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Abstract

Heat pipes effectively transport heat from a heat source to a heat sink using capillary forces and
a phase change of the internal working fluid. Due to their exceptional thermal conductivity, they
are considered for plasma-facing components of DEMO fusion reactors, especially the divertor
that removes impurities from the fusion process and must withstand a maximum heat flux of up
to 20 MW/m?. Compared to a current-cooled divertor target, using the heat pipe can enlarge the

heat transfer area to the cooling circuit and enhance the reactor’s safety.

A DEMO divertor target with water-based heat pipe (DIV-HP) that can transport heat fluxes
up to 20 MW/m? is designed with mixed capillary structures according to a engineering analysis
model. To validate the design of the DIV-HP on an unclear boiling limit, a experiment of the Heat
Pipe for Evaluating the Evaporator (HPEE) is created, by using the same design approaches.

This experiment investigates the performance of HPEEs by analyzing the temperature measure-
ments and the calorimetric heat flux transported through the HPEEs. Two mock-ups with different
capillary porous evaporators are compared to evaluate the potential for improving the performance
of HPEE evaporators. Additionally, the influence of liquid inventories and heat sink flow rates on
the performance of HPEE evaporators is studied. The results of the experiment are then compared

with the predicted value of the HPEE engineering analysis model.

The experimental results show that HPEEs with 2.0 ml of liquid inventory, particularly one
with porous evaporator constructions with channels, can perform well up to 4.3 MW/m? with an
evaporator temperature of 275 °C. The experiment has been stopped at this value because the heat
source has reached its maximum operating temperature. HPEEs show the potential to transport a
higher heat flux as there is no sign of dry-out. The average temperature of the evaporator measured
in the experiment is much lower than the one estimated by the HPEE analysis model, suggesting
that the actual performance of the HPEE is better than what the analysis model predicted.

These findings provide guidelines for the divertor heat pipe design using the same analysis
model. It is concluded that the design of the divertor heat pipe is capable of operating at 20
MW/m?. The performance of the divertor heat pipe can be improved by ensuring the right amount
of liquid and optimizing the porous structure. Therefore, it offers a promising outlook for the use

of water-heat pipes in DEMO divertor applications, or even in other high heat flux conditions.






Kurzfassung

Wirmerohre transportieren effektiv Wiarme von einer Warmequelle zu einer Wiarmesenke unter
Verwendung von Kapillarkriften und einem Phasenwechsel des internen Arbeitsfluids. Aufgrund
ihrer auBergewohnlichen thermischen Leitfahigkeit werden sie fiir die Kiihlung von plasma-nahen
Komponenten des DEMO-Fusionsreaktors in Betracht gezogen, insbesondere fiir den Divertor,
der Verunreinigungen aus dem Plasma entfernt, und mit einer maximalen Wéarmestromdichte von
bis zu 20 MW/m? belastet ist. Im Vergleich zum aktuellen Design der Divertor-Prallplatten kann
die Verwendung von Wirmerohren die Wirmeiibertragungsfliche zum Kiihlkreislauf vergroern
und die Sicherheit des Reaktors verbessern.

Eine DEMO-Divertorprallplatte mit wasserbasiertem Wirmerohr (DIV-HP), die Wirme-
stromdichten bis zu 20 MW/m? mit gemischten kapillaren Strukturen transportieren kann, wird
gemdll einem ingenieurtechnischen Analysemodell entworfen. Um das Design des Divertor-
Wirmerohrs bei einer unklaren Siedegrenze zu validieren, wird unter Verwendung derselben
Designansitze ein spezielles Experiment (,,Heat Pipe for Evaluating the Evaporator®, HPEE),
aufgebaut.

In diesem Experiment wird die Leistung der HPEEs durch die Analyse von Temperaturmes-
sungen und der kalorimetrischen Wiarmestromdichte, die durch die HPEEs transportiert wird,
untersucht. Es werden zwei Modelle mit verschiedenen kapillarporésen Verdampfern miteinander
verglichen, um das Potenzial zur Verbesserung der Leistung von HPEE-Verdampfern zu bewerten.
Zusitzlich wird der Einfluss des Fliissigkeitsinventars und der Durchflussraten der Wirmesenke
auf die Leistung der HPEE-Verdampfer untersucht. Die Ergebnisse des Experiments werden
anschlieBend mit den vorhergesagten Werten des HPEE-Engineering-Analysemodells verglichen.

Die experimentellen Ergebnisse zeigen, dass HPEEs mit einem Fliissigkeitsinventar von 2,0 ml,
insbesondere solche mit porosen Verdampferkonstruktionen mit Kanilen, bis zu einer Wéarme-
stromdichte von 4,3 MW/m? bei einer Verdampfertemperatur von 275 °C gut funktionieren.
Das Experiment muss bei diesem Wert beendet werden, da die Wirmequelle ihre maximale
Betriebstemperatur erreicht. HPEEs haben das Potenzial, eine hohere Wirmestromdichte zu
transportieren, da keine Anzeichen fiir Trockenlauf vorliegen. Die durchschnittliche Temperatur
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Kurzfassung

des Verdampfers, die im Experiment gemessen wird, ist signifikant niedriger als die vom HPEE-
Analysemodell geschitzte, was darauf hinweist, dass die tatsdchliche Leistung der HPEE besser

ist als vom Analysemodell vorhergesagt.

Diese Erkenntnisse bieten Leitlinien fiir das Design von Divertor-Warmerohren unter Ver-
wendung desselben Analysemodells. Es wird geschlussfolgert, dass das Design des Divertor-
Wiirmerohrs in der Lage ist, bei 20 MW/m? zu arbeiten. Die Leistung des Divertor-Wzrmerohrs
kann durch Gewihrleistung des richtigen Fliissigkeitsinventars und Optimierung der porésen Struk-
tur verbessert werden. Der Ausblick auf den Einsatz von Wasser-Wéarmerohren im DEMO-Divertor

oder in anderen Anwendungen mit hoher Warmestromdichte ist vielversprechend.

v



Contents

Abstract . . . . . .

Kurzfassung . . . . . . . . . ..

Acronyms . . . . . L

1 Introduction . . . . . . ... .
1.1 Energy Production Optionof Fusion . . . . . . . ... ... ... ... ......
1.2 The Functionality & Challenges of the DEMO Fusion Reactor Divertor . . . . . . .
1.3 Divertor Cooling Options . . . . . . . . . . .. . e
1.4 Objectives of the Dissertation: Using Heat Hipe as a DEMO Divertor Target
1.5 Structureof Thesis . . . . . . . . . . . . L

2 Heat Pipe Design for DEMO Divertor Target (DIV-HP) . . . . . . ... ... ...
2.1 Principal Functionality ofaHeatHipe . . . . . . . . .. ... ... ... ......
2.2 Operational Considerations of a HeatPipe . . . . ... ... ... ... ......
2.3 Integration of a Heat Pipe in a DEMO Divertor . . . . . .. ... ... ... ....

2.3.1 DEMO divertor target Structure . . . . . . . . . . . . ..o e
2.3.2 Divertor heat pipe materials and geometry . . . . . .. ... ... ... ...
2.3.3 Divertor heat pipe’s heat sink design considering its condenser . . . . . . . .
2.4 Options to Increase Heat Transfer Capability of a Divertor Heat Pipe . . . . . . ..
2.4.1 Condenser capillary structure based on effective thermal resistance . . . . . .
2.4.2 Evaporator capillary structure based on performance limits . . . . . .. ...

3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE) . . . . .
3.1 Experimental Requirements of Heat Pipe for Evaporator Evaluation . . . . . . . ..
3.2 Design of the Experimental Heat Pipe for Evaporator Performance Evaluation . . . .

3.2.1 Heat sink and condenser design for high heat transfer capability . . . . . . . .

3.2.2 Evaporator and adiabatic section with potential capillary structures . . . . . .

3.2.3 Measurement instruments for performance evaluation . . . . . .. ... ...
3.3 Analysis Model for Temperature Chain of Experimental Heat Pipe . . . . . . . . ..
3.4 Experimental Setup and Procedure . . . . ... ... ... .. ... ...,

3.4.1 Heat source and sink with function of calorimetric power evaluation . . . . .

3.4.2 Aims of experiment and procedure . . . . .. ... ... L
3.5 Calorimetric Power Evaluation, Optimized by Relative Uncertainty Analysis



Contents

4 Heat Pipe Performance Analysis as a Function of Design &
Operational Parameters . . . . . . . . . .. .. ... ...
4.1 Start-up Heat Pipe Behavior of Reference Set-up . . . . . . ... ... ... ....
4.2 Heat Pipe Performance as a Function of Liquid Inventories . . . . . . . .. ... ..
4.3 Impact of the Evaporator Design on Heat Pipe Performance . . . . . ... ... ..
4.4 Dependence of Heat Sink Conditions on Heat Pipe Performance . . . . . . .. . ..
4.5 Verification of Analytic Heat-Pipe-Model by Experimental Results . . . . . . . ..

5 SynopsisandOutlook . ... .......... ... ... ... ... ... ......
5.1 Synopsis . ... e e e
5.2 Outlook . . . . . . L

Bibliography . . . . . . ..

A Impinging Jet Heat Sink and Condenser Design for
Experimental HeatPipe . . . . . . . . . . ...
A.1 Design of the Impingement Jet Heat Sink . . . . . . .. .. ... ... ... ....
A.2 Three Optional Impinging Jet Configurations . . . . . . . . .. ... ... .....

B Liquid Inventory of Experimental Heat Pipe and Filling Procedure . . . . . .

B.1 Water Volume based on Heat Pipe Dimension and Film Thickness . . . . . . . . ..

B.1.1 The water volume in the capillary structure V,, . . . . . .. ... ... ....

B.1.2 The water volume in vaporspace V,,_; . . . . . . . . . .. ... ... ....

B.1.3 The water volume V} controlled by liquid film thicknesses . . . . . . ... ..

B.2 Dimension of Reservoir for Containing Extra Liquid . . . . .. ... .. ... ...
B.3 Liquid Inventories Filled stepwise with Specific Heat Flux Range

and Filling Procedure . . . . . . . . . . ...

B.4 Liquid Inventories Correction based on the Experimental Results . . . . . . . . ..

C The Analytic Model for Heat Pipe of Evaporator Evaluating . . . . . ... ...
C.1 Heat Conductivity Only Model . . . . . ... ... ... .. ... ... ......
C.2 Heat Pipe Evaporation-Condensation Model . . . . . . ... ... ... ......
C.3 Temperature Evaluation of the different Porous Material with Analytic Model . . . .

D Calibration before Experiments . . . . . . . .. ... ... oL
Listof Figures . . . . . . . . . . . ...
Listof Tables . . . . . . . . . . .
List of Publications . . . . . . ... ... ...

Acknowledgements . . . . . . . ...

vi



Acronyms

Symbol Descriptions Units
A Surface Area mm?
d Diameter mm
D The inner diameter of jet mm
h Specific enthalpy J/kg
H Distance between jet and bottom of FHP 1 jet to the condenser mm

[ Length mm
Lt Jet-to-jet distance mm
m Mass flow rate of coolant kg/s
N Number

p Pressure Pa

P Power W

Q Heat flux W/m?
r Radius mm
R Thermal resistance K/W
t Time S

T Temperature °C

u Uncertainty

U Relative uncertainty

v Velocity m/s
1% Volume m?

1% Volume flow rate 1/h

w Width mm
Greek symbols

o Heat transfer coefficient (HTC) W/m?
I5; Inclination angle °

) Thickness mm
A Difference -

Vil



Acronyms

Symbol Descriptions Units
n Dynamic viscosity Pa-s
v Kinematic viscosity m?/s
0 The wetting angle ©

A The specific thermal conductivity W/(m-K)
13 Depth mm
p Density Kg/m?
o The surface tension N/m
0] Porosity %
Numbers

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

Subscriptions

adia Adiabatic of the Heat Pipe

ave Average value

b Vapor nucleus of boiling

base Baseline coolant system

bundle Staggered arrangement Pipe bundles

c Capillary structure

ch Channel

cond Condenser of the Heat Pipe

crit Critical value

cy Cylinder part

e Environment

eff Effective value

en Envelope

evap Evaporator of the Heat Pipe

g Grooves

0 Inner

m Inlet

J Jet

[ Liquid

lam Laminar flow
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Symbol Descriptions Units
m Mesh

mazx Maximum value

min Minimum value

n Nozzle

0 Outer

opt Optimal value

out Outlet

po Particle of sintered porous

pp Sintered porous plate

stag Staggered arrangement

Tur Turbulence flow

u Uncertainty

v Vapor

W — cap Tungstun(W) Hexagonal cap
Abbreviations

CHF Critical Heat Flux

DIV Divertor

HEMJ Helium-cooled modular concept with jet cooling
HHF High Heat Fluxes

HP Heat Pipe

HPEE Heat Pipe for Evaluating Evaporator
HTC Heat Transfer Coefficient

HTCH Heat Transfer Characteristic

IVT Inboard Vertical Target

OovT Outboard Vertical Target
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1 Introduction

1.1 Energy Production Option of Fusion

Fusion energy is presently regarded as one of the essential low-carbon development pathways,
clean and sustainable. According to energy models, after the Uranium resources are exhausted,
fission technologies will be replaced by fusion power plants that begin in 2070 and contribute
significantly to global electricity production by 2100 [Cabal et al. 2012]. Furthermore, when
producing the same amount of power, the generation of fusion power will require less land
than photovoltaic and wind power plants [Bustreo et al. 2019], and unlike these two power
plants, a fusion reactor is capable of producing high-power energy and hydrogen directly by

high-temperature steam electrolysis [Gi et al. 2020].

To this end, the International Thermonuclear Experimental Reactor (ITER) is being constructed
as a preliminary step towards producing plasma suitable for fusion power plants [Bigot 2022],
which concentrates on plasma with limited objectives.

Therefore, the EUROfusion Power Plant Physics & Technology (PPPT) Work Programme seeks
to bridge the gap between ITER and the first commercial plant by finishing the fusion reactor
design. It is planning to construct a demonstration power station, known as DEMO, based
on the experience gained from the ITER project. This power station will be used to assess

the safety, environmental friendliness, and economic feasibility of potential commercial fusion
projects [Matsuda and Tobita 2013] [Federici et al. 2016].

Based on the ITER concept, the higher quality design is to be improved for DEMO [Romanelli
2012]. First, DEMO is designed to provide the power grid with hundreds of megawatts of
electricity. In contrast to ITER, which works with short plasma pulses that last around five

minutes, DEMO needs two to four hours or even continuous plasma operation.

Therefore, the design of a heat exhaust system to address extremely high heat flux is a major focus
of the DEMO reactor development. The heat exhaust system is accomplished by the utilization of
the main chamber wall and the divertor region. The divertor, one of the components, is designed
to properly handle heat exhaust, withstand high temperatures and particle flows in fusion power

plants, and allow the core plasma to function with maximum efficiency.



1 Introduction

1.2 The Functionality & Challenges of the DEMO Fusion
Reactor Divertor

The current baseline DEMO divertor [Bonavolonta et al. 2020][Mazzone et al. 2020] sits in
the lower region of the vacuum vessel, as in Figure 1.1 (a). It absorbs the fusion energy and
impurities, reducing plasma pollution, and shields the nearby walls from thermal and neutron
loads. In addition to a uniform loading of around 1 MW/m? on the targets due to plasma radiation,
when plasma particles move through the scrape-off layer (SOL) and collide with the target surface,
the thermal power density is concentrated on a band (strike point) of the targets due to the short
characteristic power decay length of the SOL, causing a local peak in the heat flux density, as high
as 10 to 15 MW/m?. These high-power plasma particles must be continuously exhausted at the

targets by active cooling to enable long-pulse operation.

The baseline DEMO Divertor referenced 2019 CAD model [Eurofusion 2019] is divided into
16 toroidal sectors associated with a lower port through which the feed pipeline is routed. Each
sector equally comprises a set of three cassette modules (one central cassette and two side cas-
settes), 48 cassette modules arrayed symmetrically along the toroidal orientation. Each cassette
is approximately 4 m long and 2 m high with a width of 0.7 to 1.2 m according to the toroidal
diameter [ You et al. 2022].

Z 4 Central

) - Solenoid
Toroidal

Vacuum
Vessel

R9400mm R5300mm

(a) (b)

Figure 1.1: DEMO divertor referenced the 2019 CAD model [Eurofusion 2019] (a) position in the vacuum
vessel, (b) clear view with measured dimensions of the thinnest areas in the outboard and
inboard target regions.



1.3 Divertor Cooling Options

Each cassette module comprises the following components, shown in Figure 1.1 (b):

e Two target plates: Inboard Vertical Target (IVT) and Outboard Vertical Target (OVT),
blocking the plasma particles flowing in the scrape-off layer (SOL).

e The cassette body (CB), of which the structural material is ferritic steel EUROFER97
(E97), holds the targets and other shielding components

e Shielding components (shielding liner and reflector plates) that protect the vacuum vessel
(VV) and pipes.

e Pipework of the cooling circuits.

1.3 Divertor Cooling Options

Based on the ITER-adopted solution, the DEMO baseline divertor has water-cooled targets
operating at a coolant temperature below 150 °C, as shown in Figure 1.2. Each target consists
of many parallel longitudinal arrays of rectangular tungsten armor monoblocks joined to a long
water-cooling pipe (CuCrZr alloy) running through the center bore of the blocks as the heat sink. A
swirl flow is produced by inserting a twist tap into the pipe to increase the heat transfer coefficient.
However, due to special plasma-facing working environments, the baseline target is still being
developed to improve the high temperature strength and corrosion resistance of water-cooled heat

sinks by studying composite materials and improved structure [You et al. 2016][You et al. 2018].

Inboard Target Outboard Target
0.7m

Baftle region™

Plasma facing side

Rectangular
tungsten armor

CuCrZr Water
Cooling Pipe

2.0m

Fixation to
cassette body

() (b)

Figure 1.2: DEMO divertor baseline water-cooled targets [ You et al. 2022] (a) arrangement for inboard and
outboard targets, (b) one coolant tube with rectangular tungsten armor monoblocks.
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In addition to the baseline water-cooled target, another low-temperature water-cooled target with
hypervapotrons [Raffray et al. 1999] and a high-temperature coolant operation with helium-cooled
modular concept with jet cooling (coolant: >500 °C) HEMJ-finger targets [Bonavolonta et al. 2020]
are also being considered. However, all three coolant targets are based on the cooling channels
embedded into the constrained plasma-facing wall with a tungsten armor. Therefore, when heat
flux is applied from one side of the cooling channel (plasma-facing side), the heat transfer area to
the external coolant is limited to a small portion of the pipe circumference, reducing the cooling
efficiency. These options connect the external coolant system directly, allowing the coolant to
flow through their cooling tubes. When target plasma-facing side is broken, all the water from the

external cooling system enters the vacuum chamber via the baseline target cooling tube.

Over the years, to overcome the limitations of the baseline cooling solution, researchers have
shown increasing interest in the design of alternative cooling targets. Heat pipes (HP) as passive
two-phase capillary-driven devices with high capacity for heat transport are considered as an
option. It is a closed system divided from the external cooling system that offers flexibility in

changing the target structure of the heat pipe and expanding the heat transfer region.

Heat pipe typically consists of three primary components: an evaporator (where the heat load
from the heat source is applied), an adiabatic section, and a condenser (where the heat is transmitted
to the heat sink or the external cooling system). The heat pipe’s envelope contains the capillary
structure and working liquid, which creates a sealed chamber. The two-phase flow’s evaporation
and condensation transfer heat received from the evaporator through the condenser to the external

coolant, giving them a highly effective thermal conductivity far superior to that of any metal.

The heat pipes, as closed systems, sit between the plasma-facing chamber and the external
coolant system. When the heat pipe target is broken, only a small amount of water from the
broken heat pipe leaks into the vacuum chamber. The integrity of the coolant circuit is not
affected, preventing the continuous external coolant from entering the inner vacuum chamber of
the fusion reactor. This reduces the damage caused when the target plasma-facing side breaks.
Heat pipes can transfer heat over a great distance with a long condenser length, which also increases

the contact cooling area with the external cooling system.

The use of heat pipes in plasma-facing components has already been studied, particularly with
liquid metal as a working liquid for high-temperature applications, such as lithium [Rosenfeld
and Lindemuth 1993]. Kovalenko [Kovalenko et al. 1995] suggested potassium HP and water HP
to stabilize the temperature of the first wall with different requirements. Carlson [Carlson and
Hoffman 1972] and Schwertz [Schwertz and Hoffman 1983] analyzed the possibility of using a
liquid metal heat pipe to cool a pool of liquid lithium in the blanket of a tandem mirror fusion
reactor. However, Makhankov [Makhankov et al. 1998] found that the transverse magnetic field
can profoundly affect the performance capability of liquid metal heat pipes.



1.4 Objectives of the Dissertation: Using Heat Hipe as a DEMO Divertor Target

Water-based heat pipes were considered to handle heat fluxes as high as 2 MW/m? for fusion
applications [Rosenfeld and Lindemuth 1993]. However, due to the limitation of the heater’s
capabilities, the maximum radial heat flux reached is 0.525 MW/m?. As a result, an operating

limit was never reached on the water heat pipes.

Liquid metal as the working fluid in heat pipes can transport high heat flux in fusion applications,
but the magnetic field impact on the heat pipes’ operation needs to be further analyzed. The water
heat pipe is perceived to be safer to utilize in the fusion reactor. Due to the lack of research on the
use of heat pipes in the DEMO divertor and the uncertain performance of water heat pipes under

high heat flux conditions, the water-based divertor heat pipe is investigated in this dissertation.

1.4 Objectives of the Dissertation: Using Heat Hipe as a DEMO
Divertor Target

This dissertation reports on the investigation of the use of a water-based heat pipe for divertor
targets and their capability to remove high heat fluxes in a relatively low operating temperature
range. This is the first research to study the feasibility of using the water-based heat pipe in high

heat flux conditions, such as in a fusion reactor, and to identify optimization possibilities.

A specific divertor heat pipe that can be incorporated into the existing divertor cassette config-
uration with minimal modifications is initially designed and is capable of effectively transferring

a high heat flux of approximately 20 MW/m?,

According to the divertor heat pipe design, an in-depth analysis of the critical issues of the heat
pipe, such as capillary and boiling limits, is planned using an experiment before delving into the
DEMO diverter’s heat pipe performance analysis. As a result, an experimental heat pipe mock-up
is initially constructed and evaluated, based on the same engineering analysis design approaches
as the divertor heat pipe. It focuses on the performance of the evaporator, which is significantly
affected by critical issues. The engineering analysis model is built in the meantime to predict the
performance of the experimental heat pipe mock-up.

