.F Almina 1400 norm

Figure AS.5: Water height for several porous media

The tested liquids area: wter, Methanol, Acetone and Butane. The porous media are:

Material Characteristics
Carbon fibre (F.Carbono) 52% porosity, 3 layers
Glass fibre (F.Vidrio) 52% porosity, 3 layers
Copper mesh N70 (M.CobreN70) 0.232mm pitch, 41% open area
Copper mesh N350 0.022mm pitch, 25% oper area

Stainless steel mesh N350 (M.AInoxN350)

0.04mm pitch, 28% open area

Copper powder sintered 40 (P.C.Sint.40)

40 um powder diameter

Copper powder sintered 60 (P.C.Sint.60)

60 um powder diameter

Copper powder sintered 70 (P.C.Sint.75)

75 um powder diameter

Copper powder deposeted 40(P.C.Dep.40)

40 pm powder diameter

Copper powder deposeted <0.1 (P.C.Dep.<0.1)

<0.1 um powder diameter

Copper powder deposeted >0.1(P.C.Dep.>0.1)

>0.1 um powder diameter

Beach sand <200 (arena de playa<200)

<200 pm powder diameter

Beach sand >200 (arena de playa>200)

>200 um powder diameter

Filter 204 (P.Filtro204)

155



Thesis: Development of a Loop Heat Pipe “LHP”
thermal superconductor device with
multicondensers

~ UNIVERSIDAD PAIS VASCO
Dpto. INGENIERIA MINERA Y METALURGICA
Y CIENCIA DE LOS MATERIALES

Filter 205 (P.Filtro205)

Filter 556 (P.Filtro556)

Filter 559 (P.Filtro559)

Bed of graphite flakes (Escamas de Grafito
MEDIO)

Crystalline graphite (Grafito cristalino)

Carbon blanket

Sand bar (Barra arena)

Silicone (pieza de silicato)

Alumina CB115 (P.F.Alumina Cb115)

Alumina 1400 compound (P.F.Alumina
1400comp)

Alumina 1400 normal (P.F.Alumina 1400norm)

According to these results, water+<200um beach sand is the conbination that a higher
liquid rise generates. It is also obseved how important the combination material+liquid
is. There are combinations that are not compatible at all as there is not liquid rise in
them (not wetting combination). For the case of Metanol and Butane the Alumina

CBI115 presents a high liquid rise.
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AS.2 Prototypes of two phase heat transfer devices

This prototype of two-phase heat transfer device aims to drive heat from a room to the
Pelteir pellet cold side, figure AS5.6.

device \
= o
0 =
|:> I— Peltier

Figure AS.6: Prototype operation

A3.2.1-Dimensions

The following parameters are analysed prior defining the real prototype dimensions:

. Height. This data is given by the maximum height the different porous media
can provide, section A5.1.2.

. Width. Although it could be thought that the wider the device is the greater the
heat transfer (lower the thermal resistance) the reality is that this is not so due
to the ratio of Peltier surface to the absorbent surface. This ratio generates the
denominated resistance of constriction that is greater the smaller this quotient.
After a short calculus a suitable width of 160mm is considered.

. Length (internal gap of the device and wall thickness). First of all, the wall
thickness effect on the thermal resistance was analysed. Figure A5.7 shows
temperature along the Peltier surface for three wall thicknesses: 2, 4 and
10mm. Data obtained by means of CFD simulations. It is observed that the
thicker the wall the more unifor the temperature along the Peltier surface is.
From this data and the temperature difference between absrobent surface and
the Peltier surface the thermal resistance is calculated, figure AS.8.
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Figure AS.7: Temperature distribution along the Peltier surface, red line
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Figure AS.8: Thermal resistance versus wall thickness

From plot A5.8, it is concluded that the optimal value is close to 4-5mm.

Same simulations but varying (6 and 12 mm) the internal gap of the device are
run with the results plotted in figure AS5.9.