Potential heat-pipe evaporator structures are examined to look into ways to enhance the heat-
pipe’s heat transfer capability. Apart from the structural aspects, research is conducted on how the
liquid inventory and the heat sink’s heat transfer coefficient impact the heat pipe’s performance by

analyzing temperature measurements and calorimetric heat flux transported.

Finally, a comparison is made between the experimental heat pipe results and the expected
findings of the engineering analysis model. The outcomes can be utilized to evaluate the divertor

heat pipe design and engineering analysis model’s accuracy and viability, for future upgrades.
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1.5 Structure of Thesis

This Introduction provides the related information of DEMO divertor, regarding to the objectives
of using heat pipe in the divertor target. Chapter 2 introduces the specific divertor heat pipe design,
which is based on the principle of the heat pipe design methodology and the DEMO divertor
structure and coolant requirements. To validate the design, Chapter 3 examines the experiment
with two heat pipe mock-ups, with the aim of evaluating and enhancing the performance of the
divertor heat pipe evaporator. Additionally, the engineering analysis model is constructed. The
data processing technique and uncertainty analysis are explained with a particular focus on the
calorimetric power evaluation. Chapter 4 presents the results and a discussion of the influences
of various evaporator structures, liquid inventories, and coolant flow rates in the heat sink on
the performance of the heat pipe. Then, the temperature measurements in the experiments are
compared with the value of the engineering analysis model. Chapter 5 concludes the work of this

dissertation and points out the possible directions for future investigation.



2 Heat Pipe Design for DEMO Divertor Target
(DIV-HP)

Taking advantage of the heat pipes’ effective heat transport capability and safety features, the
potential of using specific water-based heat pipes concepts for the DEMO divertor target, which
refers to DIV-HP in the following discussion, is investigated. As a starting point, the principal
functionality and operational considerations of a heat pipe are theoretically introduced based on
the engineering technique. Then, the geometry of the cassette (version 2019) [Eurofusion 2019]
and the target cooling conditions of the divertor are taken as boundary conditions of the DIV-HP
design to ensure minimal changes to the baseline divertor cassettes and the target cooling. The

final concepts of the divertor heat pipe are focused on the aforementioned conditions.

2.1 Principal Functionality of a Heat Hipe

The heat pipe is a heat transfer system typically based on closed two-phase (liquid-vapor) flow
systems. It is a closed fluid container, as shown in Figure 2.1. The capillary structure that lines
the interior of the closed container envelope is filled with liquid. The liquid at the heated end
evaporates and partially retracts into the capillary structure. The vapor that is produced moves to
the cold end of the container, where it condenses and fills the capillary structure. The capillary
force draws the condensed liquid back to the evaporator. Thus, the two-phase loop is closed,
transferring the latent heat from the evaporator near the heat source to the condenser near the heat

sink. The adiabatic part is located between the evaporator and the condenser.

K Vapor flow
g4 -
N Capillary Structure driving liquid flow
Evaporator Envelope Condenser

1 T T T 1 Adiabatic part b l |

Heat Source Heat Sink

Figure 2.1: Principle functionality of a heat pipe.



2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

The heat pipe has a high heat transport capability between heat sources and sinks while experi-
encing minimal temperature variation. The effective thermal conductivity can exceed the thermal
conductivity of pure material by almost two orders of magnitude. Thanks to the capillary force,
the condensed liquid can be moved in a way that isn’t affected by gravity, or even against it. Fluid
movement doesn’t depend on moving parts and doesn’t show any signs of wear, so it doesn’t need
any upkeep. Because of these features, it is possible to build a low-mass, small heat exchanger

design, and the shapes can be very complicated.

For the heat pipe to have a circulated flow, the capillary structures should create high capillary
pressure in the evaporator area. Along the main flow direction, there should be low resistance
to liquid flow or pressure drop. In order to keep the capillary system from getting blocked, the
structure is in sensitive to the generation and growth of vapor bubbles. And the shape of the
capillaries should be able to hold a lot of liquid. Therefore, the selection of the capillary structure
needs conciliation. Additionally, it is possible to have a complex one by mixing different types of
capillary structures.

The most common capillary structures used in conjunction with the heat pipes are shown in
Figure 2.2:

e Mesh/wick has the most uniform wick and high capillary pressure, so it works against
gravity orientations when the evaporator is above the condenser.

e Sintered porous metal can handle high capillary pressure and works best when it’s not
facing gravity. Because it is metallically attached to the pipe wall, it is the best at moving

heat from the pipe wall to the wick or the other way around.

e Grooves have the lowest capillary pressure, but they work best when the condenser is above

the evaporator and gravity is helping the flow because they have a low flow resistance.
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Figure 2.2: Commonly used capillary structures in heat Pipe design [Stephan 2010].



2.1 Principal Functionality of a Heat Hipe

The mesh/wick and sintered porous structures have drawbacks in the form of high liquid flow
resistance and are sensitive to vapor bubble production. While bubbles generated in the open
grooves can move out to the vapor core.

Figure 2.3 shows the parameter that is considered when dimensionalizing a heat pipe. Besides
the diameter of the envelope, capillary structure, and vapor space, the length of each heat pipe
section is also important.

Evaporator Adiabatic part Condenser
l evap l adia ]coud
Vapor space ]
o5 Capillary Structure
den, 0 Envelop c
T iy Vil
Heat Source Heat Sink

Figure 2.3: Dimension parameters for heat pipe design.

The parameters are listed in Table 2.3 are:

Table 2.1: Parameters of a heat pipe.

Parameters Description

deno Outer diameter of the heat pipe envelope

den i Inner diameter of the heat pipe envelope

deo Outer diameter of the heat pipe capillary structure
dei Inner diameter of the heat pipe capillary structure
d, Diameter of the heat pipe vapor space

Aevap Length of the heat pipe evaporator

dudia Length of the heat pipe adiabatic section

deond Length of the heat pipe condenser

To find the right heat pipe material under different requirements, the heat pipe working fluid se-
lection depends on the merit number, defined as M = % with a unit W/m? or kW/cm? [Stephan
2010]. It expresses that the heat pipe working fluid should have high latent heat of vaporization
Ah,, low viscosity v, high surface tension ¢, and usually high thermal conductivity and neither

extremely low nor extremely high vapor pressure at the given operating temperature.
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According to the merit number shown in Figure 2.4, the typical working liquids used in the heat
pipes are different for a given application with a specified operating temperature range. The peak

value of each curve indicates the fluid’s optimal working temperature.

107 |
s Na
MW/m T
= 106
= H,0
E
5 10° |
4 NH,
h—
S 104\ N,
CH,O
103 4 ; " . ; X
-273 227 723 20 1227
Temperature

Figure 2.4: Figure of the Merit of the heat pipe working fluid (From Chapter N5 of the book Heat Atlas
[Stephan 2010].

The selection of solid material for the container wall and capillary structure is determined by
the heat conductivity, which should be significantly elevated. Meanwhile, the interaction between
the solid and the fluid is also of utmost importance. The solid material must have excellent wetting
characteristics and chemical stability in order to effectively avoid corrosion and the generation of
non-condensable gases that may impede the functioning of the condenser area. Compatibility is

also influenced by the production and post-cleaning procedures.

The choice of the combination of capillary structure/fluid/wall material, as well as the heat pipe
dimension, is determined by computing the design’s performance limits and comparing them to

the performance criteria.

2.2 Operational Considerations of a Heat Pipe

Two main approaches to analyzing the heat transport capabilities of the heat pipes are based on
the effective heat resistance and performance limits. After knowing the effective heat resistance,
the working temperature of each heat pipe’s sections is estimated when the heat flux is applied.
Performance limitations, which take into account the size and construction of the heat pipe in

various circumstances, assist in calculating the maximum heat flux the heat pipe can sustain.

10



2.2 Operational Considerations of a Heat Pipe

Heat pipes can be considered as thermal conductors with effective heat resistance Ry p in [K/W].

The temperature difference between the evaporator and the condenser follows AL, cona =

P - Ryp. Figure 2.5 shows the simplified heat resistance model of the heat pipe system [Stephan

2010], with single heat resistances R; acting as parallel or serial in the overall circuit.

Evaporator Condenser
., | Vapor core
Rplw\‘zr/: | Rl‘
o
] T — I | R R o [
| [ [ [

R, evap | | R, | | Rm.( ond
R,

X, evap

Heat Source

Heat sink

Figure 2.5: Effective heat resistances R; in [K/W] in a heat pipe.

The single resistances listed in Table 2.2 are:

Table 2.2: Individual heat resistances with order of magnitude according to Asselman and Dreen [37].

Lo Magnitude
Hef“t Description 5
resistances [K/W]
Radial heat resistance between the external heat source 41
Rez,evap > 10
and outer evaporator wall
en,cvap Radial heat resistance of the evaporator envelope 107!
R Radial heat resistance of the capillary structure in the 10+
aevap evaporator
Radial heat resistance of the liquid-vapor phase inter- _ -
face in the evaporator zone
R, Axial heat resistance along the vapor flow 1078
R Radial heat resistance of the liquid-vapor phase inter- 10-5
ph,cond face in the condenser zone
Radial heat resistance of the capillary structure in the _
Rc cond 10
’ condenser
Ren cond Radial heat resistance of the condenser envelope 101
R Radial heat resistance between the outer condenser < 10+
o ,cond wall and external heat sink
R Axial heat resistance along the liquid flow in the cap- 10+4
! illary structure
R, Axial heat resistance in the envelope 10+2

11



2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

The heat from the external heat source and the heat to the external heat sink can be transferred by
conduction, convection, or radiation. The related heat resistance ey cpap and Rey cong 15 typically
as high as or even higher than the overall internal heat resistance of a heat pipe, which is not
discussed in detail here. For the effective resistance of the heat pipe Ry p, through the orders of
magnitude in Table 2.2, R; and R.,, is negligible compared to 2, as well as I,,, Rph cvaps Lph,cond
compared t0 Rey, evaps Ren,cond> Fe,evaps and Re cong. Therefore, the overall internal heat resistance

of a heat pipe can be approximated by :

RHP - Ren,evap + Rc,evap + Ren,cond + Rc,cond- (21)

For DIV-HP, the radial heat resistance of the circular condenser envelope ., conq follows from

o 111 (den,o/den,i)

Ren,cond - I A\ )
2m - cond * \en

Fourier’s law:
(2.2)

with the outer wall diameter d.,, , the inner wall diameter d.,, ;, the condenser length /.4, and the
thermal conductivity \., of the envelope material, and
In (dc,o/d.,)

Rc cond — . 2.3
cond 27 - lcond : >\eff ( )

with the outer capillary diameter d., equals to d., ;, the inner capillary diameter d.;, the con-
denser length [, and the effective thermal conductivity \.; of the different capillary structures
[Norajitra et al. 2007].

Calculating the effective heat resistance of the evaporator usually follows the same procedure
as that of the condenser.

Meanwhile, another design approach is to analyze the performance limits of the heat pipe,
which should be higher than the required heat flux. If not, the heat pipe will reach the performance

limit and fail.

Typically, there are five performance limits:

* Capillary limit: is the most critical of the five performance limitations. It determines
the maximum heat flux @),,,ax necessary to ensure that the sum of all pressure drops and
differences throughout a single loop are zero in order for the 2-phase flow of the heat pipe

to successfully circulate in a closed circuit.

0= Ap. + Ap; + Ap,, 2.4)

12



2.2 Operational Considerations of a Heat Pipe

where Ap. is the capillary pressure difference between the liquid-vapor phase, driving the
liquid from the condenser to the evaporator. And Ap; = Ap; fric — Apisar s the total
pressure drop of the liquid flow, including the pressure loss due to friction Ap; ¢,;. according
to Hagen—Poiseuille equation and the hydrostatic pressure difference p; s,: influenced by
gravity. Ap, is the total vapor pressure drop only considering the hydrodynamic pressure
drop at the friction and inertia part along the entire vapor flow.

To simplify, the maximum capillary pressure difference Ap.,nar = 20/ Reffmin - c0S0,
with liquid surface tension o, wetting angle # and the minimum effective curvature radii of

liquid-vapor menisci R, f min. Hence, the maximum heat flux can be estimated by

Qmax = f (Apc,max - (APZ + Apv) = O) 5 (25)

Entrainment Limit: the movement in the opposite direction of the vapor relative to the
liquid flow generates shear stresses at the vapor-liquid interface that reduce the maximum
amount of liquid flowing back to the evaporator and limit the amount of heat that can be

transported; this limit can be estimated with the formula

Qentrainment - Ahv Y &7 (26)
2- Thydrulic,c

where p, is the vapor density,r,ydrquiic,c 15 the hydraulic radius of the capillary structure,
and it is equal to groove width w (this has the most considerable contribution, the limit
due to mesh or sintered structures being consistently superior to the one involving grooves);

Ah, is the latent heat of evaporation, and o is the liquid surface tension.

Boiling limit: at high heat fluxes, the strong enough wall superheat in the evaporator zone
may activate potential nucleation boiling, resulting in the formation of vapor bubbles inside
the capillary structure, which have a negative impact on the liquid-driven flow and generate
localized dry-out; for open porous structures, meshes, or grooves, this limit is less relevant
since the bubble can escape to the open vapor space. The critical power and temperature

difference are given by

ATcrit
oiling — 5 2.7
Qb g Aevap : Rc,evap ( )
2.0-T, (1 1
ATcrit - ATvcicond - AT’U - U— I U 5 (28)
v Ahv * Pu Ty Teff

where, A, and R, ,qp 1S the surface and heat resistance of the capillary structure in the
evaporator. r, = 4/ % is the radius of the vapor nucleus. r.y is the effective radius of

the capillary structure’s curvature. The vapor temperature 7, is assumed to be the saturation

13



2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

temperature. 7. ; .onq 18 the inner side temperature of the capillary structure, next to the
vapor nucleus. The bubbles are generated if the critical wall superheat AT..,.;; is exceeded.

* Viscous limit: this limit is primarily relevant for operating near the melting point when the
vapor pressure and density are low, and the viscous effects dominate the vapor dynamic.

This limit is irrelevant for our case since we operate at temperatures above 130 °C.

@ - Ah,

Qviscous - m

* Pu,evap * Pv,evap; (29)

* Sonic limit: this limit is primarily relevant for high-temperature heat pipes using liquid
metals; it is reached when the vapor velocity exiting the evaporator reaches the sonic speed;

since water is used as a working fluid in this study, this limit is not relevant.

Qsom’c =0.474- Ahv * v/ Pu,evap * Pv,evap- (210)

2.3 Integration of a Heat Pipe in a DEMO Divertor

The divertor heat pipe is integrated into the DEMO divertor cooling target. The defined working
condition of the DEMO divertor is seen as the performance criteria of the divertor heat pipe, so

that the structure and working condition of the DEMO divertor are changed as little as possible.

2.3.1 DEMO divertor target structure

The current baseline DEMO divertor [Bonavolonta et al. 2020][Mazzone et al. 2020] sits at the
vacuum vessel’s lower region. Along the toroidal direction, the divertor cassette body combined
with the plasma-facing target is arranged symmetrically. The plasma-facing target contains the
cooling system, which receives the plasma heat first. According to the fusion reactor structure,
the outboard vertical target (OVT) is far from the center of the vacuum vessel and has an inclined
angle between the gravity direction of 82.2°. The inboard vertical target (IVT) is close to the
central core with an inclined angle between the gravity direction of 75.7°. Behind the OVT, the
outboard region of the cassette body has the thinnest section, which is around 370 mm thick; and
the inboard region of the cassette behind the IVT has the thinnest part, which is 470 mm thick,
as shown in Figure 2.6. The evaporator is below the condenser when the heat pipe is integrated
on both targets instead of the baseline water cooling. It means that when the angle between the
gravity direction and the target is small, the liquid pressure loss is lower, so the heat pipe on IVT

performance is better than OVT.
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Outboard
Vertical Target

Heat Pipe
Bundle

Inboard
Vertical Target

Plasma side

470_ 9% mm

Figure 2.6: Divertor cassette assembly with a Heat Pipe-based divertor target cooling for the DEMO design
[Eurofusion 2019].

In order to minimize modifying the structure of the divertor cassette body, plasma-facing target,
and the coolant characteristics of the baseline water cooling circuits as little as possible, the
specifications of the current coolant system, known as the baseline design, restrict the design of

the heat pipe based divertor target coolant system.

The current baseline cooling system of the DEMO divertor plasma-facing target transports heat
by imposing cooling liquid flow through a long pipe protected by a longitudinal array of rectangular
tungsten blocks as the heat sink, as shown in Figure 2.7.

Plasma heat flux

23 mm Rectangular
Tungsten Armor

CuCrZr Water
Cooling Pipe

€ Flow

28 mm

Fixation

Figure 2.7: One base-line water coolant monoblock with dimensions of the original divertor cooling taget.
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

The tungsten blocks have an 8mm thickness from the plasma-facing side to the cooling pipe.
They can protect the leading edge in handling areas of high heat flux and minimize the effects of
melting during off-normal events [Hirai et al. 2016]. The section width of the armor blocks was
set at 23 mm with one block thickness of 12 mm, making the width of the plasma-facing target
plate segmented into several parallel rows, each row 23 mm wide. The target cooling is installed
on the cassette body with fixation, so there is 40 mm between the tungsten monoblocs surface

(plasma-facing side) and the cassette’s body surface.

The 12 mm inner diameter water cooling pipe with a thickness of 1.5 mm (with swirl tape) is
joined with a copper layer through the center of the tungsten blocks. The cooling liquid flowing
through the baseline heat sink pipe is 5.3 m3/h at 130 °C and 4MPa, corresponding to an average
velocity of 13m/s. Since the present cooling flow conditions only apply to one 23 mm wide parallel
longitudinal array of the baseline coolant blocks, it is necessary to convert an equivalent cooling
area and efficiency when designing the DIV-HP heat sink with the same heat flux.

Under nominal operating conditions, when plasma hits the target, the maximum local heat
flux concentrated on a band (strike point) is between 10 and 15 MW/m?, which is assumed for
regular operation (5000 pulses during lifetime) as a safety margin [You et al. 2022]. Meanwhile,
as there are slow transients of power decay for several seconds, the local peak heat flux can reach
20 MW/m? (300 pulses), respectively. The low heat flux at the areas far from the hitting point of
the divertor target is 1 MW/m? due to the plasma radiation.

To summarize, the DIV-HP on the OVT is examined first because it has more liquid pressure
loss, and the cassette body behind the OVT is thinner than the IVT. Meanwhile, a heat pipe used
for a divertor target should generally operate between 1 and 10 MW/m? and have the ability to
operate safely when the load increases up to 20 MW/m?. As such, 20 MW/m? is chosen as the
maximum heat flux of a DIV-HP with an evaporator below the condenser and a coolant of 5.3m3/h
at 130 °C and 4MPa.

2.3.2 Divertor heat pipe materials and geometry

According to the merit figure mentioned above, illustrated in Figure 2.4, with the specified
divertor coolant operating temperature of about 130 °C, the typical working liquids of the heat
pipes for this operating range are CH,O, NH3, and water H,O. However, NHj stays in the gas
phase, and CH,O is an organic compound with the issue of irradiation resistance [ Anderson 2005],

so it is not suitable for use in the fusion reactor. Finally, water is the best option.

The operating temperature range of water is from -30 °C to 350 °C, with the optimum working

temperature being around 250 °C, where the Merit number M is approximately 10°kW/cm?
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2.3 Integration of a Heat Pipe in a DEMO Divertor

(10°MW/m?). Beyond the optimum working temperature, the curve decreases precipitously. To
avoid the merit number becoming so low at high operation temperature, meaning the performance
of the liquid grows worse, 250 °C is intended as the maximum operating temperature in the vapor

space when maximum heat flux (20 MW/m?) is provided.

In the baseline water cooling range, the two solids most commonly utilized in divertor are Eurofer
97 (E97) and CuCrZr. E97 is the material of choice for the cassette body since it is low-activation
martensitic steel. However, it has a low heat conductivity compared to tungsten and CuCrZr
and the risk of corrosion with water and liquid metals as opposed to stainless steel. Conversely,
CuCrZr has superior high heat conductivity [Barabash et al. 2011], making it appropriate for low
operating temperatures until 300 °C (locally 500 °C) with suitable mechanical strength [Bigot
2022]. Hence, the heat pipe envelope and capillary structure use CuCrZr. And the heat pipe
temperature, especially the evaporator, should be controlled well below 450 °C.

The evaporator end should be small enough to control the received power but have at least the
equivalent plasma-facing area as the baseline block (23 mm x 12 mm). Meanwhile, to integrate the
evaporator on the target surface, the proposed HP has a cylindrical adiabatic section and condenser,

but the evaporator is on one end of the pipe.

As with the other target designs, a 5 mm thick tile of tungsten (W-cap) covers the DIV-HP
evaporator. It is a castellated hexagonal design from the HEMJ finger concept with a side length
of around 10 mm (18 mm width over flat) [Norajitra et al. 2007], as a hexagon shape can relax
the thermal stress. If the heat pipe evaporator is wholly joined with W-cap inner side, just like
the HEMJ finger, a 15 mm outer diameter WL 10 tungsten-alloy end cap, the outer diameter of the
heat pipe d.,, , is 15 mm as well. Then, the evaporator includes a 4 mm long hemisphere part and

a 3 mm long cylindrical part, as depicted in Figure 2.8.

(a) (b)

Figure 2.8: Heat pipe evaporator with HEMJ W-cap. (a)3 arranged W-caps with hexagonal surface (b)
W-cap with evaporator.
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

The power deposited on the hexagon surface 259.8 mm? is close to 5.2 kW in case of a similar
incident heat flux of 20 MW/m?. It is similar to the power deposited at the baseline blocks.
Numerous cylindrical heat pipes joined with W-caps can be inserted in a water-cooled target with
a gap of 0.5 mm between each other, forming staggered parallel rows. It leaves space between

each pipe and increases the external coolant’s efficiency in the heat sink.

When the operating temperature of a heat pipe is 250°, the water vapor pressure is roughly 4
MPa at saturation. Given the CuCrZr’s tensile strength and the aim to get a low effective thermal
resistance, the minimum thickness of the CuCrZr envelope and capillary structure is roughly
1.5 mm, implying a diameter of the vapor space d,.p, 0f 12 mm. Because the vapor side is
also the inner side of the capillary structure, the inner diameter of the capillary structure d. ;=

dyapor=12 mm.

Table 2.3 summarizes the dimensions of the HEMJ W-cap and the related parameters of the
heat pipe evaporator. Since there is already a significant amount of study on the optimization of
HEM]J finger W caps under high heat flux loads [Norajitra et al. 2015], this study focuses only on
the design of the heat pipe.

Table 2.3: Parameters of the W-cap and related heat pipe evaporator.

18

Parameters of the W-cap Value
Side length l;4e 10 mm
Distance between W-cap parallel sides [, 17.5 mm
Distance between two heat pipes [z ps 18 mm
The thinnest thickness of the cap plasma-facing side >5 mm
W-cap surface: Ay _cqp 259.8 mm?
Maximum heat flux: Q 20 MW/m?
Maximum power deposited on the cap surface: P 5.2 kW
Parameters of related heat pipe evaporator Value

HP envelope outer diameter: de, , 15 mm

HP capillary structure inner diameter: d.; 12 mm

HP vapor space diameter: dyqpor 12 mm

HP evaporator length: /.,y

4 mm hemisphere
+3 mm cylinder

Materials
HP envelope material CuCrZr
HP working fluid (assumed optimize temperature 250 °C) Water
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2.3.3 Divertor heat pipe’s heat sink design considering its condenser

As the vapor temperature is considered to be 250 °C and the evaporator temperature is assumed
to be well below 450 °C, the temperature chain of divertor heat pipe can be estimated and controlled
by the heat pipe’s effective thermal resistance model. Since the same operating conditions for the
baseline coolant system are used in the DIV-HP heat sink, the temperature of the heat sink coolant
is known, the heat pipe design starts from the condenser, whose structure is influenced by the heat

transfer coefficient of the particular heat sink design.

The parameters given are that when the applied heat flux is 20 MW/m?, and the coolant
temperature is 130 °C, the vapor working temperature is 250 °C. As a result, the heat transfer
coefficient (HTC) of the heat sink o must be high enough to guarantee that the temperature
difference between the coolant water and the heat pipe condenser AT, ,jqn¢— g p iS minimal, so
that the temperature gradient between the condenser and the vapor is relaxed.

The heat pipes with dimensioned hexagon W-caps form a staggered arrangement bundle of
heated rods, which is cooled by a transverse flow in the divertor cooling system. According to
sections G6-G7 of the VDI Heat Atlas [Gnielinski 2010], besides the diameter of the individual
heat pipe, its arrangement, flow direction, and the length of the condenser in the heat sink also
dictate the amount of heat that can be transferred. Depending on the relation between the heat
pipe bundle orientation and the coolant flow direction, the heat pipes can be arranged according
to the flow direction in two ways, as illustrated in Figure 2.9.

z

Z
%ﬁl’r Cooling water %i’r Cooling water

(a) (b)

Figure 2.9: Heat pipe arrangements with parameters: (a) Configuration 1, (b) Configuration 2.

The distance between the parallel sides of the W-cap is 17.5 mm, and each cap leaves a 0.5 mm
gap to avoid heat expansion. Hence, the distance between the axis of two neighboring heat pipes

is g ps=18 mm. In Configuration 1, as shown in Figure 2.9 (a), the parameter s; =lj; ps represents
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

the distances of two heat pipes perpendicular to the flow direction that are shorter than s5: the
distances of two heat pipes parallel to the flow direction. Configuration 2 shows an arrangement
with parameter s, longer than s, and s, = [y p,. Table 2.4 lists the parameters of two configurations

based on the W-cap dimensions.

Table 2.4: Bundle parameters for the two heat sink arrangements.

Arrangement S1 So
Configuration 1  =1lyp,=18 mm =lppsy/3/2 = 15.6 mm
Configuration 2 =alS\/§/2 = 31.2 mm =lyps=18 mm

Because the arrangement of the heat pipe rows is different from that of the baseline solutions,
in order to maintain the same volumetric cooling flow rate for several HPs covering the same area
as in the baseline, an equivalent volume flow rate distribution Vwol,mt in the toroidal direction has

to be calculated. Assuming the width of the interest coolant channel is wco1an:, the Vcoolam 18:

2
- dbase . Weoolant

4 lbase

‘/;oolant = Upase * = VHP—coolant * Weoolant * lcond> (211)

where l,5c = 23 mm is the width of the tungsten monoblock, vp.se = 13 m/s is the water velocity
and dp.se = 12 mm is the pipe’s inner diameter in the baseline configuration, while vy p_cooiant 18
the water velocity, and ., is the condenser length of the DIV-HP equals the height of the cooling

channel in the heat pipe’s heat sink configuration.
Then, the heat sink cooling velocity of DIV-HP corresponding to the condenser length reads:

2

base 7 (2 12)

Weoolant * lcond 4lbase ' lcond

V::oolant o Vbase = T * d

UHP—coolant =

VHP—coolant INfluences the average Nusselt number in staggered bundles, which is also determined
by operating temperature with the correction factor K and the particular parameters of the pipe
arrangement:

Ntpundie,stag = K - fa,stag - Nuzo(Re, Pr, 1), (2.13)

where the void fraction is 1) = 1 — 7~ for b >1 and the arrangement factor is f4 5109 = 1+ % They
depend on the transverse pitch ratio a = s1/d,,,, and the longitudinal pitch ratio b = s2/d,,, , in
the tube bundles.

The average heat transfer coefficient (avy,¢) 1S given by:

Ogve = N“"“"d’;’my = (2.14)
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2.3 Integration of a Heat Pipe in a DEMO Divertor

Then, the temperature difference between the coolant and condenser outer surface AT, o10nt— g P
can be calculated with ay,. as:

Q

coolant—HP * Cave

AT ootant—mp = 2.15
lant—HP = — (2.15)

den,o

Acoolant—iP = T *leona - =5 1s the heat transfer area between the coolant and heat pipe condenser.

Because the outer diameter of the heat pipe d,, , = 15 mm, s, s; relating to z = 18 mm in two

configurations are known, following equations 2.11 to 2.15, aye and AT pant— g p depend only
on lcond~

The temperature difference between the coolant water and the outer envelope surface of the
heat pipe condenser is shown in Figure 2.10 as a function of the condenser length [.,,4 for two
configurations. It indicates that when the heat flux is 20 MW/m?, the longer the condenser is,
the smaller AT, ,14n:—zp and the temperature difference of configuration 2 is always higher than
Configuration 1. It means that Configuration 1 has a higher heat transfer capability. When [.,,,4=
200 mm, AT ,pant— g p of Configuration 1 is 26 °C, while that of Configuration 2 is 42 °C. And the
average heat transfer coefficient a,,. of Configuration 1 is 2.23x10% W/(m2K), almost 40% higher
than the o, obtained by Configuration 2 of 1.38x10* W/(m®K). Hence, the outer temperature
of the heat pipe condenser envelope ¢, o conq 18 around 156 °C with Configuration 1 when the

coolant is 130 °C, away from the boiling temperature 250.6 °C of the coolant water at 4 MPa.

120
@)
2. 1001
Q<
it
% 80'1
8]
s} il
: g 607,
40 N
100 200 300 400 500
T mm
cond [ ]
— - Configuration 1 — Configuration 2

Figure 2.10: Calculated temperature difference between the HP wall and coolant as a function of condenser
length for transferring 5.2 kW.

Further staggered heat sink studies focus on heat pipes arranged with Configuration 1 when the

distance of two heat pipes perpendicular to the cross-flow direction corresponds to s;=18 mm.
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

2.4 Options to Increase Heat Transfer Capability of a Divertor
Heat Pipe

2.4.1 Condenser capillary structure based on effective thermal resistance

After knowing 1., , .ona through the average heat transfer coefficient of the heat sink, the

corresponding temperatures at different positions assigned in Figure 2.11 can be estimated:

Evaporator Condenser

& Loapor = Taiovap Vapor core
_—

Capillary structure

Heat
Source

-

E=-

c0,evap eni.evap Twu.wml a E‘.umu nd

Envelope

Figure 2.11: Temperature at different positions in a heat pipe.

* Tenocond: the condenser temperature of the heat pipe envelope outer surface;

* Tenicond: the condenser temperature at the interface between the envelope and the capillary

structure;
* Tticond: the condenser temperature at the inner side of the capillary structure;

* Thapor: Vvapor, as well as the operating temperature of the heat pipe. Ideally, it is equal
to 7% ; cona 1n the saturation state if the temperature jump at the liquid-vapor interface is

ignored;

* Tt cvap: the evaporator temperature at the inner side of the capillary structure. As the same,

it is ideally equal to 7,.

All these temperatures can be predicted by the effective thermal resistance of the heat pipe,
which is influenced by the dimensions of the heat pipe, and the effective heat conductivity of its

capillary structure. For example, vapor temperature is:

Tv = Ten,o,cond + P Ren,cond + P Rc,cond- (216)

As introduced in Section 2.1, there are three commonly used capillary structures, mesh, sintered
porous structure, and open grooves. According to the decided 1.5mm thick CuCrZr in Section 2.3,
the envelope thickness is d., = 0.5 mm, and the capillary structure’s thickness is 6. = 1.0 mm.
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Condenser temperature analysis begins from these three capillary structures, with parameters listed
in Table 2.5.

Table 2.5: Three commonly used capillary structures options with assumed parameters.

Design Options Grooves  Mesh Sintered porous
Number of grooves N, 80

Width of groove w, [mm] 0.3

Depth of groove {, [mm] 1

Mesh/Wire Diameter d,,, [mm] 0.1

Mesh width w,,, [mm)] 0.5

Sinter particle radius r,, [mm] 0.05

Porosity ¢ 0.5

Figure 2.12 shows the dependence of the vapor temperatures 7}, with three capillary structures
in the condenser as a function of the length of the condenser [.,,,4.

900{ >~_
\
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e ™
— . ~
O 700 .._‘\\
— 600 B
: -
2500~.
E“ k‘l‘-“" b
400+ il P -
04 _ T
150 200 250 300
[ [mm]
cond
o vapor(cond_grooves) _- vapor(cond_mesh)
el T S =250:2.C
vapor(cond_porous) vapor

Figure 2.12: Calculated vapor (operation) temperature needed to transfer 5.2kW into the cooling circuit
with different condenser capillary structures as a function of the condenser length, compared
with the maximum vapor saturation temperature of 250 °C.

The horizontal line indicates the maximum vapor saturation temperature of 250 °C. It can be
seen that as the length of the condenser increases, the vapor temperature decreases because of
the increased heat transfer area. However, the vapor temperature of a heat pipe with a mesh and
sintered porous structure is always higher than 250 °C, as they have a high effective heat resistance.
Only the heat tube that uses grooves as capillary structures has a vapor temperature lower than
250 °C when the condenser length is greater than 180 mm.
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

Hence, based on the current external cooling conditions, the water-based DIV-HP concept
chooses grooves as a capillary structure, with a minimum condenser length of 200 mm in the
safety region. It is supposed to withstand heat flux of 20 MW/m? and maintain the HP operating

temperature around 250 °C.

In addition, the insulated adiabatic part plays an important role in maintaining the stability of
the heat pipe, especially when the heat pipe is exposed to high heat flux [Brahim and Jemni 2014].
Here, the adiabatic part has the same capillary groove structure as the condenser with a length of
23 mm, so the distance from the cassette to the target surface is 35 mm.

2.4.2 Evaporator capillary structure based on performance limits

The 200 mm long condenser with grooves is chosen because it is capable of transferring the
5.2 kW into the external cooling. The vapor can easily spread in the heat pipe, so the next step
is to ensure that the condensed liquid water from the vapor in the condenser can return to the
evaporator, feeding the evaporation process there. Hence, the capillary pressure difference has to
be high enough to drive the condensed liquid back to the evaporator, forming a 2-phase circulation.

Otherwise, the HP locally faces a capillary limit.

Except for the capillary limit, as mentioned in Section 2.2, there are typically five performance
limits. Among them, the viscous limit for operating near the melting point and the sonic limit
relevant for liquid metal heat pipe at high temperatures are ignored. In contrast, the other three
limits, which include the capillary limit that determines closed circulation, the entrainment limit
that takes into account the shear stress between liquid and vapor flow, and the boiling limit that
activates potential nucleate boiling, are crucial in determining and dimensioning the DIV-HP

capillary structures.

From the design of the condenser, it becomes clear that the shortest condenser corresponds to
a heat pipe having grooves in a cylindrical pipe. However, the evaporator of the divertor heat pipe
under the W-cap has a hemispherical geometry. This geometrical constraint makes it challenging
to create a groove-based capillary structure in that area. Alternatively, the capillary structure of
the evaporator can be made of only a mesh or sintered porous metal. In the following, two options
are investigated using combined capillary structures, of which the groove is kept in the condenser

with the parameters as in Table 2.5.

* HP1 (Grooves+Mesh): a heat pipe having grooves all over the cylindrical part of the pipe

(adiabatic and condenser) and a mesh structure at the evaporator,

* HP2 (Grooves+Sinter): a heat pipe having grooves all over the cylindrical part of the pipe

(adiabatic and condenser) and a sintered porous metal at the evaporator.
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2.4 Options to Increase Heat Transfer Capability of a Divertor Heat Pipe

Table 2.6 lists the parameters of two evaporator capillary structures, as options for DIV-HP.

Table 2.6: Considered dimensions of two evaporator capillary structure options.

HP1 HP2

Design Options .
(Grooves + Mesh) (Grooves +Sintered porous)

Mesh/Wire Diameter d,,, [mm] 0.1

Mesh width w,,, [mm)] 0.5
Sinter particle radius r,,[mm] 0.05
Porosity e 0.74 0.5

To guarantee successful 2-phase circulation in a heat pipe, the maximum capillary pressure
difference provided by the capillary structure must be greater or equivalent at least to the total
pressure loss, referring to Ap. max > Ap;+Ap,. Because the liquid recedes most in the evaporator,
where the liquid has difficulty reaching, the maximum capillary pressure difference is decided by
the capillary structure in the evaporator, with mesh or sintered porous metal.

Figure 2.13 (a) shows the maximum capillary pressure provided by the mesh or sintered porous
metal as a function of the vapor temperature. In both cases, the capillary pressure decreases
with temperature. The maximum driving capillary pressure Ap. = 20/ R, #f,mincoS0 is more
significant when a sintered porous metal is used in the evaporator compared to using a mesh with a
wire diameter that is the same as the particle size of the sintered porous. It is because the minimum
effective radius of the liquid-vapor curvature of the sintered porous metal R.ff min = 0.41 - 7p,
<10~* mm is much smaller than the mesh with Ref min = (W + dp,)/2 =0.3 mm.
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Figure 2.13: Calculated variation of (a) the maximum driving capillary pressure difference and (b) the total
pressure loss as a function of vapor temperature for HP with grooves and mesh (HP1) and HP
with grooves and sintered structure (HP2), with assumption /.,,,4=200 mm and Q=20 MW/m?.
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

Figure 2.13 (b) shows the total pressure loss due to the mesh or the sintered porous metal as a
function of the vapor temperature. It indicates that the total pressure loss of the sintered porous
metal is greater than that of the mesh, and it is not easy to say which structure is better. Unlike the
maximum pressure difference, which gradually decreases with increasing temperature, the total
pressure loss decreases rapidly and maintains a low value between 150 and 300 °C. The minimum
total pressure loss of both structures is at around 220 °C. According to the merit figure, this is the

ideal working temperature of the water.

Consequently, Figure 2.14 indicates the difference between the maximum driving capillary
pressure difference and the total pressure 1088 Apemae — (Ap; + Ap,) of the two capillary
structures. For operation temperatures from 50 °C to 300 °C, the difference in porous sinter metal
is always positive, which means the maximum capillary pressure difference is higher than the total
pressure loss and the two-phase flow can circulate successfully. Meanwhile, the difference of the
sinter porous metal is always higher than mesh. Hence, sintered porous metal has more capability
to transport liquid from the condenser to the evaporator, making the design less restrictive. When
APemar — (Apr + Ap,) > 1000 Pa, the curve of sintered porous metal shows that the better
operation range is from 60 to 240 °C.
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Figure 2.14: Calculated variation of the difference of the maximum driving capillary pressure difference
and the total pressure loss as a function of vapor temperature for HP with grooves and mesh
(HP1) and HP with grooves and sintered structure (HP2), with assumption /,,;=200 mm and
Q=20 MW/m?.

The performance limits and the operation temperature of DIV-HP with the combined capillary
structures HP1 and HP2 as a function of the condenser length at a heat flux of 20 MW/m?
are presented in Table 2.7. It shows that the only viable solution for the present case is HP2
with sintered porous metal in the evaporator and a groove in the 200 mm long condenser. The
performance limits of HP1 with meshes at the evaporator are around half less than the proposed

heat flux.
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2.4 Options to Increase Heat Transfer Capability of a Divertor Heat Pipe

Table 2.7: Calculated operating temperature (vapor), operation limits for various condenser lengths (l.onq)-

lLong  YAPOT Capillary Capillary Entrainment Entrainment Boiling

[m] Temperature limit HP1 limit HP2 limit HP1/HP2 limit HPI/HP2  limit HP1
[°C] [MW/m?] [MW/m?] [MW/m?] (mesh) [MW/m?] [MW/m?]

0.15 276 6.1 21.4 21.9 61.5 0.82

02 245 8.5 28.8 21.9 61.5 1.22

0.22 233 9.6 30.4 21.5 60.0 1.40

0.25 225 10.0 31.9 20.7 58.5 1.53

Meanwhile, the values in Table 2.7 indicate that the entrainment limit is close to the maximum
heat flux. The problem is solved by covering the grooves with a single-layer mesh with the same
size as the one used for the HP1 option. It separates the vapor flow from the liquid flow inside the

grooves, reducing the liquid-vapor shear stress, and the results of the entertainment limit is higher.

Furthermore, the boiling limit in Table 2.7 presents a rather low value, which means that the
nucleate boiling is easily activated in the porous structure. According to the study by Afgan et
al. [Afgan et al. 1985], enlarged surface boundaries of the meniscus in the porous core and vapor
channels in the porous structure can increase critical heat fluxes. Even if the limit is low, the
DIV-HP can still run with the nucleate boiling state in the porous core, which is useful for high
heat flux operating conditions. The only major issue is that the liquid flow path is blocked if there
are too many bubbles in the porous structure of the evaporator. Then, the condensed liquid feeding

back is interrupted, resulting in a dry-out, and the heat pipe no longer works.

Finally, the water-based divertor heat pipe DIV-HP is shown in Figure 2.15.

Coolant 130°C

Adiabatic zone Condenser
N\

200 A

Evaporator

Capillary part with grooves

- o X i : -
CLE 1:;’ Envelope
¢
Figure 2.15: Dimensioning of the DIV-HP model combined the sinter porous and grooves as capillary

structures according to analysis to meet DEMO requirements.
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2 Heat Pipe Design for DEMO Divertor Target (DIV-HP)

DIV-HP uses a combined capillary structure similar to HP2. The grooves cover a 200 mm
condenser and 23 mm adiabatic section, and the sintered porous structure is chosen as the capillary
structure for the evaporator with the hemispherical surface. Meanwhile, a single layer mesh of the
same size as the one used for HP1 covers the grooves to increase the entrainment limit. Unlike the
condenser with a standard cylindrical shape, the evaporator receives heat with its hemispherical
surface and 3 mm long cylindrical part [cyqp,cy-

Therefore, the heat resistance formulation has to be changed. The evaporator hemispherical
surface is simplified with the same d,, o, dey.i» dc,, and d.;. According to the Fourier law: P =
—AA- %, Q=-X\ % where P is the power, ) is the heat conductivity. A = 2772427 - levap,cys
r is the simplified demi-sphere area with the length of the cylinder shape l¢qp.c, and radius of

sphere r, then the heat resistance of the evaporator envelope is,

ln den,o(den,i+2levap,cy)
(de71,o+216vap,cy)den,i

R = 2.17
en,evap I - )\en ] levap,cy 9 ( )
with the thermal conductivity A.,, of the envelope material.
The heat resistance of the evaporator capillary structure reads to:
ln <dc,o(dc,i+216uap,cy)>
(dc,o+2leva N )dc,i
Rc,evap = - s (218)

21 - A+ levap,ey

with the effective thermal conductivity A.f; of the different capillary structures [Stephan 2010].

For outer evaporator temperature, the equation 2.19 is applied:

Ten,o,evap =P (Ren,evap + Rc,evap) . (219)

According to the engineering analysis model, with CuCrZr as the envelope material and the cap-
illary structure, the vapor temperature is around 245 °C when the applied heat flux is 20 MW/m?,
and the maximum evaporator temperature of DIV-HP with porous sinter metal 7, , cvqp 18 around
350 °C, well below the limit of the evaporator temperature. Then, it is essential to test and vali-
date the DIV-HP design experimentally, with a particular focus on the evaporator’s performance,
because of its low boiling limit and the possibility of operating in a nucleate boiling state.
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3 Experimental Heat Pipe Focus on the
Evaporator Evaluation (HPEE)

The divertor heat pipe design developed in Chapter 2 aims to work at DEMO-relevant high heat
flux conditions, by considering working temperatures and capillary and entrainment limits. In
order to validate the design for DEMO divertor high heat flux conditions, an experiment is initially

set up to investigate certain specific issues, such as the boiling limit reached.

In this chapter, the heat pipe to evaluate its evaporator performance is designed according to
the requirements to retain the design of the divertor heat pipe as much as possible. The main
change is in the heat sink and heat pipe structures to make the industry manufacturing procedure
easy and maintain high transfer capability. The two heat-pipe mock-ups with different evaporators
are chosen. The engineering analysis model is established to predict the HPEE temperature
chain. Finally, the setup and purpose of the experiment procedure are described. Data processing,

especially to reduce the relative uncertainty of the calorimetric power evaluated, is also discussed.

3.1 Experimental Requirements of Heat Pipe for Evaporator
Evaluation

Design approaches based on heat resistances, particularly performance limits analysis [Stephan
2010], are generally given for a cylindrical heat pipe sustained by uniform heat flux. The divertor
heat pipe evaporator has a hemispherical surface of 4 mm and a cylindrical part of 3 mm, which
contacts the inner surface of the tungsten armor. Hence, a high heat flux is concentrated more

quickly in the hemisphere part than evenly distributed on a standard cylindrical heat pipe.