49502

28002
4:30:02 269008
40002 2539002
3530-02 2.09:08
5.0de-0E 179002
256008 145002
2.07-02 | 120¢-02
i
159002 599003
i
110e-02 i B.0Me-03
619005 i 3.05:-03
154005 Lii | 5.56e-05

Figure AS.9: Vapour velocity inside the device for 12mm and 6mm gap respectively
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Because this higher velocity for the 12mm gap, larger convective heat transfer
coefficient, it is concluded that the optimal value for the gap is around 10-
12mm

. Peltier position, eccentricity.

Until now, Peltier has been considered to be placed at the top, however is it the
best position in terms of heat trasnfer resistance?. To answer this question a
theroretical analysis ir done. Upper and centre positions are estudied with the
results shown in figure A5.10.

F04ee02 558002
l F0Ze+02 l 5.500+03 .
Peltier
F00e+02 5.03ce02
29502 4. Tdesl2
29502 446002
2.9%e02 4 1Ger02
2.91e+02 3.90ee032
259002 362003
2.560e+02 3.534ee02
I 254002 I F06e02
253002 — 2.0

Figure AS5.10: Temperature inside the device for the two Peltier positions, apper and centred respectively

Figure AS.11: Vapour velocity inside the device for the two Peltier positions, apper and centred
respectively
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As you can see there is a greater circulation path in that configuration with the
Peltier in the upper position. This means, a priori, a greater use of the exchange
surface (absorption surface) and therefore a lower thermal resistance.

Thus it is concluded that the Peltier is placed on the top of the device.

AS5.2.2-Real prototypes tests

. Prototype characteristics.
Prototype
1 2 3 4 5 6 7

External 250x180x30 | 208x173x22 | 208x173x22 250x180x30 | 250x180x30 250x180x30 | 120x230x100
dimensions | mm. mm. mm. mm. mm. mm. mm.

S =0.042 m?*| S= 0.036 m?>| S= 0.036 m?%| S=0.042m? |S = 0.042 m?|S = 0.042 m>| S=0.036 m” ;

$°=0.0016 m? | $’=0.0016 m?> | S’ =0.0016 m*> |S’=0.0016 m> | $’=0.0016 m*> |S’=0.0016 m?> | S’ =0.0025 m?
Internal 16mm 10mm 10mm internal | 16mm internal | 16mm internal | 16mm 10mm internal
dimensions | internal gap | internal gap | gap gap gap internal gap | gap

10mm Wall| 4mm Wall | 4mm Wall | 10mm Wall 10mm Wall 10mm Wall | 4mm Wall

thickness; thickness thickness thickness thickness thickness thickness
Material Aluminium Methacrylate | Aluminium Aluminium Aluminium Aluminium | Aluminium
container and with  straight

Aluminium |fins in the
condensing
surface

Working | Methanol Butane 16gr | Butane 16gr Butane 16gr Butane 16gr Butane 16gr | Butane 16gr
liquid légr, pressure latm | pressure latm | pressure latm | pressure latm | pressure latm | pressure latm

pressure latm | at room at room at room at room at room at room

at room | temperature temperature temperature temperature temperature temperature

temperature

12um Silicone Silicone fibre | Silicone fibre | 8um diameter | 8um Silica gel

diameter fibre BC115 |BCl115 BC115 copper powder | diameter ALUGRAM
Porous copper copper Nano-Sil G 20x
media powder; 35% powder plus

porosity internal

grooves

Peltier 98V 10V 10V 10V 10V 10V 10V
Voltage

Figure AS.12: Picture of prototype 1
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Figure AS.13: Picture of prototype 7

Experimental tests showed that the prototype thermal resistance was improved as new
changes were introduced to the first prototype. This trend was so until the last change,
prototype 7, when thermal resistance got larger than the previous prototype, figure
AS514.
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0.8
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O 06 —
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Figure AS.14: Thermal resistance of each prototype
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Career
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