Other performance limits, such as the capillary limit, are well above the values calculated for
the DIV-HP. However, even with diverse methodologies, the boiling limit depending on the small
void space is challenging to define. To study the potential that nucleate boiling in the evaporator
porous structure has a positive influence on HPEE heat transfer capability [Afgan et al. 1985], an
experimenthas been updated, focusing on investigating the performance of the capillary structure
of heat pipe evaporator. To distinguish itself from the DIV-HP, the current experimental heat pipe
mock-up is referred to as the Heat Pipe for Evaluating the Evaporator (HPEE).
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3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE)

The HPEE first retains most of the characteristics of the DIV-HP and reproduces the same
operating conditions. Thus, the following requirements are first formulated for this experiment:

The HPEE is capable of transferring heat flux of 20 MW/m? as per DIV-HP requirements;

The HPEE has an evaporator of a similar size as DIV-HP;

The evaporator porous structure has a similar porosity and particle size as DIV-HP at first
in the sense that the capillary driving force of the heat pipe is not affected. The potential
optimized structure that improves the evaporator performance is seen as the second choice

and be studied;

The CuCrZr is used for the HPEE envelop, it is the same material selected for the DIV-HP;

* The operating (vapor) temperature with maximum heat flux 20 MW/m? is 250 °C same as
the DIV-HP.

More advanced design solutions are explored on the basis of this. Some design modifications
are needed to improve the evaluation accuracy, simplify manufacturing, and keep the costs for the

experimental setup within reasonable margins.

The experiment was carried out under vacuum conditions with a minimum vacuum pressure of
1.5 Pa to limit thermal losses due to heat convection in the air and protect the heated surface from
unwanted oxidation. Hence, the HPEE connected to a heat sink has been installed in an existing
vacuum tank with a diameter of 500 mm and height of 1000 mm through the top flange with an

inner diameter of 76.1 mm, like in Figure 3.1.

1000 mm

Figure 3.1: Sketch of HPEE design structures in the vacuum tank.
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3.2 Design of the Experimental Heat Pipe for Evaporator Performance Evaluation

The inlet temperature of the HPEE heat sink is around 17 °C, maintained by an external cooling
system at the KIT INR Institute. Its pressure of 0.4 MPa is regulated by the pump system.

In contrast to the hemisphere of the DIV-HP evaporator, the HPEE evaporator has been altered
to be flat in order to reduce production costs and complexity. The same heated area is concentrated
at the front end of the HPEE, as the DIV-HP evaporator. Because the capillary limit is not an
issue in this research, the condenser is positioned directly above the evaporator at a small height,

and gravity helps the liquid flow from the condenser to the evaporator with a low-pressure drop.

3.2 Design of the Experimental Heat Pipe for Evaporator
Performance Evaluation

3.2.1 Heat sink and condenser design for high heat transfer capability

With the experimental setup, an estimation of the transported power is challenging by accounting
for all heat losses and the surface heat load on the input power readings. As an alternative, the
heat sink is used to evaluate the power and heat flux transferred by HPEE with the calorimetric
method by measuring the temperature and pressure of its inlet and outlet. The calorimetric power
is estimated as follows:

P = (h(Toutapout> - h(ﬂum)) : mout(Toutapout)a (31)

where £ is the specific enthalpy [J/kgl, and o0 (Tout, Pout) = P(Tout, Pout) * Vout» p is the density
[kg/m®] of the cooling water. Both quantities are calculated based on the provisions of IAPWS
Industrial Formulation 1997 for Region 1, as shown in Figure 3.2 [Kretzschmar and Wagner 2019].
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Figure 3.2: Properties region of the water and steam based on formulation ITAPWS-IF97 [Kretzschmar and
Wagner 2019].
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3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE)

To ensure the validity of the experiment results, the relative uncertainty (U = “25*) of the
evaluated power should be as low as possible.

The average calorimetric power is contingent on the average temperature, pressure, and flow
rate in steady state, and the uncertainty of the calorimetric power is determined by the systematic
uncertainty of the average measurements, with the Taylor Series Method [Coleman and Steele
2009] and GUM [JCGM106:2020 2020], as expressed in Equation 3.1.

up,ave - \/(haut(Toutypout) - hm(,-rm7pm))2 : Uzmout + mout<Tout7pout>2 : (uizlout + u}%m) (32)

where uncertainty u?-nout,u%m, and u%n are related to systematic uncertainty of temperature,

2 2 2
Pin’ upout and uV'

pressure, and flow rate u7, , u7,,,, u

When transporting the same power, a high flow rate reduces the difference in coolant temperature
between the inlet and outlet of the heat sink AT o140t out—in- As aresult, according to Equation 3.1,
the difference in enthalpy as a function of temperature and pressure is small. Then, the evaluated
power P is small, close to the uncertainty of the calorimetric power u,, 4., resulting in an high

relative uncertaiy of the estimated calorimetric power.

Figure 3.3 indicates that the relative uncertainty of the evaluated power U reduces as the
temperature difference increases. For example, the relative uncertainty of the applied heat flux
0.5 MW/m? is around 68% for a coolant temperature difference of 0.5 °C but 10% for 3.1 °C. As
a result, an HPEE heat sink should help maintain a continuous and sufficient coolant temperature
difference between the inlet and outlet A7¢,o14nt out—in Of at least 5 °C.

1.4 -1.4
= U(AP/P)
1.2 ¢ Power [kVV] 4.2
1.0 5 1.0
& —
08 L 0.8 i
o ,._
<7 0.6 0.6 ©
~ A ;
=) [e]
V.44 J 1040
L ]
0.2 1 2 0.2
" [ |
LI
0.0 = 0.0
2 4 6 8 10
A-I—outlet—inlet[oo]

Figure 3.3: Evaluated experimental relative power uncertainty and calorimetric power as a function of the
temperature difference between coolant inlet and outlet for the HPEE set-up.
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3.2 Design of the Experimental Heat Pipe for Evaporator Performance Evaluation

Figure 3.4 gives an initial idea about the relation between the applied heat flux and the coolant
flow rate for different AT .poant 0ut—ini at 5 °C, 8 °C, and 10 °C. Finally, a value of AT s01ant,0ut—in
8 °C has been chosen so that the flow rate is controlled from 100 to 1050 1/h for heat flux of
1-20 MW/m?.
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Figure 3.4: External coolant flow rate versus surface heat flux assuming a temperature rise of 5 °C, 8 °C.
10 °C.

The inlet coolant for the HPEE heat sink is controlled at around 17 °C by the external cooling
system of the HELOKA experimental hall in KIT INR Institut and 4 MPa by the pump system.
To keep the operating conditions inside the HPEE the same as those in the DIV-HP (mainly vapor
temperature of 250 °C with heat flux 20 MW/m?), the temperature chain along the HPEE and the
effective heat resistance of various parts [Stephan 2010] are considered as in Chapter 2. Therefore,
the condenser temperature is estimated first, and the condenser thickness is limited to a low value,
preventing the exceeding of the vapor temperature.

The HPEE with heat sink is supposed to be installed in the vacuum tank. The size of the
coolant tube is limited to DN65, having an external diameter of 76.1 mm so that it can go through
the top flange of the tank. Furthermore, considering the required thickness of the pipe wall and
other mechanical constraints, the cooled area, as the condenser surface, is flat for simplifying the
manufacturing, limited to 3 x 10*mm? with a flat disc of 60.3 mm in diameter. It is much smaller
than the cooling area of a 200 mm long HP, around 35 x 10°mm?.

Therefore, the coolant flow rate is less than the baseline coolant system, and the coolant area is
smaller. With such conditions, a cooling method not only keeps the temperature rise at the coolant
inlet and outlet high enough, but it is also efficient in cooling the HPEE so that the outer surface
temperature of the HPEE condenser can be similar or even lower than that of the DIV-HP.
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3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE)

For such reasons, an impinging jet is an excellent choice. It can provide high jet flow on the
condenser surface, then flow back from an annular tube, ensuring the high-temperature difference
at the coolant inlet and outlet. The vertical circulation of coolant in the impinging jet system also

saved space so that it could go into the vacuum tank through the flange.

Considering different jet arrangements according to VDI heat Atlas [Wilhelm and Holger 2010]
and [Martin 1977] in Appendix A, the final heat sink is implemented by an impinging jet featuring
seven nozzles with a triangular arrangement, as shown in Figure 3.5, for better coverage of the
condenser wall. Water flows through a 1-inch pipe, which increases its diameter to 60 mm before
the condenser. The jets are generated from seven small pipes inserted in the flange. An extensive

list of the parameters of the cooling system can be found in Table 3.1.
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Figure 3.5: Impingement jet cooling system for HPEE (a) jet cooling system with condenser surface (b)
triangular arrangement for cooling using seven jets.

Table 3.1: Parameter of heat sink system with impinging jet.

Parameters Symbol Value
The inlet temperature of the coolant T; 17°C
Pressure of the coolant Peoolant 0.4 MPa
The outer diameter of the coolant pipe deoolant o 76.1 mm
The inner diameter of the coolant pipe Acooalnt,i 60.3 mm
The thickness of the coolant box wall (steel) Ocoolant 4 mm

Number of jets N; 7
The inner diameter of the jet D 3 mm
Distance between jet and bottom of HPEE H 15 mm
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3.2 Design of the Experimental Heat Pipe for Evaporator Performance Evaluation

The heat transfer coefficient of the different flow rates is shown in Table 3.2, which varies
depending on the heat flux in order to maintain a A7¢,o1ant out—ini Of 8 °C.

Table 3.2: The heat transfer coefficient of the different flow rates changing with the applied heat flux.

Heat flux [ MW/m?] Flow rate [I/h] Heat transfer coefficient [W/(m?K)]
52.04 3731.68

5 260.19 10911.50

10 520.37 17320.93

15 780.56 22696.84

20 1040.75 27495.26

The impinging jet system connects the HPEE condenser with a screw head, as in Figure 3.6 (a).
With the heat transfer coefficient, the outer surface temperature of the condenser can be estimated
by the coolant temperature of 17 °C. By knowing the condenser cooled area with a diameter of
60.3 mm, the thickness of the condenser is decided by studying the effective heat resistance and the
inner surface temperature of the condenser with increased heat flux. To keep the same operating

condition as DIV-HP, the condenser thickness is around 10 mm, as designed in Appendix A.

Up part of
the condenser

Figure 3.6: The condenser (a) outer surface connecting the jet coolant heat sink with the screw head. (b)
inside surface with a slope.

Because the heat pipe’s condenser is positioned above the evaporator, the grooves along the
complete flow direction, like DIV-HP, are not required to make production easy and economical.
Hence, there are no grooves on the inside of the condenser wall. Considering that liquid droplets
accumulate on the inside of the condenser surface, a slight slope is added, making the condenser
wall 2 mm thicker at the margin, as in Figure 3.6(b). It helps the condensed liquid flow towards

the lateral walls, preventing the droplets from directly falling into the evaporator.
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3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE)

3.2.2 Evaporator and adiabatic section with potential capillary structures

The evaporator of the HPEE that receives the heat directly is a flat disk for simplifying the
manufacture. Taking into account the high-temperature and high-pressure operating conditions
inside the HPEE at high power loads, the evaporator has to be thick enough to avoid deformation.
At the same time, a too-thick evaporator increases the evaporator temperature due to an enlarged
effective heat resistance. According to the stress calculations, the minimum thickness of the
evaporator CuCrZr plate is 1.5 mm, the same as the DIV-HP CuCrZr thickness. As a safety
precaution, the CuCrZr evaporator envelope for HPEE is specified to be 2 mm thick. As shown
in Figure 3.7(a), a 2 mm tungsten plate covers the CuCrZr plate, like in the DIV-HP W-armor. It
also protects the temperature sensors installed on the CuCrZr plate’s outer surface.
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Figure 3.7: HPEE evaporator (a) drawing with dimensions of HPEE evaporator-end with W-plate; (b) top
view of the outer evaporator surface with W-plate (after testing).

According to initial requirements, the HPEE evaporator is considered to have a heated area
close to the DIV-HP evaporator, which is the sum of the hemispherical and cylindrical area under
the W-armor (400mm?). For HPEE, the heated area of the evaporator is around 490mm? with a
diameter of 25 mm. The diameter of the CuCrZr and tungsten plate of the evaporator, as well as
the outer diameter of the cylindrical adiabatic wall above the CuCrZr plate, is 39.74 mm.

Figure 3.8 (a) shows that the adiabatic wall has a cylinder-shaped part that is 20 mm tall and
7.35 mm thick. Inside the cylindrical part, the capillary grooves are 24 mm long and 0.3 mm
wide, as those of the DIV-HP. The HPEE grooves have a lesser depth of 0.5 mm, with a rounded
end having a radius of 0.15 mm, different from the divertor heat pipe with a depth of 1 mm. It is

to compensate for a higher channel number of 125 due to the larger circumference of the body.

The grooves intersect with the capillary structure of the evaporator which has a diameter of
26.4 mm. It allows the condensed liquid on the HPEE’s adiabatic wall to flow through the capillary
grooves and directly into the evaporator capillary structure as DIV-HP. The cylindrical vapor space
above the evaporator has a diameter of around 25 mm and a height of 22 mm.
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Figure 3.8: HPEE mock-up: (a) cross-section through the mock-up with dimensions, (b) photograph of the
HPEE mock-up with a connecting head for the heat sink.

Above the cylindrical part, the HPEE is enlarged in a conical shape with a vertical inclination
angle of 15°, as shown in Figure 3.8 (b). It is to realize the transition from the condenser with a
60 mm diameter down to a 39.7 mm diameter evaporator within a small distance of around 50 mm.
The absence of grooves in the conical shape makes manufacturing simple and cost-effective, and
the conical shape facilitates a gentle downward flow of liquid. The adiabatic wall thickness of this

part becomes 4 mm. The parameters of the HPEE mock-up are summarized in Table 3.3.

Table 3.3: Parameters of HPEE body.

Parameters Symbol Value
The outer diameter of the evaporator devap,o 39.7 mm
The inner diameter of the evaporator Aevap,i 25 mm
Active Evaporator Area Acvap 490 mm?
The thickness of the evaporator envelope (CuCrZr)  depap.en 2 mm
The outer diameter of the condenser deond,o 60.3 mm
The inner diameter of the condenser Aeond,i 49.1 mm
The thickness of the condenser (CuCrZr) Ocond 10 mm
Inner length of the adiabatic zone lodia 75 mm
The thickness of adiabatic (CuCrZr) Oadia 4 mm
Vertical inclination angle I5; 19.5°
The thickness of the tungsten protects plate (W) Ow,cap 2 mm
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3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE)

Design studies for DIV-HP assume that the sintered porous material uses copper with a particle
radius of 0.05 mm and porosity of 0.5. To be comparable with the DIV-HP, the sintered porous

metal on the HPEE evaporator should also use Cu and the same particle size.

However, due to material and manufacturing limitations, sintered porous copper C120 suffers
from adhesion problems with the CuCrZr plate. It lost its integrity even when the plate was coated
with Ni and failed to integrate properly into the final mock-up. Therefore, bronze- CuSn10 (10%
tin, 90% copper) as the sintered porous material B200 with a porosity of 0.47 is chosen as an
alternative, showing excellent stability and precise open porosity.

The structure and properties of C120 and B200 are different:

* C120: sintered porous copper with porosity 0.42 and grain radius 118 pm, high heat
conductivity of 401 W/(mK);

* B200: sintered porous bronze with porosity 0.47, grain radius 400pm and permeability
1.54 x 10"°mm?, heat conductivity, 50 W/(mK).

B200 has a lower pressure loss but a lower heat conductivity. Using B200, two main aspects

are impacting the experimental results:

* the thickness of the B200 on the CuCrZr plate is increased to 2 mm due to its larger grain
size, rather than 1 mm sintered porous copper C120 as in DIV-HP;

* the maximum heat flux that HPEE with B200 can receive is lower than C120 and could not
reach 20 MW/m?. The evaporator temperature increases rather quickly due to its low heat
conductivity and thicker plate than C120, increasing the risk of approaching its operational

limits or meeting the dry-out.

It is necessary to alter the porous structure to determine if it can enhance the effectiveness of the
heat pipe. One possible reason why dry-out occurs in a porous structure is that the accumulation of
vapor bubbles blocks liquid flow from entering a particular evaporator area. Weibel [Weibel et al.
2010] studied the influence of particle size on heat transfer capability of the porous structure, of
which the maximum heat flux applied is 5.9 MW/m?. His advanced studies [Weibel and Garimella
2012] with the radial and square grids that covers the porous structure, as well as the heat pipe
spreader with multi-artery from Min [Min et al. 2009] show an improved performance of the
porous structure with channels. The Cose experiment [Coso et al. 2012] with biporous fins with
vertical microgrooves even reached 7.3 MW/m?.

Making the channels on the present porous structure B200 is easier. Therefore, two HPEE
mock-ups with different evaporators are designed to investigate the impact of such channels on
the performance of the heat pipe evaporator. HPEE-1 with one plain evaporator uses a uniform
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sintered porous structure B200 (see Figure 3.9 (a)), HPEE-2 with an enhanced evaporator and the
same porous structure features a pattern of channels made through the discharge of electric wire

erosion from its surface (Figure 3.9 (b)).

(a) (b)

Figure 3.9: Photographs of porous structure on CuCrZr plate (a) plain shape, (b) with channels.

Two sintered porous structures are affixed to a CuCrZr plate. They are identical except for the

fact that HPEE-2 has channels. The parameters of the evaporator are outlined in Table 3.2.3.

Table 3.4: Parameters of wick structures: grooves, sintered porous material.

Parameters Symbol Value

Sinter porous for HPEE-1 and HPEE-2

The thickness of the porous evaporator plate (Bronze)  dcyappp 2 mm
The particle size of the porous plate Tpo 400 pm
porosity € 0.47

Channels on sinter porous for HPEE-2

Width of porous channels Wpp,ch 1 mm
Depth of porous channels Opp,ch I mm
Number of porous channels and length Npp.eh X lppcn 4 x10mm+4 x 6mm

The design with channels locally reduces the porous structure’s thickness and creates channel
flow on it. Since the cross-section is comparable to the size of the porous structure grains, the
liquid inside the channels is expected to be shaped as a meniscus. Such structures increase heat
transfer performances by reducing the resistance for vapor to escape and friction loss of liquid
flow, especially in high heat flux conditions, producing convection boiling mode with bubble and
annular boiling [Stephan and Busse 1992][Deng et al. 2017].
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Another issue is that when the experiment runs with various loads from 1 MW/m? to 20 MW/m?,
the water properties and the liquid inventory needed for evaporation are different [Guichet and

Jouhara 2020] due to different operating temperatures and pressures.

It is not an issue for the DIV-HP because it is a closed system, and the maximum water is inside.
However, in the experiment for HPEESs, to understand the operation of the evaporator, especially
in a porous structure, the liquid condition is expected just to wet the porous structure rather than

fully submerge it, resulting in a pool boiling.

If filling is performed for the maximum loading of 20 MW/m? directly, the excess liquid gathers
on top of the sintered porous metal creats a pool of water during tests in a low power range. This
results in a pool boiling-dominated operation over the evaporator characteristic of a thermosyphon

rather than the intended goal - boiling inside a sintered porous structure.

Hence, a small reservoir has been created with a width of 3 mm and a depth of 3 mm (see
Appendix B) at the beginning of the capillary grooves, as shown in Figure 3.10. At low-power
operation, the excess liquid will gather inside this reservoir from the condenser, while at maximum
power, a continuous liquid flow is ensured. The grooves help to guide the liquid from the reservoir
to the evaporator smoothly on the straight part. To reduce the entrainment limit, a mesh layer

covers the grooves to reduce the sheer stress and avoid liquid flow from the reservoir.
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Figure 3.10: Inner view of HPEE mock-up (a) drawing of the reservoir; (b) manufactured grooves and
porous insert.

To investigate the evaporator performance is depending on the boiling phase change that occurs
in the porous structure or a pool that boils over the porous structure, the liquid inventory inside is
strictly controlled. Unlike the commonly used heat pipe and DIV-HP, which are sealed after the
maximum amount of working liquid is injected, the HPEE will have its water inventory added in
three stages. This will result in the heat pipe having a total water inventory that corresponds to

three different experimental ranges of heat flux.
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As a result, the HPEE is not permanently closed, but rather uses a well-sealed valve to control
HPEE on/off. In the first round, a water inventory of 1.5 ml is filled in HPEE, which is adequate for
an experiment with a heat flux of up to 1 MW/m?. The experiment then begins after making sure
the valve is completely closed. In the second round, 0.2 ml more water is added to HPEE, bringing
the total water inventory to 1.7 ml for an experiment heat flux range from 1 to 5 MW/m?. In the
last cycle, the total water inventory in HPEE is increased to 2.0 ml for an experiment heat flux
range of 5-20 MW/m?. The experimental heat flux range and the corresponding water inventory
are listed in Table 3.5. Details on calculating the liquid quantity needed for a certain load and the
filing procedure can be found in Appendix B.

Table 3.5: heat flux range with the corresponding total water inventories in the HPEE.

heat flux range Liquid inventory (1))
0-1 MW/m? 1.5ml
1-5 MW/m? 1.7 ml
5-20 MW/m? 2.0 ml

The mock-up was separated into two parts in manufacturing: the upper part with the condenser
and the bottom part with the brazed sintered porous B200 evaporator and grooves. The grooves are
manufactured through spark erosion. After the ultrasonic cleaning procedure with Isopropanol,
the two HPEE parts (condenser and evaporator) equipped with nine thermocouples have been
joined together by brazing. The condenser screw head and 2 mm tungsten plate at the evaporator
are joined on HPEE. Then the evaporator is covered with a stainless-steel cover for protection and
to fix the position of the heater, as depicted in Figure 3.11.

Evaporator with
protecting cove

(a) (b)

Figure 3.11: Finished mock-up (a) complete mock-up body after brazing with thermocouples;(b) evaporator
with protecting cover.
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3.2.3 Measurement instruments for performance evaluation

The size of the mock-up, particularly the reduced vapor zone’s dimensions, allows a limited
number of measurements to monitor the HPEE operation. As seen in Figure 3.12, three thermo-
couples (HPOS, HP06, and HPO7) are inserted 5 mm below the outer surface of the condenser
to avoid the influence of jet turbulence. Two thermocouples (HP03 and HP04) monitor the axial
change in vapor temperature. Four thermocouples (HPOS, HP09, HP10, and HP11), which are
brazed on the surface of the 2 mm tungsten plate and contact the CuCrZr plate of the evaporator,
measure the outer temperature of the evaporator. All thermocouples are K-type with nominal
uncertainty =1.5 °C or +0.4%, their position and dimensions are listed in Table 3.6.

Al { Y 0]
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Figure 3.12: Temperature measurement arrangement of the HPEE mock-up: (a) condenser wall temperature
measurements (HPO5:HP07); (b) vapor temperature measurements (HP0O3:HP04); (c) loaded
surface temperature measurements (HPOS:HP11).

Table 3.6: Description of the dimension and position of the heat pipe thermocouples.

Thermocouples Position Diameter
HPO5 Condenser center, 5 mm below the cooling surface in z dirction 1 mm
HPO6 21 mm away from conder}ser c.enter along r direction, 5 mm | mm
below the cooling surface in z direction
HPO7 21 mm away from conder}ser c'entef along r direction, 5 mm | mm
below the cooling surface in z direction
HPO3 In vapor space, 7 mm below condenser inner surface in z axis 0.5 mm
HPO4 In vapor space, 39 mm below condenser inner surface in z axis 0.5 mm
HPOS8 5 mm away from evaporator center in r direction 0.5 mm
HP09 10 mm away from evaporator center in r direction 0.5 mm
HP10 7 mm away from evaporator center in r direction 0.5 mm
HP11 Evaporator center 0.5 mm
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3.3 Analysis Model for Temperature Chain of Experimental
Heat Pipe

Following the same procedures as the one used in Chapter 2 for divertor heat pipe DIV-HP,
the temperature and performance limits as prerequisites for the experiment are also essential for
HPEE. Hence, an analysis heat pipe model is built using the same DIV-HP design approaches.
First, the model predicts the temperature chain based on the effective heat resistance of the heat
pipe by dividing it into eight parts, as shown in Figure 3.13. The calculation of the heat resistance

of each part of the heat pipe is listed in Appendix C.
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Figure 3.13: Dimensions of the HPEE in eight effective thermal resistance parts.

With this model, the temperature chains of the heat pipe can be estimated with conduction-only
or with evaporation-condenser behavior. As only the inlet coolant temperature 7., i, 15 known,
the evaluation of the temperature chain starts from the condenser considering the heat transfer
coefficient of the heat sink when the flow rate controlling the coolant temperature rises at around

8 °C. Hence, the condenser temperature where thermocouples exist is predicted :

Tcond,measure — L coolant,in + P RHTChﬁatsmk + P ROI: (33)

The temperature of the condenser’s inner surface is estimated by assuming the thickness from

parts 1-2 is 6 mm:
Tcond,i - Tcond,measure +P- R127 (34)
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The vapor temperature 75,40 1S assumed to be the same as the temperature at the interface
between the vapor and liquid film at the condenser’s inner surface because 75,4y, in the HPEE is
quasi-uniform at the saturation state. Hence, the 7,4, 1s based on the estimated temperature of
the condenser’s inner surface 7¢o,q,; plus the temperature gradient due to the liquid film. Due to
the liquid film thickness changes when applied heat flux and the HPEE’s temperature increase.
Here, the liquid film thickness is expressed simply as a constant of 0.07 mm. It is an average
thickness determined by the inner side temperature of the condenser when the applied heat flux
ranges from 1 to 5 MW/m?, according to Appendix B. As the same, the heat conductivity of the
water is simplified as 0.6 W/(mK).

Tvapor — Lcond,i +P- Rliquid—filma (35)

It is different from the approaches for designing the DIV-HP because DIV-HP has capillary
structures in its condenser, which contains the liquid inside, rather than covering the condenser
inner side surface.

The evaporator temperature 7., 1s estimated in the final step by assuming vapor temperature
is uniform until the vapor-porous interface. Then, the temperature gradient is calculated through
the effective heat resistance of the evaporator porous (26.8 K/W when considering water in the
void) at part 6-7 and CuCrZr plate (360 K/W at a constant temperature of 20 °C) at part 7-8.

Te'uap - Tvapor +P- (R67 + R78>- (36)

According to the heat resistance analysis model, the evaporator temperature of HPEE-1 already
reaches 600 °C with a maximum heat flux of 5 MW/m?, because of the low heat conductivity of
bronze, where the vapor temperature is 207.9 °C. This means that the experiments could not go
further up to 20 MW/m?. Table 3.7 lists the performance limits estimated using the same equation
from equations 2.5 to 2.8 in Section 2.2 with a vapor temperature of 207.9 °C at 5 MW/m?.
It shows that the performance limits are high enough for the proposed heat flux of 20 MW/m?
(9.8kW on the HPEE evaporator), and only the boiling limit needs to be considered when the

critical heat flux is reached.

Table 3.7: Vapor temperature and corresponding performance limit.

Vapor temperature Performance limits Maximum heat flux [ MW/m?]

207.9 °C Capillary limit 21.8
Entrainment limit 69.8
Boiling limit 0.087
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3.4 Experimental Setup and Procedure

The HPEE with its heat source is installed in the vacuum tank, as shown in Figure 3.14 (a). It
is evacuated by a vacuum pump with type PFEIFFER DUO 35 M. The minimum vacuum level
that can be reached is 1.5 Pa. The impingement jet heat sink designed in Chapter 3 goes through
the top flange of the vacuum tank, while the outside pump system drives the external coolant.

Coolant Pump

DACS
Cubicle

» }
Temperature Flow Rate
Limiter Linvliter

% 15 2 7 % 5
% B3 22

Endress+Hauser (Z1] |8

5] Vauum
pump

(a) (b)

Figure 3.14: Experimental setup (a) entire experiment setup with National Instrument cubicle(b) tempera-
ture limiter (gray) and flow limiter (green).

All data are recorded by the Data Acquisition System (DACS) based on National Instruments
components and are monitored with LabView 2019. Origin2022 processes the collected data.
The National Instruments components are installed in the Cubicle, which also contains the power
supplies and Safety Interlock System. The Safety Interlock System, as shown in Figure 3.14 (b),
stops the experiment immediately under specific conditions by shuting down the power supplies.
The threshold values of the safety limitations are listed in Table 3.8.

Table 3.8: Three limiters and their threshold values.

Limiters Threshold values
Temperature of the mock-up >450 °C
Temperature of the copper heater >750 °C
Flow meter <50 1/m
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3.4.1 Heat source and sink with function of calorimetric power evaluation

An electric copper heater has been developed as the heat source for the HPEE experiment. It
uses a shaped copper block with six heaters. The block has a diameter of 80 mm and a height
of 100 mm on the larger side (where the heaters are inserted), and it reduces its diameter to only
25 mm towards the heated end that comes in contact with the HPEE evaporator. Each single
rod heater (from company Maxiwatt) has a diameter of 12.5 mm and is 80 mm long. They
can provide a maximum power of 800W each (4800W in total) and operate up to 750 °C. Four
thermocouples (HE1, HE2, HE3, HE4) monitor the temperature of the copper block in the axial
direction, as illustrated in Figure 3.15(a). The power is provided by three power supplies from
DELTA ELEKTRONIKA SM300-10D. Each power supply feeds two heaters and is connected in

parallel.
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Figure 3.15: Electric heating unit (a)dimension design and (b)installation with ceramic isolation in the
vacuum chamber.

The heating unit is installed directly under the HPEE in the vacuum tank. Due to manufacturing
issues, the evaporator protected by the tungsten plate deformed a little during brazing, so the
evaporator can not contact the flat copper heater surface well. A lubricant paste with copper
particles (Loctite LB 8065) covers the contact surface between the heater and the evaporator
surface to increase heat transfer efficiency. In addition, the support structure is isolated with
ceramic parts from the electrical heater and the copper body to reduce heat loss (Figure 3.15 (b)).

The conceptual idea of the heat sink is introduced in Section 3.2. The inlet water temperature
of the heat sink fluctuates periodically between 15-18 °C due to the external cooling circuit being
regulated by a chilled water machine with a hysteresis switch that keeps the coolant temperature in
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the range of 15 °C to 18 °C. Due to this large temperature bandwidth, a thermal buffer is connected
between the external cooling circuit and the heat sink cooling circuit. The 300 liter water in this
buffer tank reduces the temperature variation of the external cooling circuit when it flows through
a spiral winding, as in Figure 3.16(a). The oscillation amplitude of the heat sink inlet temperature

is reduced by a factor of five, presented in Appendix D.
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Figure 3.16: Heat sink (a) water cooling loop featuring a pump system and buffer tank as a heat exchanger
between the heat sink loop and the external cooling circuit (glycol-water); (b)flow regulation
valve assembly installed on the return line on the outlet loop.

The pump system of the heat sink has a pressure head at a nominal flow (5m?/h) of 0.1 MPa.
To regulating the flow rates needed for the experiment (1001/h to 10501/h), two control valves have
been installed on the return line:

* SS-1RS4 REGULIERVALVE 1/4 SWAGEL

* SS-18RS8 REGULIERVALVE 1/2 SWAGEL

These two valves have different sizes and flow characteristics, the larger one (1/2in) being used
to adjust the flow rate level close to the desired value, and the smaller one is used for fine-tuning,
which is illustrated in Figure 3.16 (b).

The measurement instruments are placed close to the inlet and outlet of the heat sink to evaluate
the calorimetric power transferred into the heat sink coolant by HPEE. The resistance thermometers
(RTD) and pressure sensors OPTIBAR-PM-5060-C KROHNE in the vicinity of the inletoutlet of
the coolant heat sink used for the calorimetric power evaluation are shown in Figure 3.17. For
estimating the mass flow 712, the volumetric flow rate V is measured by two water flow meters
(KROHNE 250 M40) installed at the outlet of the heat sink. Their testing range are 50-5001/h
and 150-15001/h for obtaining high accuracy, which are enough to be used for HPEE with the
bronze porous evaporator. A complete list of the sensors with their types and accuracies is given
in Table 3.9.
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Figure 3.17: Heat sink through top flange of vacuum tank and measurement instruments (HS-T-01:02,
HS-P-01:02, HS-F-01).

Table 3.9: Parameters of HPEE experiment measuring instruments for heat sink.

Component Locationl Model Range Accuracy
Temperature Inlet RTD -200-600 °C + (0,15 + 0,002 0 |t])
T-01 coolant (Class A) [DIN43760]
Temperature Outlet RTD -200-600 °C
T-02 coolant
Pressure Inlet PM-5060-C  0-2.5 MPa < +0.5 % of span
P-01 coolant [IEC 61298-2]
Pressure Outlet = p\1.5060-C 0-2.5 MPa
P-02 coolant

0
Thevolume ~ Outlet o000 50-500 Vh and i,gf/’\‘,’lf;gza;geg value
flow rate F-01 coolant 150-1500 I/h

3.4.2 Aims of experiment and procedure

The experiment initially starts from the low power of 100W, where the heat flux is around
0.2 MW/m? on HPEE for safety reasons.

Meanwhile, two mock-ups, HPEE-1 and HPEE-2, are investigated with three designed liquid
inventories: 1.5 ml, 1.7 ml and 2.0 ml, which are increased in three steps corresponding to three
heat flux ranges: 0-1,1-5 and 5-20 MW/m?.
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As explained in Section 3.2, the heat sink coolant flow rate is adjusted according to the heat flux
so that the coolant temperature rises to stay around 8 °C, reducing the degree of uncertainty in
the calorimetric evaluation of the transferred power. However, although the flow meter registers a
minimum flow rate of about 501/h, the precise value is roughly 901/h. Additionally, when the heat
flux is less than 2 MW/m?, the flow rate needed to raise the coolant temperature by 8 °C is less
than 901/h. Therefore, controlling the coolant temperature rise at 8 °C when heat flux is below
2 MW/m? is impossible.

As an alternative, the heat sink flow rates are controlled by three different methods, and the
impact of the heat sink coolant conditions on the HPEE is examined. At first, the existing
configuration keeps the flow rate ’1’ constant at 90 I/h, while the heat flux ranges between 0.2 and
2 MW/m? or until limit conditions are reached by showing unstable behavior. Secondly, starting
from a high heat flux of 2 MW/m?, the flow rate ’ii’ is regulated with the change in the heat flux
to maintain a coolant temperature rise of roughly 8 °C as the initial design. When the coolant
temperature rises by around 8 °C, the HPEE condenser temperature is 83 °C when the heat flux is
2 MW/m?, and the flow rate is about 90 I/h. Finally, to maintain a constant condenser temperature
at 83 °C after 2 MW/m?, the flow rate ’iii’ is regulated with the variation in heat flux.

The three heat sink flow conditions are as follows:

* (i): constant flow rate (901/h) maintained during different heating loads,

e (i1): flow rate adjusted with the heat flux, keeping the coolant temperature rise constant at
8 °C,

e (ii1): flow rate adjusted with the heat flux, keeping the condenser temperature constant at
83 °C.

The experiment procedure is as follows: first, the heat flux examined in HPEE-1 begins at
0.2 MW/m? with a liquid inventory of 1.5 ml and flow rate *i’. The heat flux is then gradually

increased with a typical jump of 0.2 MW/m? each time. After the heat source and HPEE

dr
> dt

the same heat flux and runs for an additional 60 to 90 minutes to gather sufficient data for a

temperatures increase a little <0.5 °C/min, and reach a stable state, the experiment maintains
calorimetric power evaluation. When HPEE exhibits a sign of unstable operation or reaches
operational limitations, the heat flux rise is stopped by monitoring the temperature change of the
heat source and HPEE. Subsequently, the test is repeated using the same HPEE-1 and 1.5 ml liquid
at a higher flow rate of ’ii,” and the applied heat flux is begun at 2 MW/m?. When the unstable
temperature behavior occurs again, the flow rate increases to ’iii,” and the test is repeated from
2 MW/m? as well.
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After testing the three flow rate conditions on HPEE-1 with 1.5 ml, the liquid inventory is
increased to 1.7 ml and 2.0 ml. Repetitive experimental steps are taken as used for HPEE-1
containing 1.5 ml liquid. Up to 20 MW/m?. When the liquid inventory rises, there is a chance
that liquid in excess of 2.0 ml could build up on the porous structure and cause the pool to boil.
Therefore, in HPEE-1 a liquid inventory of 4.0 ml is examined, twice larger than 2.0 ml, to study
how a greater liquid inventory, which can lead to pool boiling, affects HPEE heat transfer behavior.

3.5 Calorimetric Power Evaluation, Optimized by Relative
Uncertainty Analysis

The experimental uncertainty analysis is performed according to Taylor Series Method [Cole-
man and Steele 2009] and GUM [JCGM106:2020 2020], where the uncertainty w, = /b2 + s2
is combined by b, and s,. The systematic uncertainties b, are based on the sensor accuracy listed
in Table 3.9 and the measurement equipment resolution, like the NI Instruments Module. The

random standard uncertainties s, are based on the measured data’s standard deviation in one test.

The uncertainty of measured data, mainly average value, is

1
Upng = E\/ufndl F U g+ UE (3.7)

where n is the test repeat time, at least three, with each heat flux, u,,q, = 1/ b?ndn + 52 dn-

m

The uncertainties propagate in temperature, pressure, and flow rate and then in calculating the
calorimetric power. Figure 3.18 illustrates the temporal evolution of the temperatures recorded at

the inlet and outlet of the heat sink without heat flux in 60 min.

18.5 4

O Temperature_outlet
—&— Temperature_inlet

x

©

=
1

Temparature [°C]
S
(4]

— ——
0 15 30 45 60
Time [min]

Figure 3.18: Measured temperature evolution of the inlet and outlet coolant with power OW.
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However, it shows that although the buffer tank was added to relax the temperature oscillation
of the cooling machine, the temperatures, without applied power, still oscillated with an amplitude
of around 0.5 °C, increasing the measured data’s standard deviation of the average value. As this
temperature oscillation can not be ignored and reduced, u,, 4yerqge Calculated with equation 3.2 will

be high due to the high standard deviation of the temperature measurements.

To control the uncertainty of the calorimetric power at a lower level, the high uncertainty of the
average ur,,, Ur,,,, has to be avoided. Hence, the uncertainty analysis as equation 3.2 is seen as
Method 1, another uncertainty analysis method by determining the steady power by averaging the
transient power at a steady state after directly calculating the calorimetric power using transient

data at each record point is seen as Method 2, which ignores the average value of the measurements.

— 2 2
Up,transient,steady = A/ bp + Sp- (3.8)

The uncertainty of Method 2 1, transient steady Just needs to consider the systematic uncertainties
b,, which is the same as method 1, and the random standard uncertainties s,, showing a lower

value than ur, , ur,,,-

Figure 3.18 also shows that the outlet temperature always delays the inlet temperature with an
evident time lag dt, according to the peak of the temperature oscillation. Then, the time lag dt;,,,
and dt ., estimated by two methods with different flow rates when the heat flux is 0 MW/m? is
listed in Table 3.10.

Table 3.10: Two types of time lag with different flow rates.

Volume low rates V[I/h] Time lag di,,,, [s] Time lag dt.,,.. [s]
100 102.86 120

200 51.43 60

300 34.29 36

400 25.72 30

500 20.57 18

The time lag dt,,,, is estimated by assuming the time duration when one particle flows from
the inlet to the heat sink outlet (in Appendix D). The time lags dt.,.. is calculated with the
experiment results and processed by applying MATLAB’s ’finddelay’ function. The ’finddelay’
function makes use of the *xcorr’ function to calculate the cross-correlation between the measured
data of the heat sink inlet and outlet that show possible lags. Then it calculates the normalized

cross-correlation between the heat sink inlet and outlet data, whose negative value of the lag for
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the biggest absolute value gives the estimated delay. As the data demonstrate a periodic case,
there are multiple lags leading to the biggest absolute value of the cross-correlation, and then the

smallest (in absolute value) negative value of such lags is seen as the estimated delay.

With different flow rates, the values of the two types of time lag estimation are close. It proves
that this delay occurs because the coolant needs to pass through the entire loop before reaching
the outlet. Due to the significant distance between the inlet and outlet of the HPEE heat sink loop,
it takes time for the flow to travel from the inlet to the outlet, resulting in a time lag of the loop
response and then a delay of the outlet temperature measurements. Hence, it is a systematic error

and the delay can not be ignored.

However, as there is a systematic error due to the time lag dt of the heat sink loop response
as in Figure 3.18, the transient power calculated using the transient measurements at the same
record point is inaccurate. For example, because the outlet temperature is delayed from the inlet
measurements, if the transient calorimetric power is calculated with Method 2 at time point A 7 4,
and the outlet measurements using data recorded at time ¢4, the inlet measurement should use

data recorded at time t4 — dt.

Therefore, to get the more accurate value of the transient calorimetric power, the evaluation
should correct with time lag dt as seen as Method 3 by using the following formula:

P = (h (TOUt<t)7pout(t)) —h (Tm(t - dt>7pin (t - dt))) P (Tout(t>7pout(t)) : V(t> (3'9)

where the time lag dt calculation has to be repeated at least once a day and before the flow rate
changes to verify the accuracy. With the known time lag dt, the outlet temperature at time t
T,.(t) corresponds to the inlet temperature earlier 7}, (¢ — dt). At the same, p,,;(t) corresponds
to pin(t — dt).

As a result, there are three ways to evaluate the calorimetric power:

* Method 1: calculating the average measurements of temperature, pressure, and flow rate at

steady state first, then get the average calorimetric power with these average values;

* Method 2: calculating the calorimetric power with transient inlet and out measurements
at the same record point, then get the average power by averaging the transient power at a

steady state;

* Method 3: calculating the calorimetric power directly with transient measurements, but
considering the time lag of the record point between the inlet and outlet, then get the steady

power by averaging the transient power at a steady state.
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3.5 Calorimetric Power Evaluation, Optimized by Relative Uncertainty Analysis

An example of data processed in this way is compared with the original data without heat flux
in 60 min, as shown in Figure 3.19.
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Figure 3.19: Comparison of the processed temperature and calorimetric power evolution at 0 W.

The top figure in Figure 3.19 shows the original inlet temperature (red triangle line) and the
outlet coolant temperature (black circle line). By subtracting the time lag dt, the inlet temperature
shifted to the same time as the outlet, shown as the green square line. The bottom figure presents

the temporal evaluation of calorimetric power without taking into account the time delay (Method
2 in the red-circle-line) and after processing with the time lag dt (Method 3 in the blue-triangle-
line). The calorimetric power calculated with Method 2 exhibits an obvious oscillation of around
OW during 60min with an amplitude of around S0W. While the processed power evaluated with
Method 3 has a lower oscillate amplitude of around 10W without a clear peak value.

Table 3.11 lists the average calorimetric power with three methods when the flow rate is 901/h.

Table 3.11: Calorimetric power evaluation [W] by three methods, numbers in parentheses are the computed

relative uncertainty.

Power supplier [W] 0 194 330 541 787
8.79 179.69 307.11 50323 738.65
Power from Method 1 (3.34)  (0.19)  (0.11)  (0.068) (0.047)
8.23 178.67 296.63 489.79 724.22
Power from Method 2 (2.69)  (0.12)  (0.075) (0.046) (0.039)
(dt = 1165) (236)  (0.10)  (0.062) (0.037) (0.031)
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3 Experimental Heat Pipe Focus on the Evaporator Evaluation (HPEE)

Except for the first column without a power (OW), the average power calculated over the same
interval is almost the same through these three methods. The only difference is the relative uncer-
tainty presented in parentheses. When Method 1 is used, the relative uncertainty is significantly
higher because the average measurements have a higher standard deviation. And the relative
uncertainty when using Method 3 is the lowest of the three. Hence, Method 3 is used for the
calculation of the final results.

However, even though the power supplies do not provide power in some cases, the calorimetric
power evaluation always shows an existing power as in the first column in Table 3.11 without power
supplies, of which Method 3 presents the lowest standard deviation value. More tests without heat
flux are presented in Figure 3.20 with increasing flow rates. It indicates that, even without a heat
flux, a power calculated by Method 3 always exists and grows as the flow rate increases. After the
polynomial regression fit, the relation between this existing power and the volumetric flow rate is
Pepise = (V) = (8.85 & 2.83) — (0.002 & 0.009)V + (7.14 x 1075 £ 5.55 x 10-%)V2, It can be
concluded that the P, 1s associated with friction losses in the coolant loop.

= Exist power
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Figure 3.20: Exist calorimetric power without heat flux as a function of the coolant flow rate.

Because this power is always present due to friction loss and increases as the flow rate increases,
it has to be removed from the power evaluated with Method 3 at each heat load when estimating

the real power transported by the mock-up:

Ptrans = LTevaluated — Pe:cist(v)- (310)

By comparing the estimated transport calorimetric power with the one provided by power
supplies, the heat transfer efficiency e = Pjy4ns/ Prowersupply 15 around 83-90%. It means the heat

losses of the heater to the ambient is 10-17%, presenting a good heating condition.

The following experiment results, mainly the heat flux, are discussed based on the processed
steady calorimetric power Fj.q,s, evaluated using Method 3 by considering the time shift of the
measurements and then subtracting the friction loss in the loop.
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4 Heat Pipe Performance Analysis as a
Function of Design & Operational
Parameters

The heat transfer from the evaporator to the condenser of the working heat pipe occurs via two
pathways [Weibel and Garimella 2013]: (1) conduction through the capillary and wall and (2) a
two-phase heat exchange process that transports latent heat with the vapor flows. A successful
working heat pipe transfers most of the heat through a circulated 2-phase flow in steady-state
operation mainly because its exchange process has a higher effective conductance than the wall

and the capillary structure.

At low heat inputs, heat transfer is first accomplished by conduction and evaporation from the
liquid meniscus at the top of the porous structure, which is full of water. Once nucleation occurs at
a critical heat flux, boiling occurs in the porous structure [Carey 2020] as in Figure 4.1’s capillary-
fed boiling regime. Phase change in the porous evaporator structure transports latent heat to the
condenser through vapor flow, eliminating the thermal conduction resistance of the heat pipe wall
and porous structure. As a result, the effective thermal resistance of HPEE is substantially reduced
compared to that through the capillary structure and the wall. Then, the surface superheats drop
abruptly and the evaporator temperature drops immediately as well.

Increasing Heat Flux

t |
| 1 t f t ot t rot

Evaporation regime Capillary-fed boiling regime Transient regime

Figure 4.1: Schematic illustrations of the different two-phase flow regimes [55] for increasing heat flux at
the bottom of a porous surface.
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4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

However, when the heat flux continuously increases, the liquid meniscus reduces significantly
to the porous structure, as in the transient boiling regime shown in Figure 4.1. Vapor fills the
cavities of the porous structure and some vapor occupies the porous structure until the bottom.
Because of the surface tension, the capillary forces are still sufficient to supply the pores with

liquid water for evaporation.

In this chapter, the primary method for assessing the functioning of the heat pipe is to monitor
the measurements from the thermocouples on the three HPEE sections: evaporator, vapor, and
condenser. After the measurement data processing, the evolution of the HPEE-1 temperature with
a liquid inventory of 1.5 ml and a constant flow rate of 90 1/h is first analyzed. It is regarded
as a reference for the full set of tests, and the HPEE’s two-phase heat exchange behavior in
accordance with the temperature evolution at the three portions of HPEE-1 is studied. Then, the
possibility of improving the heat pipe performance is studied from three aspects: liquid inventories,
evaporator structure, and heat sink coolant condition. Each aspect is compared by the average
temperature difference between the evaporator and condenser of the HPEE, boiling curves or heat
transfer characteristics of the evaporator in steady state as a function of the heat flux. Finally, the

experimental results are compared with the prediction of the analysis model built in Chapter 3.

4.1 Start-up Heat Pipe Behavior of Reference Set-up

To examine whether the HPEE starts to behave like a working heat pipe, in which the heat is
transferred by the working liquid’s evaporation and condensation, even nucleate boiling, rather
than through the conduction of the HPEE wall and the capillary structure, the start-up and transient
behavior of HPEE-1 are studied. It first contains 1.5 ml of liquid within, cooled by a constant
flow rate of 90 1/h, and the transient temperature evolution in the three sections of HPEE-1-the

evaporator, vapor and condenser-is examined when different heat fluxes are applied.

Figure 4.2 shows the evolution of the transient temperature of the HPEE-1 with low heat fluxing
of 0.2 MW/m? and 0.6 MW/m?. Because of the thermal inertia of the copper heater, the power
applied on the copper block of the heat source will be absorbed by itself and then transported to
the HPEE by the contact surface of the evaporator. Therefore, the copper block and HPEE are
heated stepwise. When power is applied to the heat source, the temperatures on the electric copper
heater and all sections of the HP rise smoothly until remaining stationary. This means that the
heat source and the HPEE are in thermal equilibrium and the supposed power is transported.

Figure 4.2 (a) shows that when 0.2 MW/m? heat flux is applied to the heat source, the tem-
peratures of the heat source and all sections of HPEE-1 increase significantly in the first 30 min.

The four temperature measurements HPO8-11 in the evaporator show different values because
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4.1 Start-up Heat Pipe Behavior of Reference Set-up
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Figure 4.2: Measured temperature evolution of HPEE-1 with the liquid inventory of 1.5 ml and calorimetric
power: (a)100W (heat flux:0.2 MW/m?); (b) 300W (heat flux: 0.6 MW/m?).

the tungsten plate that covers the evaporator is not perfectly flat during manufacturing, although
copper paste is used to fill the gap. The maximum temperature shown at HPOS8 indicates that the
position closest to the HPO8 thermocouple contacts the heater surface better than others, with low
heat resistance. Meanwhile, the vapor temperatures of HPO3 and HP04 differ between 5 °C. The
non-uniform vapor temperature inside indicates that the vapor inside is not saturated yet. The
three condenser temperatures HP05-07 are practically identical during the ramp-up, controlled
mainly by the heat sink. Hence, before 30 min, the HPEE’s heat transfer is still evaporating from
the liquid meniscus because the heat flux increases slowly and is not yet high enough to activate

the nucleation.

After around 30 minutes, the temperatures are almost stable (del% < 0.2 °C/min in 30min),
meaning that the heat transport in the heat source and HPEE-1 is in thermal equilibrium and is in
steady state. A drop in the evaporator temperature is detected when the vapor temperature at HP0O3
starts to equal HPO4, indicating that the nucleate boiling is activated. The vapor reaches saturation
with an almost uniform temperature of around 33 °C. At that time, the saturation pressure inside
is 5 kPa, according to Clausius-Clapeyron equation [Faghri 1994]. The temperature readings in
the condenser increase and separate after 30 min, but showing an oscillation with the amplitude
of +0.5 °C with a steady state period of 20 min later, same as the oscillation of the temperature of

the heat sink coolant.
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4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

At 0.2 MW/m?, the nucleate boiling is just activated after 30 min, so the bubble produced
in the porous structure of the evaporator has a small volume and moves slowly or even does
not move. Hence, the liquid meniscus between the vapor space and the liquid in the porous
structure changes little, and the evaporation temperature is almost constant. Because more and
more liquid is transferred to the vapor during boiling, and the pressure inside the HP increases.
Consequently, this shifts the saturation temperature to higher values and is uniform in the entire
vapor space, increasing the inner surface temperature. Thus, the condenser temperature also
increases. However, since the heat flux is still low, the temperature of the heat sink inlet coolant

significantly influences the temperature of the condenser surface.

As shown in Figure 4.2 (b), since HPEE-1 is heated from a lower heat flux to 0.6 MW/m? from
110 min, the vapor temperature at HPO3 is equal to HP04 all the time without initialization, rising
like copper heater and temperatures of other sections. However, during temperature rises, the
temperature HP11 in the center of the evaporator increases rather quickly and soon exceeds others.
The vapor and condenser temperatures oscillate when ramp up. At 135min, HP11 suddenly jumps
by 5 °C, while the vapor and condenser temperatures drop slightly, the vapor temperature of HP04
is higher than that of HPO3. At around 143 min, both HP11 and HP09 jump, showing substantial
spreading. At 155 min, the evaporator temperature first drops and gradually increases. After 167
min, the evaporator temperatures show other drops and increases between the value 80 °C and
83 °C. The vapor temperatures are almost constant after 135 min, but the condenser temperatures

always decline when the evaporator temperature jumps, showing an inverse behavior.

The difference in the temperature behavior of the evaporator in Figure 4.2 indicates a change
in the operating regime of the heat pipe evaporator, especially in the center close to HP11. When
the heat flux increases, vapor bubbles are continuously produced and grow larger in the porous
structure of the evaporator. Some of them are joined together in the center of the evaporator,
covering the center of the porous structure and blocking the liquid flow. Hence, the area of the
evaporator containing liquid for phase change is reduced, the effective heat conductance is reduced,
and the evaporator temperature increases. Some bubbles come out to the vapor space with high
velocity, and the static pressure is reduced, lowering saturation and condenser temperature. When
the condensed liquid flushes through the porous structure, pushing the vapor bubbles out, the

evaporator temperature returns to a low value.

Figure 4.3 presents the evolution of the transient temperature of HPEE-1 at higher heat flux:
1.0 MW/m? and 2.1 MW/m?. When the applied heat flux started with 1.0 MW/m?, as shown in
Figure 4.3 (a), the nucleate boiling is activated by observing that the temperature of HP03 equals
HPO4 as soon as the heat flux is delivered via the copper heating block to the evaporator, even
without thermal equilibrium. At 15 min, four temperature readings in the evaporator HP08-11 rise

quickly even before temperatures become stable and the vapor and condenser temperatures show
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4.1 Start-up Heat Pipe Behavior of Reference Set-up

a little decrease. It is not the same as the temperature of the evaporator presented in Figure 4.2
(b) that only the measurement in HP11 oscillates between 80 °C and 83 °C at a steady state. This
means that bubbles cover the porous structure of the evaporator before the HPEE reaches thermal
equilibrium. At 60 min, the copper heater and HPEE-1 measurements are stable. From 90 min,
the evaporator temperatures oscillate within a range of 5 °C, while the condenser temperatures
oscillate within a range of 2 °C. Even the temperature of the copper heater shows a slight reduction

because it is sensitive to the change in evaporator temperature.
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Figure 4.3: Measured temperature evolution of HPEE-1 with the liquid inventory of 1.5 ml and calorimetric
power: (a)500 (heat flux:1.0 MW/m?); (b) 1080W (heat flux: 2.1 MW/m?).

The 1.5 ml liquid inventory is designed for the maximum heat flux of 1.0 MW/m?. When
directly applying 1.0 MW/m? of heat flux to the heat source, the heat flux is transferred as quickly
as possible from the copper heater to the HPEE through the contact surface of the evaporator.
The rate of increase in evaporator temperature is so high that the liquid in the evaporator boils
immediately. However, it takes some time for the vapor produced to fill the HPEE vapor space
and condenser. The capillary pressure difference between the condenser and the evaporator also
needs time to stabilize and transport the condensed liquid flow back to the evaporator steadily.

Therefore, the evaporator temperatures rise at 15 min.

As HPEE is continuously cooled by the external heat sink, when the pressure difference is
stabilized, the condensed liquid can flow back to the evaporator, pushing the vapor bubbles out
continuously. Then, the evaporator temperature becomes stable only with slight oscillation.
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4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

When the heat flux increases to 2.1 MW/m?, the temperatures at the copper heater and HPEE-
1 are stable at 420 min, as shown in Figure 4.3 (b). The evaporator temperature of HPOS is
close to that of HP11 and is different from the temperature of HP09 and HP10. Meanwhile,
the recorded data, especially the vapor temperature, exhibit an evident deviation, increasing the

relative uncertainty of the measurement

With such a high heat flux, the liquid inventory designed for a maximum heat flux of 1 MW/m?
is insufficient, so little condensed liquid flows back to the evaporator. As a result, the HEPP
closes to the transient regime. However, the evaporation continues at the liquid-vapor interface
of the liquid meniscus in the porous pore, keeping HPEE-1 behave like a heat pipe, but with
increased heat resistance. The size of the vapor bubble and the rate of vapor generation increase
continuously. It disturbs the stability of the vapor flow, making the pressure in the HPEE have
high oscillations. Hence, the related temperature readings show a high deviation as well.

The 1.5 ml liquid inventory tested in HPEE-1 is designed for a maximum heat flux of around
IM MW/m?, and the heat flux tested is already above this value. Repeated tests verify that the
transient temperature of HPEE-1 has a smooth behavior at low heat flux and an oscillating behavior
at high heat flux. The evaporator temperature increases rather quickly at 1-1.45 MW/m?, showing
a rise-and-fall behavior in a constant imposed heat flux. This oscillating behavior is kept in a
specific range and disappears at a higher heat flux of around 1.6 MW/m?. After that, the behavior
of the heat pipe depends on the evaporation in the receded liquid meniscus in the porous structure.
Although the thermal resistance is higher, it is still not close to the totally dry-out state, even not
in the film boiling regime [Weibel and Garimella 2013]

As the temperature of the evaporator in a transient state shows an oscillation behavior at high heat
flux, the average measurements of HPEE-1 with liquid 1.5 ml, while the flow rate is kept constant
at 90 1/h are presented in Figure 4.4. Figure 4.4 (a) shows the average evaporator temperature
T%vqp of four temperatures at HPO8, HP09, HP10 and HP11 in steady state as a function of the
heat flux Q. At 0.2 MW/m?, the average evaporator temperature is around 50 °C. When the heat
flux increases to 0.4 MW/m?, a small jump from 50° to 80 °C is observed. It indicates a boiling
behavior change and more vapor bubbles are produced. Although the evaporator temperatures
oscillate with an amplitude of 5 °C at a steady state during 1-1.45 MW/m?, the average evaporator
temperature T, increases linearly with increasing heat flux. Up to 1.6 MW/m? to 2.5 MW/m?,
Tevap increases rather quickly from 300 °C to 370 °C, far shifting from the linear increase trend,
as the heat resistance increased with the receded liquid meniscus. The experiments are stopped at
2.5 MW/m? as the electric copper heater is close to its limit working temperature of 750 °C, even
though dryout has not been detected.

The average vapor temperature Ty po3 and Ty poy at steady state as a function of the heat flux
Q in Figure 4.4 (b) shows that Ty pgs equals Ty pg3 in the entire experimental range, proving
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Figure 4.4: Average temperature of HPEE-1 with liquid inventory 1.5 ml as a function of the heat flux with
"flow 90 1/h’ (a) evaporator temperature Teyqp qve (b) vapor temperature Tyapor ave-

that the temperature in the center of HPEE is nearly uniform when water is saturated. They
increase linearly with heat flux, showing no specific behavior at 0.4 MW/m? and slope change at
1.6 MW/m?, where the evaporator temperature increases. This means that as heat flux increases,
the vapor temperature, which is mainly influenced by saturation pressure, increases much more
linearly than that of the evaporator. In turn, the increasing of the heat flux has more effect on the

evaporator because boiling behavior in the porous structure of the evaporator (like superheat).

Although the 1.5 ml liquid inventory is designed for a maximum heat flux of 1 MW/m?,
Figure 4.4 shows that HPEE-1 with 1.5 ml can work up to 2.5 MW/m? without dry out. Hence,

the experiment until 2.5 MW/m? is considered feasible, showing a better behavior than expected.

4.2 Heat Pipe Performance as a Function of Liquid Inventories

The evaporator boiling behavior influenced by the specific heat flux is understood by studying
the transient temperature measurements evolution of the HPEE-1, featuring a plain evaporator
porous structures, with 1.5 ml liquid inside. Then, the performance of HPEE-1 with different
liquid inventories is analyzed by studying the steady-state average data in three aspects. First,
the average temperature difference between the evaporator and condenser in steady state with
increasing heat flux is compared with the analysis model in which HPEE-1 only transports heat
through the wall conductivity, as discussed in Chapter 3. Then, to understand the performance
of the HPEE-1 evaporator, where nucleate boiling occurs, the behavior of the boiling curve and
the characteristic of heat transfer focused on the evaporator during a steady state with increasing

heat flux are analyzed as well. Except for the liquid inventories introduced in Chapter 3 (1.5 ml,
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4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

1.7 ml, 2.0 ml), the extra test for HPEE-1 containing 4 ml of water is applied with finer resolution
heat flux data points starting from the lower heat flux of 0.02 MW/m?.

The temperature difference between the evaporator and condenser AT, cona from the average
value of the measured data is compared with the estimated value only through the conduction
of the HPEE envelope and capillary structure, which is estimated based on the heat resistance
analytic model in Appendix C according to the Fourier law.

Figure 4.5 indicates that from 0.2 MW/m?, the temperature difference between the evaporator
and condenser AT.,q,—cons rfemains much lower than the difference estimated by the conduction-
only model. This means that HPEE-1 heat transportation is dominated by a greater heat transfer
capability of the heat pipe two-phase change effect. From 0.2 MW/m? to 0.4 MW/m?, the temper-
ature difference of HPEE-1 with four liquid inventories is almost the same. Above 0.4 MW/m?,
the ATcyap—cond as a function of the heat flux is linear with smaller slopes as the liquid inventory
increases, meaning that the heat transfer capacities are enlarged.
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Figure 4.5: Measured temperature difference of HPEE-1 between evaporator and condenser as a function
of applied heat flux with different liquid inventories under flow rate 90 1/h’, comparing with
the "conductivity only model’.

With 1.5 ml liquid inside, the temperature difference between the evaporator and condenser
ATeyap—cona of HPEE-1 jumped at 0.4 MW/m? and 2.5 MW/m?, with temperature difference
from 46-65 °C and 191-252 °C in Figure 4.5. Differently from the case with filled water of
1.5 ml, when liquid inventory in the HPEE-1 increases to 1.7 ml, estimated for a maximum heat
flux of 5 MW/m?, ATeyap—cona of HPEE-1 does not jump at 0.4 MW/m?. It increases linearly
when applied heat flux rise. The AT.,qp—cong When with 1.7 ml liquid is 38 °C and 128 °C at
0.4 MW/m? and 1.8 MW/m?, much lower than value for the case of 1.5 ml (45 °C and 163 °C).
Up to 2.6 MW/m?, AT cypap—cona of HPEE-1 shows a jump. The test is continued at 3 MW/m?,

where AT.yqp—cona reaches 253 °C, of which the evaporator temperature reaches 380 °C.
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4.2 Heat Pipe Performance as a Function of Liquid Inventories

Then, the ATeyap—cond Of the HPEE-1 with liquid inventories of 2.0 increases linearly as a
function of heat flux, even without showing a jump. At low heat flux from 0.02 MW/m? to
0.2 MW/m?, the AT cpap—cona of HPEE-1 with 4.0 ml liquid is close to the value of the conduction
only model. Then, at 0.2 MW/m?, the AT pap—cona of 4 ml reduce at first, and then it increase
linearly with the almost same slope as the one with liquid of 2 ml up to 2 MW/m?. After
2.2 MW/m?2, two curves separate, the AT¢,qp—cond Of 4 ml is lower than the one with a liquid of
2 ml. The final AT.y4p—cona With 2.0 ml liquid is 151.8 °C at 3.2 MW/m?, while AT yap—cond With
4.0 ml liquid is around 100 °C at 2.8 MW/m?.

Experiments with 4.0 ml are stopped at a lower heat flux than 2.0 ml due to the loss of the
high-conductivity paste between the mock-up and heater surface during repeated test. Then, the
electric copper heater reached the working temperature limitation rather quickly, but the mock-up
still shows the potential to accept more heat flux higher than the end of the experiments, as the

curve still increases linearly without a sudden rise.

The temperature difference between the evaporator and condenser of HPEE-1 has a significant
rise when containing 1.5 ml liquid at 0.4 MW/m? and 2.5 MW/m? and 1.7 ml at 3.2 MW/m?,
while other liquid inventories don’t show the same behavior. It could be related to the increase
in the temperature of the evaporator, as shown in Figure 4.4 (a), indicating that there is a change
in the boiling regime, resulting in a reduction in the effective thermal conductivity of HPEE.
And the AT,,4p—cond 0f 4 ml close to the value of the conduction only model from 0.02M/m?2 to

0.2 MW/m? indicates that the heat transfer seems to be dominated by conduction in that range.

The boiling curves related to the heat flux and the wall superheat are studied to characterize the

heat transfer performance of the tested evaporator surfaces where boiling occurs [Carey 2020].

The superheat AT, is the temperature difference between the top of the porous surface of
the evaporator structure close to the vapor and the temperature of the vapor. However, it is difficult
to determine the exact superheat AT,,,., because the temperature at the porous surface can not
be measured. Hence, the sub-superheat AT, .;_gpos is employed, where T,,,; represents the
temperature at the interface of the CuCrZr plate evaporator and the porous structure. It equals the
mean values of the four thermocouples in the evaporator minus the temperature gradient with a
uniform heat flux distribution through the CuCrZr plate AT ;- g pos = mean(Ty pos.gp11) — P -
Rewerze- And Ty pog 1s the vapor temperature measured by HPO4, 20 mm away from the porous
structure. Because the axial temperature variation is so low, this measurement is considered to

provide a suitable value for characterizing the vapor temperature.

Figure 4.6 shows that when the heat flux is 0.2 MW/m?, the AT, pos of HPEE-1 with
1.5 ml is 10 °C. When heat flux is increased to 0.4 MW/m?, the curve is shifted to the right,

where AT . 5 pos changes from 12 to 25 °C directly, which is identified as the change in boiling
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4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

regime. Then it increases linearly with heat flux up to 2.2 MW/m?, where the AT a1 pos 1S
around 130 °C. After 2.2 MW/m?, the curve slope becomes mild, as AT ;5 pos4 increases rather

quickly, but heat flux changed little, indicating a trend of the boiling regime shifting again.
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Figure 4.6: Measured boiling curves that heat flux as a function of the sub-superheat AT, gpos of
HPPE-1 for different liquid inventories at a heat sink flow rate of *flow 90 1/h’.

For a liquid inventory of 1.7 ml, the sub-superheat AT, ;g pos of HPEE-1 increases linearly
from 0.2 MW/m? up to 2.4 MW/m?, then the slope becomes gentle, showing a trend of the change
in the boiling regime. The HPEE-1 curve with 2 ml moves to the left, which means that when
transporting the same heat flux, AT, ;g pos 1S smaller than one of 1.5 and 1.7 ml. The curve
increases linearly, showing no clear indication of slope change up to 3 MW/m?, which means no

boiling regime change.

The sub-superheat AT, gpos of 4 ml with fine resolution heat flux data points from
0.02 MW/m? to 0.2 MW/m? is higher than others but with high uncertainty. Then it moves
to the left from 16 °C to 9 °C and increases linearly, overlapping the boiling curves of HPEE-1
with 2.0 ml of liquid inside.

As the temperature difference of the condenser and HPEE-1 evaporator of 4.0 ml at 0.02 -
0.2 MW/m? close to the conduction only model, which means that the nucleate boiling regime is
not activated. Heat transfer remains in the mode of evaporation on the free surface of a saturated
liquid layer and only through conduction, so the heat transport capability is low. The decrease of
4.0 ml at 0.2 MW/m? corresponds to the change in the mode to capillary-fed boiling in sintered
porous [Weibel and Garimella 2013].

From 0.2 to 0.4 MW/m?, the boiling curves of 1.5 ml, 2.0 ml, and 4.0 ml overlap with almost
the same sub-superheat. This means that HPEE-1 with 1.5 ml of liquid inside is already close to
the capillary-fed boiling regime when the heat flux is 0.2 MW/m?. Then, as the bubbles increase,

64



4.3 Impact of the Evaporator Design on Heat Pipe Performance

the boiling curve of 1.5 ml shifts to the right at 0.4 MW/m?. At2.2 MW/m?, the regime changes to

transient because 1.5 ml of liquid was insufficient to be condensed and flow back to the evaporator.

The HPEE-1 boiling curves with 2.0 ml increase linearly with heat flux up to 2.5 MW/m?,
meaning that it is always in the stable capillary-fed boiling regime with small bubbles because the

condensed water is enough to flow back to the evaporator.

It can be concluded that when the transported heat flux is the same, as shown by Figure 4.6,
the sub-superheat AT ;g pos reduces as liquid inventory rises. Higher liquid inventories help
the HPEE stay in a boiling regime that has a higher heat transport capability and the evaporator
temperature is lower. But high liquid inventory like 4.0 ml requires a higher heat flux to active
nucleate boiling. It is not recommended to be used for low heat flux conditions.

From the above comparisons, HPEE-1 with 2.0 ml has the best heat transfer capacity in four
liquid inventories, which stays in the capillary-fed boiling regime from 0.2 to 3.2 MW/m?. The
4.0 ml liquid inventory is too much for HPEE-1, which requires a higher heat flux to activate the
nucleate boiling. Previously, HPEE-1 with 4.0 ml only transmits heat through the conductivity of
the envelope and evaporation on the porous structure.

4.3 Impact of the Evaporator Design on Heat Pipe Performance

To study the possibility of improving the performance of the evaporator, the porous structures
in the evaporator that feature extra open channels [Stephan and Busse 1992][Deng et al. 2017],
called HPEE-2, are tested. The performance of HPEE-2 is compared with HPEE-1 by assessing
the same three aspects as the HPEE-1 of the liquid inventories study in Section 5.2. Of these, the
1.5 ml liquid inventory is tested with finer data points with lower heat flux from 0.04 MW/m?, as
it meets the critical conditions more easily. Additionally, a test using HPEE-2 containing 2.0 ml
of liquid, the best liquid inventory of HPEE-1, is also evaluated.

In Figure 4.7 (a), the temperature difference between the evaporator and condenser ATeyqp—cond
of the HPEE-2 with 1.5 ml is always lower than that of HPEE-1. It first increases linearly with
the lower slope from 0.04 -0.4 MW/m?, then it shows a clear jump in the heat flux of 0.5 MW/m?
from 24 °C to 54 °C, while HPEE-1 jump at 0.4 MW/m?. Unlike HPEE-1 which increases linearly
up to 2.5 MW/m? and jump again, the curve of HPEE-2 increase linearly until 1 MW/m?, then
ATepap—cona fluctuates around 100 °C in a specific heat flux range. Finally, it jumps directly from
95 °C to 140 °C at 1.8 MW/m?.

In comparison, AT.yp—cona of HPEE-2 containing 2.0 ml of water in Figure 4.7 (b) increases

linearly as a function of the heat flux with a slope lower than HPEE-1. It doesn’t show a jump and

65



4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

300 200 +

N

o

o
!

-
® e
s o8 o,

ATevap cond [OC]
S
=]
[}

()
ATevap-cond [OC]
g
EHEB

&

O HPEE-1 ,'m@ O HPEE1 O HPEE2
o 84 e
0 1 2 3 0 1 2 3 4 5
Heat Flux [MW/m?] Heat Flux [MW/m?]

(@) (b)

Figure 4.7: Measured temperature difference between evaporator and condenser as a function of applied
heat flux for HPEE-1 and HPEE-2 with liquid inventories (a) 1.5 ml (b) 2.0 ml, comparing with
the *conductivity only model’.

ATepap—cona finally equals to 127 °C at 3.6 MW/m?. While HPEE-1 with 2.0 ml stopps at lower
heat flux around 3.2 MW/m? with higher difference value 150 °C.

The experiments of both mock-ups are stopped due to the evaporator temperature is close to
350 °C, and the electric copper heater is close to its limiting working temperature of 750 °C. But
mock-ups show the potential to accept more heat flux higher than the end of experiments, as the
curve of 2.0 ml is still linear without a sudden temperature rise and below the conduction only
model.

The temperature difference of HPEE-2 with two liquid inventories is always lower than HPEE-1,
as well as the conduction-only model, without observing any dry out. This is due to the fact that
for HPEE-2, the liquid-vapor meniscus recedes into the channels of the porous structure and the
effective heat transfer thickness where the channels are half that of HPEE-1. Thus, the effective
heat resistance is reduced between the vapor and the porous structure. Water evaporation and
vapor convection in HPEE-2 are initiated easier than in HPEE-1 as well.

ATepap—cona 0f HPEE-2 fluctuates around 100 °C from 1.0-1.5 MW/m? is further studied with
the boiling curves. With a finer resolution of heat flux data points from 0.04 MW/m?, the curve
shift behavior related to the boiling curve regimes can be seen much clearer in the low heat flux
range with HPEE-2 when it contains 1.5 ml.

As shown in Figure 4.8 (a), the boiling curve of HPEE-2 increased linearly with lower sub-
superheat AT, pgpos than HPEE-1 up to 0.4 MW/m?, but with high uncertainty. Then,
ATyan—mpos shifted to the right at 0.5 MW/m? from 10 to 35 °C. From 0.5-0.8 MW/m?, the
sub-superheat of HPEE-2 is almost the same as HPEE-1. Around 1 MW/m?, the AT a1 pos

66



4.3 Impact of the Evaporator Design on Heat Pipe Performance

shifts back to the left from 70 °C to 50 °C, while HPEE-1 doesn’t shift with a higher sub-superheat
of 103 °C. After 2 MW/m?, AT, uu_mpos increases quickly again but heat flux changed little,

indicating a decrease in heat transfer capacity.
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Figure 4.8: Measured boiling curves that heat flux as a function of the sub-superheat AT, 7 pos for
HPEE-1 and HPEE-2 with liquid inventories (a) 1.5 ml (b) 2.0 ml.

This behavior can be explained by the fact that during low and medium heat flux, the heat
transfer mechanism of the porous channels is dominated by the capillary-fed boiling mode such as
HPEE-1 with a plain porous structure. The channels provide a lower resistance path for the vapor
bubbles to escape [Mughal and Plumb 1996] compared to the plain evaporator in HPEE-1, thus
allowing the bubbles to escape. The capillary force in the channels drives more liquid flows to the
evaporator. But at a high heat flux of 1 MW/m?, the vapor bubbles produced are more and move
rather quickly, the heat transfer mechanism of the porous microchannel switches to a convection
vapor boiling mode, in which the bubble and annular flow patterns are observed in the porous
channels [Qu et al. 2012][Zhang et al. 2020], as shown in Figure 4.9.

T T T Bubbles and Annular
Convection-Vapor boiling regime flow in porous channels
(a) (b)

Figure 4.9: Schematic illustrations of the convection vapor boiling regimes (a) look into the bubbles in
channels and menicus, (b) top view of the bubble flow in porous channels.
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In this mode, the meniscus between the vapor and liquid is increased, which plays an important
role for heat and mass transfer. High vapor flow in channels also increase the heat transfer capacity
and delay the onset of a transient-boiling regime. When applied heat flux is continually increased,
the convection vapor boiling mode changes to the transient boiling regime as well, because of the
lack of liquid.

The boiling curve of HPEE-2 with 2.0 ml has almost the same linear trends as HPEE-1, showing
no horizontal jump until 3.6 MW/m?. When transporting the same heat flux, AT, gpos Of
HPEE-2 is always lower than that of HPEE-1. At 3.2 MW/m?, the sub-superheat of HPEE-1 is
78 °C, and that of HPEE-2 is 70 °C.

It indicates that when liquid is enough, the HPEE-2 evaporator performs better because the
bubbles in the porous structure of the evaporator with channels come out easier than the normal
porous plate, leaving more space for the flow of condensed liquid. Meanwhile, HPEE-2 has lower
effective evaporator heat resistance than HPEE-1, and the temperature gradient from the vapor

Thpos to the Ty, is reduced as well.

The temperature difference between the evaporator and the condenser shows the heat transfer
capability of the HPEE, while the heat transfer characteristics of the evaporator HTCH.,;,, which
focuses on the heat transfer capability of the two different evaporator structures, are presented
in Figure 4.10. It is a function of the heat flux Q [W/m?] dividing the temperature difference
AT au—mprosa [K] between the temperature at the interface of the evaporator CuCrZr plate and
the porous structure and vapor temperature at HP04: AL The HTCH.,,,, increases as liquid

Twan-upos *
inventory increases.
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Figure 4.10: Measured heat transfer characteristic of the evaporator HTCH,,4, as a function of applied
heat flux for HPEE-1 and HPEE-2 with liquid inventories (a) 1.5 ml (b) 2.0 ml.
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The heat transfer characteristic HTCH,,,, of HPEE-2 is higher than HPEE-1 when HPEE-1
and HPEE-2 are filled with the same liquid inventory. A peak value of 4x10* W/(m?*K) of
HPEE-2 with 1.5 ml of liquid is presented at 0.4 MW/m? in Figure 4.10 (a), higher than HPEE-1
by 1.2x10* W/(m?K), then it drops to 1.4x10* W/(m*K). But at 1.5 MW/m?, the HTCH,,q,
rise again to 3.5x10* W/(m?K) because the channel supports changes the boiling regime. At
2 MW/m?, although HTCH,,,,, returns back to 2.0x 10* W/(m2K), it is still higher than HPEE-1.

As shown in Figure 4.10 (b), starting from 0.4 MW/m?, the HTCH.,,, of HPEE-2 containing
2.0 ml liquid fluctuates between 4x 10* W/(m?K) and 5x10* W/(m*K) up to 2.9 MW/m?. It is
always higher than HPEE-1 with 2.0 ml liquid by 1x10* W/(m?K) in the entire test range, even
higher than the one of HPEE-1 with 4.0 ml.

Because of the higher HT'C'H.,,,, and lower sub-superheat of HPEE-2 than HPEE-1, the
evaporator temperature is much lower than the experiments’ maximum temperature limits. Then,
instead of ending at 2.8 MW/m? like HPEE-1, the HPEE-2 with 2.0 ml liquid stays in the capillary-
fed boiling regime until 3.5 MW/m? with potential to sustain higher heat flux.

From the above comparisons, HPEE-2 with channels on a porous evaporator performs better
than HPEE-1. When liquid inventory is not enough like 1.5 ml, the channels on porous evaporator
structure provides a low flow resistance path for the vapor to escape from the porous to vapor space
in the HPEE, helping evaportaor stay in the capillary-fed boiling regime at low heat flux. When
the applied heat flux is high, the channel in the porous structure creates an extra convection boiling
mode in which bubbles flush onto the channels and take some heat to the vapor space, improving
the heat transfer capability of HPEE-2 at high heat flux and keeping the HPEE-2 evaporator at a

relatively low temperature.

4.4 Dependence of Heat Sink Conditions on Heat Pipe
Performance

The investigation of the temperature measurements of two mock-ups with different liquid
inventories is discussed under a constant heat sink flow rate of 90 1/h, as introduced as level
‘I’ in Chapter 4. It is used for cooling the mock-ups in low heat flux test ranges to guarantee
that the temperature rise of the coolant is high enough and reduce the relative uncertainty of the

calorimetric power evaluation.

However, at high heat flux, the heat transfer capability was limited due to the boiling regime
changing in HPEEs. Meanwhile, an increased condenser temperature and, consequently, a higher
vapor temperature also influence the HPEE. As a result, the temperature of the evaporator increases
very quickly. Therefore, the effects of the heat transfer capability of the heat sink on two HPEEs are

69



4 Heat Pipe Performance Analysis as a Function of Design & Operational Parameters

investigated by varying the flow conditions. In addition to the existing test results with a constant
flow rate of 90 1/h as level ’{’, the other two flow rates as level ‘ii’ to control the temperature
difference between the input and outlet at 8 °C and level ‘111’ to keep the condenser temperature
constant around 83 °C are investigated.

Since the higher flow rate test is interested in the high heat flux range, the experiments start
from 2.0 MW/m?, where the temperature difference at the inlet and outlet is 10 °C with a constant
flow rate of 90 1/h. The performance of HPEE-2 containing 1.7 ml and 2.0 ml liquid is presented.

The temperature difference between the evaporator and condenser AT,qp—cona as a function of
the heat flux with different flow rate control methods is presented in Figure 4.11.
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Figure 4.11: Measured temperature difference of HPEE-2 between evaporator and condenser as a function
of applied heat flux with different flow rates and liquid inventories (a) 1.7 ml (b) 2.0 ml.

It illustrates that the change in flow rate has little influence on the AT,,qp—cond. For HPEE-2
with 1.7 ml, ATeyp-cona has a significant rise at 3 MW/m? when the flow rate is 90 1/h. While
ATevap-cona of HPEE-2 increase linearly with unchanged slope when cooled with higher flow rates
‘ii” and ‘iii’. The flow rate ’iii’ results in an extension of the operating range up to 4.38 MW/m?.

It is because when with a flow rate of 90 1/h, the heat transfer capability is not high enough to
cool the condenser, the liquid cannot flow back to the evaporator in time, resulting in the capillary-
fed boiling changing to transient boiling, and the evaporator temperature increases. When HPEE-2
is cooled by a high enough flow rate, such as ’ii’ or ’iit’, the condenser and vapor temperature are
cooled down, and the required mass flow is lower for the same load, succeeding the two-phase loop
circulates. Then, the evaporator temperature is lower, and the porous structure of the evaporator
is in the capillary-fed boiling regime. As the evaporator temperature is reduced significantly with

flow rate ’iir’, far from the working temperature limit, the experiment goes further with higher
heat flux.
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HPEE-2 with 2 ml of liquid does not experience an non linear increase in its ATeyapcona like
with 1.7 ml liquid at 3 MW/m? when cooled with a flow rate of 90 1/h. Even with higher flow
rates, the ATeyupconda Of HPEE-2 with 2 ml remains similar. This is because the porous structure

is always in the capillary-fed boiling regime, and the evaporator temperature is in a low range.

HPEE-2 experiments with 2 ml liquid cooled by flow rate ’i’ stop at 3.5MW/m?, and cooled
by ’ii’ stop at 4.0MW/m? because the evaporator temperature increases rapidly, and the working
temperature of the copper heater reaches its limitation. Although ATeyp-cona With flow rate for
a fixed condenser temperature ’iii’ is higher than working with a fixed temperature rise of the
coolant ’ii’, the heat pipe can transport higher heat fluxes up to 4.3MW/m?. The mock-up does not
show a worse state of its heat transport capabilities, as it still increases as a function of the heat
flux linearly, without slope changing. Hence, it is not straightforward to say which case would

perform better.

Therefore, the influence of flow rate on the heat transfer characteristic HTCH,,,4;, as a function of
the heat flux is studied. Figure 4.12 (a) shows that before 3 MW/m?, the heat transfer characteristic
HTCH.,,,, is almost same around 4.5 x 10* W/(m*K) when cooled by three flow rate levels. After
3 MW/m?, HTCH.,,), drops from 4.5 to 3x 10* W/(m?K) when cooled by flow ’i” 90 1/h, while
other stay around 4.5x10* W/(m*K) until 4 MW/m?. It means that higher flow rates ’ii’ or ’iii’
only have an positive influence after 3 MW/m?.
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Figure 4.12: Measured heat transfer characteristic of the HPEE-2 evaporator HTCH,,,, as a function of
the applied heat flux with different flow rate modes and liquid inventories (a) 1.7 ml and (b)
2.0 ml

HTCH.,,, of HPEE-2 with 2.0 ml with flow rate ’1’ and ’1i’ is amost same, around 5 x 10* W/(m?K)
from 2 to 3.5 MW/m?, as shown in Figure 4.12 (b). When coolant flow rate increased to ’iii’,
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keeping condenser temperature low, the curves even show a decreased heat transfer characteristic
HTCH,.,,, around 5x10* W/(m°K).

Table 4.1 lists the temperature measurements of HPEE-2 with 2.0 ml with specific imposed
heat flux when cooled by heat sink flow rates controlled by three methods. It can be found that
the evaporator temperature T,,,, reduces when flow rate is higher. But the reducing gradient
of the evaporator temperature is not significant compared to the one of vapor and condenser
temperatures. At 2.8MW/m?, when the flow rate is increased from ’i’ to ’ii,” the evaporator
temperature is decreased by around 8 °C, and the vapor and condenser temperatures are reduced
by 11 and 16 °C, respectively, which are reduced almost 37% and 100% more than T,,q,,.

Table 4.1: Measured temperatures at HPEE-2’s evaporator, vapor, and condenser when cooled with different
flow rates control method at specific imposed heat flux.

HPEE-2 2.8 MW/m? 3.4 MW/m?

Tevap [°Cl - Toapor [°Cl Teona [°Cl Tevap [°C1 Tyapor [°Cl Teona [°C]
i 243 175 128 273 196 146
ii 235 164 112 257 176 121
iii 215 135 83 230 145 84
Treduced -1 8 11 16 16 20 25
Treduceq i-iii 28 40 45 43 51 62

This is because when the flow rate increases, the influence of the heat transfer coefficient of
the heat sink is mainly applied to the condenser temperature, which drops first with high gradient.
Then, through the effective thermal conduction, the saturation pressure and temperature of vapor
in HPEE decrease. The evaporator temperature is therefore reduced because the boiling in the
porous structure keeps the superheat between the vapor and the evaporator as low as possible.
However, as the high heat flux is applied on the evaporator, the evaporator temperature is much
sensitive with heat source, as the high heat flux is applied on the evaporator, rather than the heat
transfer coefficient of the heat sink.

As a result, when the flow rate is increased by changing the controlling method from ’i’ to
i’ or ’iii, vapor and condenser temperatures drop faster than evaporator temperatures. Hence,
when applying the same heat flux, ATy..qpo4 1S increased when flow rate is higher. According

to the equation of heat transfer characteristic of evaporator: , that’s why heat transfer

ATyal-upo4
characteristic of evaporator even reduces when flow rates increase.

The same reason can explain why the temperature difference between evaporator and condenser

AT pap—cond 1s higher when flow rates increase. But the evaporator temperature itself decreases
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when flow rates increases, making HPEE-2 can transport higher heat flux before reaching the
working temperature limit.

Due to the limitation of the heat flux test range, it is challenging to define which flow rate can
help HPEE performance better, as the difference between them is little. To avoid the HPEE meeting
the critical temperature limit quick, the flow rate keeping condenser temperature constant and low
‘111”1 better, as it can keep evaporator temperature as low as possible. But when considering the
heat transfer capability and economic efficiency, the flow rate keeping coolant temperature rise
constant ’ii’ is enough.

The discussion above indicates that when HPEE-2 with 2.0 ml of liquid inventory, cooled by
flow rate ’ii’, which is adjusted to keeping AT oolant.outin around 8 °C is better than others, when
considering economic efficiency, as used in the fusion reactor. The higher flow rate reduce the
evaporator temperature far from the critical temperature limits, but it reduces the heat transfer
capability of the HPEE-2.

4.5 \Verification of Analytic Heat-Pipe-Model by Experimental
Results

Average value of the experimental temperatures at HPEE-1’s three sections with liquid invento-
ries 1.5 ml and 2.0 ml is compared with the value from the engineering analytic heat-pipe-model,

using the same approaches for designing the divertor heat pipe, as introduced in Chapter 3.

Because the evaluation of the temperature chain starts from the inlet coolant temperature 7,07, in
and the heat transfer coefficient of the heat sink is considered in the analytical model, there are two
analytical models named Model ’i* and Model ’ii’, which relate to different flow rate conditions
in the experiments: with constant flow 90 1/h i’ and with adjusted flow rate ’ii’, keeping coolant

temperature rise constant at 8 °C.

At first, the condenser temperature where thermocouples exist is predicted with the inner
diameter of the heat sink jet D = 3 mm as in the design. By comparing the experimental
measurements of HPEE-1 containing 1.5 ml and 2.0 ml of liquid with the results of the analytical
model, Figure 4.13 (a) and (b) indicate that the measured condenser temperature at flow rates ‘1’
and ‘ii’ exhibit a higher value than the analytical models Model- ’i’ and Model- ’ii’.

It is the result of the manufacturing process. At first, the inner diameter of the nozzles D=3+0.5
mm after measuring. Then, a drilling process after the nozzle tube is cut to its proposed length
makes a chamfer at the end of the jet nozzle with a bigger inner diameter, to which the heat

sink coefficient is sensitive. Meanwhile, the inlet and outlet tube cannot remain coaxially in the
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Figure 4.13: Measured condenser temperature as a function of applied heat flux for HPEE-1 with liquid
inventories 1.5 ml and 2.0 ml and different heat sink flow rates, comparing with the analytic
model (a) Model-"1* with nozzle inner diameter D=3 mm (b) Model-’ii’ with nozzle inner
diameter D=3 mm (c) Model-’1’ with nozzle inner diameter D=4 mm, (d) Model-’ii’ with
nozzle inner diameter D=4 mm.

installation procedure, and the Teflon band is used as the sealing material between the jet and
the HPEE head. Hence, the jet coolant distance from the nozzle to the condenser surface, which
influences the heat transfer coefficient of the heat sink, is difficult to guarantee.

Figure 4.13 (c) and (d) present that the measured condenser temperature at flow rates ‘i’ and ‘it’
is much closer to the value predicted by two models with jet nozzle D=4 mm, which is used as a
reference model later.

The measured vapor temperature Ty, 1S compared with the value based on the predicted
condenser temperature of two models by assuming that the vapor temperature is the same as the

temperature on the inter surface between the vapor and liquid film that covers the inner surface of
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the condenser. Figure 4.14 indicates that the measured vapor temperature at HPO3 Typo; equals
Thpo4 in the entire test range. Vapor temperatures in two models are close to the predicted vapor
temperature when considering the liquid film with an average thickness of 0.055 mm and an average
heat conductivity 0.65 W/(mK) on the condenser inner surface from IMW/m? to SMW/m?.
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Figure 4.14: Measured vapor temperature as a function of applied evaporator heat flux for HPEE-1 with
liquid inventories 1.5 ml and 2.0 ml and different heat sink flow rates, comparing with the
analytic model with nozzle inner diameter D=4 mm (a) Model-’1’, (b) Model-"ii’.

Therefore, it shows that the temperature in the center of HPEE is nearly uniform when water is
saturated. The liquid inventory has almost no influence on the vapor temperature with heat flux.
A liquid film that covers the inner surface of the condenser plays an important role in the effective
thermal resistance. Because the model uses the average thickness of the liquid film and the heat
conductivity, when the heat flux increases, the difference between the experimental value and the
model is greater, which is 10% at SMW/m?. Due to the geometry constraint of the mock-up, the

saturation pressure, relating to the saturation temperature, is not detectable for a precise analysis.

The evaporator temperature is estimated considering the vapor temperatures equal to the tem-
perature at the vapor-liquid interface in two models, as presented in Figure 4.15. It shows that
in Model’t’ and Model’ii’, only when the liquid inventory is 1.5 ml, the measured evaporator
temperature of HPEE-1 is close to the model value in coincidence. When liquid inventories
increase to 2.0 ml, the measured evaporator temperature of HPEE-1 increases linearly with heat
flux but with a smaller slope than the increasing slope of the model. At 3 MW/m?, the predicted
evaporator temperature of HPEE-1 in Model ’1’ is 450 °C, but the experimental measurement with
2.0 ml liquid is only 300 °C, with a different percentage of 50%. And the predicted evaporator
temperature of HPEE-1 in Model ’ii’ is 440 °C at 3 MW/m?, but the experimental measurement
1s 260 °C, with a different percentage of 41%.
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Figure 4.15: Measured evaporator temperature as a function of applied evaporator heat flux for HPEE-1
with liquid inventories 1.5 ml and 2.0 ml and different heat sink flow rates, comparing with
the analytic model with nozzle inner diameter D=4 mm (a) Model-’1’, (b) Model-’ii’.

Then, the Model 1" and Model ’ii” of HPEE-2 evaporator temperature are established, as shown

in Figure 4.16. They are also estimated by considering vapor temperatures equal to the temperature

at the vapor-liquid interface. The heat resistance of the porous structure with channels is altered

by assuming the effect heat transfer thickness is 1.5 mm instead of 2 mm thick as a porous plate.

This is because the liquid-vapor meniscus retreats into the channels of the porous structure.
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Figure 4.16: Measured evaporator temperature as a function of applied evaporator heat flux for HPEE-2
with liquid inventories 1.5 ml and 2.0 ml and different heat sink flow rates, comparing with
the analytic model with nozzle inner diameter D=4 mm (a) Model-’1’, (b) Model-’ii’.

At3 MW/m?, the predicted evaporator temperature of HPEE-2 in Model i’ is 400 °C, and the

predicted evaporator temperature of HPEE-2 in Model i1’ is 375 °C. The evaporator temperature
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of HPEE-2 in Model ’i’ and Model ’ii’ is lower than that of HPEE-1 because HPEE-2 with channels
in porous structures has a lower effective heat resistance.

When the liquid inventory is 1.5 ml, the measured evaporator temperature of HPEE-2 is close
to the value of both models like the HPEE-1. When liquid inventories increase to 2.0 ml, the
measured HPEE-2 evaporator temperature increases linearly with heat flux with a slope smaller
than the increasing slope of the model. At 3 MW/m?, the experimental evaporator temperature of
HPEE-2 with 2.0 ml is only 265 °C when cooled with flow rate ’7’, it is 34% lower than the value
of Model ’1’. And the experimental evaporator temperature of HPEE-2 is 250 °C when cooled

with flow rate ’ii’, 33% lower than the predicted value in Model ’ii’.

When containing 2.0 ml of liquid, the experimental evaporator temperature rise with heat flux
is less than what is predicted by engineering analysis Models ’i’ and ’ii’ for HPEE-1 and HPEE-2.
However, when with 1.5 ml of liquid, such phenomena are not observed. When the heat flux is high,
the mock-up with 1.5 ml of water has already reached the transient regime, and the effective heat
resistance of the working heat pipe is close to the one estimated in the engineering analysis model.
When containing 2.0 ml of water, the capillary-fed boiling in the porous evaporator optimizes the

effective heat resistance, keeping the evaporator much lower than the predicted value.

The HPEE-2 temperatures with a bronze porous structure B200 evaporator, featuring eight
channels, are shown in Table 4.2. These temperatures were estimated using Model-"1" and Model-
i’ with a heat sink jet of diameter 4 mm up to 5 MW/m?. The evaporator temperature Tevap
reaches 510 °C with bronze porous at maximum heat flux of 4 MW/m? according to Model-’1’,
while Tey,p reaches 449 °C at a heat flux of 4 MW/m?, and 541 °C at a heat flux of 5 MW/m? in
Model-ii’.

Table 4.2: Estimated vapor and evaporator temperature with capillary structures B200 until 5 MW/m?
based on Model-’i’ and Model-’ii’.

Heat flux  Model-’i’ Model-’ii’

IMWm®]  Tepicond [°Cl Toapor [°Cl Tevap [°C1 Tensicond [°Cl Tuapor [°C1 Tevap [°C]
1 62.4 79.7 140.1 82.1 101.3 161.8

2 107.8 142.5 263.3 102.2 140.7 261.4

3 153.4 205.5 386.6 117.7 175.4 356.5

4 199.3 268.8 510.3 131.0 207.9 4494

5 245.7 332.5 634.4 142.9 239.0 540.9

The HPEE-2 experiment revealed that when the liquid inventory was 2.0 ml at 4.3 MW/m?, the

evaporator temperature was lower than expected, reaching 275 °C. This implies that the HPEE-2
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performed better than what was predicted by both models. The capillary-fed boiling behavior
in the porous structure of the HPEE encourages the movement of vapor bubbles, which in turn
enhances its heat transfer capability and reduces the effective heat resistance. Meanwhile, HPEE-2
has not experienced a sudden rise in temperature when the heat flux is increased, suggesting that
it has the potential to handle higher heat fluxes than 4.3 MW/m?. The estimation for HPEE with
copper porous structure C120 in Appendix C predicts that the evaporator temperature of HPEE-2
based on the Model-"ii’ is only 282 °C at 5 MW/m?, which means that the heat conductivity is the

main reason that restricts the experiment for HPEE with bronze porous structure.

Furthermore, at 5 MW/m?, the vapor temperature of HPEE-2 with Model ’ii’ is already reached
282 °C, close to the design of the maximum operational vapor temperature for the divertor heat
pipe. Because the heat resistance of the film thickness on the inner condenser surface plays an

important role in the temperature chain.

This is not an issue for the divertor heat pipe DIV-HP. The HPEE does not have the capillary
structure on the condenser, while the open groove capillary structure covers the DIV-HP’s con-
denser, fully containing the condensed liquid inside. Hence, the vapor temperature of HPEE is
equal to the vapor-liquid interface temperature, while the vapor temperature of DIV-HP is equal to
the interface temperature of the vapor-capillary structure, calculated by the effective heat resistance

of the condenser capillary structure R, c,q, as discussed in Chapter 2.

As the experimental vapor temperature around 200 °C is closed to the operational temperature
designed for divertor heat pipe, The validation of the engineering analysis model of HPEE can
also be concluded for the DIV-HP with a copper porous structure. With the same design approach
and engineering analysis model, the maximum evaporator temperature of DIV-HP is 350 °C when
applied power is 20 MW/m?, lower than the working temperature limit. The comparison of
the results between the experiment and the analytic model of the HPEE showed that when the
liquid inventory is sufficient, the actual operational evaporator temperature is lower than the value
predicted in the model with same heat flux. This is due to the optimization of the effective heat

resistance caused by capillary-fed boiling.

Consequently, the operational evaporator temperature of DIV-HP can be lower than the estimated
350 °C when the applied power is 20 MW/m?, which is a positive indication that the divertor heat

pipe can function properly under the conditions of a DEMO divertor.
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5.1 Synopsis

This dissertation examines the potential of using a water-based heat pipe as a heat sink in
the DEMO fusion reactor divertor target, which is capable of withstanding heat fluxes of up to
20 MW/m?. To this end, effective heat resistance and performance limits analysis approaches are
employed to dimension a water-based heat pipe for the divertor DIV-HP with a combined capillary
structure. However, because of the complex structure and uncertain heat transfer capability when
the boiling limit is reached, experiments are conducted with a specific mock-up HPEE, which

focus on the performance of the heat pipe evaporator, where the boiling limit is easily reached.

This research contributes significantly to the knowledge of the factors, such as structures, liquid
inventories, and the flow rates of the heat sinks, that affect the use of water-based heat pipes in
the DEMO divertor target. Two specific mock-ups with different evaporator porous structures
have been tested in experimental campaigns. The first mock-up (HPEE-1) features a plain porous
structure and the second mock-up (HPEE-2) has additional channels. The behavior of the two

mock-ups is analyzed by monitoring the temperature measurements with increasing heat flux.

The HPEE-2 (including channels on the evaporator’s surface) with 2.0 ml water and the flow
rate i1’ (for controlling the temperature difference between the intake and exit of the coolant at
8 °C) has better performance until 4.3 MW/m? and still in the stable nucleate boiling regime.
The experimental condenser and vapor temperature fit well with the analytic model. However,
the evaporator temperatures of the experiment results are lower than the value predicted by the
analytic model, especially when the liquid inventory is 2.0 ml, indicating the possibility that the
HPEE performs better than the prediction from the analytic model. The capillary-fed regime in
the heat pipe evaporator optimizes the effective heat resistance calculated in engineering model.
Validation of the engineering analysis model gives positive insight that the divertor heat tube can

be used in the DEMO divertor target, transferring a maximum heat flux of 20 MW/m?.

The results of the HPEE experiments are already better than the prediction of water-based
heat pipes for handling 2 MW/m? heat flux in high heat flux fusion applications Rosenfeld and
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Lindemuth [1993], which only reaches 0.525 MW/m? in experiments. The results are also close
to the value tested by Weibel Weibel and Garimella [2012], and shows the potential to go further.

It shows an improvement in the heat transfer coefficient of the heat pipe by around 10 % compared
to HPEE-1, as it has a lower effective heat resistance and the boiling behavior is improved when
in channels. The 2.0 ml liquid inventory, corresponding to 2.6 % of vapor space, is optimal
to improve the performance of the heat pipe. Little water makes the porous evaporator in the
transient boiling regime, while too much liquid accumulates over the capillary structure, causing
pool boiling, reducing the heat transfer capability when applying low heat flux. The influence of
the heat sink flow rate on the heat transfer capability of the heat pipe is small. A higher flow rate
reduces the condenser temperature, and then the evaporator temperature, making it far from the

critical working temperature when the heat flux increases.

Some deductions for the DIV-HP divertor heat pipe can be concluded according to the validation
of the HPEE analytic model. According to the calculation in Chapter 2, when the heat flux reaches
20 MW/m?, the vapor temperature is around 245 °C, assuming that the condenser is covered
with a fully liquid filled capillary structure. The evaporator temperature of the DIV-HP is around
350 °C, far from the working temperature limit. The results of the HPEE experiment show that
the operational performance of HPEE is better than the value predicted in the anlytic model.
Hence, there is a high potential that DIV-HP works well when the applied heat flux is 20 MW/m?.
Furthermore, if the optimized porous structure of the evaporator that contains channels is used for

DIV-HP, the evaporator temperature will be much lower and perform better.

The HPEE experiment showed that the heat pipe can still function at higher heat flux even if
the liquid is not sufficient. This is true for both the capillary-fed boiling regime and the transient
boiling regime. Even if the liquid is not enough, DIV-HP can still work with a heat flux around
20 MW/m?. In this case, the evaporator temperature will increase, but it will not reach the dry out.
If there is an excessive amount of liquid covering the condenser, the heat resistance of the liquid
layer will lead to an increase in the vapor temperature. Furthermore, if there is too much liquid
covering the evaporator, the boiling process will only be initiated at a higher heat flux. Hence,
the liquid needed in the capillary structure and the vapor space for the divertor heat pipe must
be strictly controlled. At heat flux 1 MW/m?, the liquid inventory is approximately 4.5 ml, and
at heat flux 20 MW/m?, the liquid inventory needed is around 4.9 ml, with little difference. For

safety reasons, 0.5-1 ml more liquid can be added to the divertor heat pipe.

The higher flow rate of the external heat sink can reduce the evaporator temperature of the
divertor heat pipe so that the heat pipe can transport higher heat flux without meeting critical
working temperatures. According to the current calculation, the heat transfer coefficient of the
external cooling system for the baseline divertor target is sufficient to be used to cool the divertor
heat tube.
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5.2 Outlook

As one of the first to explore the potential of water-based heat pipe technology for use in DEMO
divertor applications, it offers a promising outlook for the use of water-hat pipes in high heat flux
conditions. The heat pipe that can handle such a high heat flux of 4 MW/m? can be used in many
specific conditions already, such as the blanket or first wall in the fusion reactor application and
the solar energy system. The divertor heat pipe has a specific shape compared to the standard heat
pipe. Its evaporator at the end of the cylindrical pipe and its composited capillary structures make

it flexible for use in other specific space-limited conditions.

Due to the low heat conductivity of the bronze evaporator and the limitation of the working
temperature of the heat source, the experiment is limited to heat fluxes of up to 4.3 MW/m?. In
comparison, the mock-up itself is capable of transporting higher heat fluxes. The exact behavior
of the heat pipe at a higher heat flux around 20 MW/m? remains unknown, and more factors
can be explored to improve the performance of the heat pipe in the target of the DEMO divertor.

Meanwhile, the engineering analysis model focused on the evaporator can be optimized.

To have heat pipe experiments that can work with higher heat flux, a high-conductivity material,
such as copper, sliver, and gold, can be used in a porous structure, and it should stay well on the
evaporator CuCrZr plate. To reduces the influence of the heat resistance of the liquid film, the
condenser capillary structure needs to be optimized, and the heat transfer coefficient of the heat
sink can be enhanced. The heat source can be changed to a laser or electric beam, so that there is
no heat source temperature limit. The start-up behavior of the heat pipes heated by high heat flux

directly can be investigated, like plasma particles hit the divertor target.

Itis possible to investigate the specifics of the channel, such as its size, quantity, and arrangement
on the porous structure, which could have an effect on the heat pipe’s performance. It is possible
to explore other evaporator capillary structures that could improve the heat pipe’s performance,

such as biporous and foam structures, as well as reentrant and inverted meniscus designs.

The analytic model used now is still simple, as only the effective heat resistance through heat
pipe conduction is considered. The analytic model should incorporate the heat transfer coefficient
of the boiling behavior in the evaporator, which needs to be further validated with additional

experimental data.

By exploring the possibility of enhancing heat pipe performance under high heat flux, it is
possible to improve the performance of heat pipes utilized in the DEMO diverter target. The
finalized engineering analytical model can enhance the precision of the prediction of the heat pipe
behavior and give an insight to the heat flux as high as possible that the experiment cannot reach.
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A Impinging Jet Heat Sink and Condenser
Design for Experimental Heat Pipe

To remove the power deposited on the Heat Pipe of the Evaporator Evaluation (HPEE), an
external water-cooling circuit should has high heat transfer coefficient (HTC). The HTC of the
coolant system for the DIV-HP is around 2.2e4 W/(m*K) when coolant flows through the heat pipe
bundles in a staggered arrangement. However, with a single heat pipe experiment, the temperature
increase between the inlet and outlet of such a cooling setup is only 2 °C at the maximum heat

flux. It results in a high relative uncertainty of the calorimetric power evaluation.

Due to the size constraints of the vacuum tank flange, the available cooling area for HPEE is
limited to 3 x 10% mm? with a flat disc of 60.3 mm in diameter. It is close to the cooling area of a
200 mm long HP, around 35 x 10° mm?.

To reduce the relative uncertainty in the calorimetric evaluation of the transported power, the
temperature rise at the coolant inlet and outlet is controlled at 8 °C. Then the inlet coolant for the
HPEE heat sink from the external cooling system of the KIT INR experimental hall is controlled
at around 17 °C and 0.4 MPa by the pump system with a maximum flow rate of 6001/h. It means
that the cooling method not only keeps the temperature rise at the inlet and outlet of the coolant
high enough, but is also more efficient in cooling the HPEE so that the outer surface temperature
of the HPEE condenser can be similar or even lower than that of the DIV-HP. Meanwhile, to keep
the inner surface temperature of the HPEE condenser low as well, the thickness of the condenser
is limited to a low value, according to the heat resistance estimate [Stephan 2010].

For such reasons, an impinging jet is an excellent choice. It provides high jet flow on the
condenser surface, then flow back from an annular tube, ensuring the high temperature difference
at the coolant inlet and outlet. Vertical coolant circulation in the impinging jet system also saves

space so that it can go into the vacuum tank through the flange.

Three options are considered for jet arrangements [Wilhelm and Holger 2010]:

* only one single jet at center,

* square arrangement jet with four nozzles around,
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®g

3mm

¢
r
z

(a) (b) (c)
Figure A.1: Jet arrangement (a) single jet (b) four jet with rectangle arrangement (c) seven jet with triangle
arrangement.

* triangle arrangement jet with seven nozzles with one at the center, as shown in Figure A.1:

As the heat sink influences the condenser temperature and the operation temperature (vapor
temperature) through the effective heat resistance chain, the condenser surface and thickness have

to be determined in the impinging jet design procedure.

A.1 Design of the Impingement Jet Heat Sink

The inlet coolant for the HPEE heat sink is controlled at around 17 °C and 0.4MPa by the pump
system with a maximum flow rate of 1500 I/h. Considering the experimental requirements and
system limits mentioned in the previous section, three jet arrangements are evaluated by taking
into account the following aspects:

* The heat pipe operating (vapor) temperature at around 250 °C for the maximum heat flux
(20 MW/m?),

» Wall temperature is lower than 143.6 °C to avoid cooling water boiling at the condenser

surface for pressures below 0.4MPa,

* Pressure losses at max: 0.1MPa (allowable pump system range).

The temperature distribution on the outer surface of the condenser is assumed to be uniform to

avoid liquid condensing only on specific cold point on the inner condenser surface of the HPEE.
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A.1 Design of the Impingement Jet Heat Sink

The four parameters for calculating the impingement jet’s heat transfer coefficient are: D, the
inner diameter of the nozzle; H, the distance between the nozzle and cooled surface; L, the

distance between each nozzle, and Nn, the number of nozzles[Wilhelm and Holger 2010].

According to the impinging jet parameters optimization study from [Martin 1977], for getting
a high heat transfer coefficient, the distance between the nozzle and cooled surface H can be seen

as a constant with the optimum relation between the optimized parameters, where:
Doy = 1/5H, (A.1)
Ly,, =~ 7/5H, (A.2)

The average heat transfer coefficient « at the surface impinged upon by jets is defined as the
heat flux divided by the difference between the fluid temperatures at the exit of the nozzle (N) and
the surface (S) of the condenser, which is below the nozzle at a distance H:

a=Q/(A(Ty —Ty)), (A.3)

Meanwhile, the Nusselt number is a function of the the average heat transfer coefficient «, the

inner diameter of the nozzle D, and thermal conductivity of the liquid \:

Nu=aD/A, (A4)

From [Wilhelm and Holger 2010], for a single round nozzle (SRN), in order to estimate the

integral heat transfer coefficient, the corresponding Nusselt number can be expressed as follows:

N = e F(Re)Pr®* A5
USEN = (0. 1(hr — 6) (Fe)Pre, (A-5)

F(Re) = 2[Re(1 + 0.005Re"%))%2, (A.6)

where r* = 5 and h* = %, and F(Re) are power-law correlations in three different ranges of the

Reynolds number F' = aRe™. And the dimensionless numbers:

wD 4mD

R pr— p—
¢ v vN,7wD?’

(A7)

are Reynolds number as a function of the inner diameter of the nozzle D, the kinematic viscosity

v, and the velocity of the coolant out of the nozzles, which is calculated by flow rate of the heat
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sink coolant, inner surface and the number of the nozzle: w = (4m)/(N,7wD?). The Prandtl

number is a function of the kinematic viscosity v and thermal diffusivity a.

Pr=v/a, (A.8)

The Nusselt number for an array of round nozzles (ARN) is given by:

Nuapy = G * Re?/?Pro®, (A.9)

d (1 — 2.2d*) 10h*d* ° o5
- : A.10
1+ 0.2(h* — 6)d L (=) I (4.10)

G is an empirical equation for integral average heat and mass transfer coefficients at the surface

recommended by Polat. Here, d* = /f, and f is the relative nozzle area, it can be found that

_ 7'I'D2 o 7TD2
f= iz for a square-shaped arrangement and f = NGTE

According to Equations A.3 and A.4, the condenser’s outer surface temperature can be estimated

for the triangle arrangement.

with the known Nuggry or Nuagry, if a coolant temperature T =17 °C is assumed to:

AQ’UCL
Toonao = Ts = 17 + Aevap@ (A.11)

QA Acond

The condenser’s inner surface temperature 7¢,,q; 1S the sum of the 1¢,,q , and the temperature
gradient through the condenser wall. Because the heat pipe is at the saturation state when it is

working, assuming 75,0 €quals to the condenser’s inner surface temperature.

6 cond Q

CVAAcond

Tcond,i = Tcond,o + . (A12)

where d..,4 is the thickness of the condenser envelope, A is the thermal conductivity of the
condenser material(CuZrZr), and A.,,q is the area of the condenser.

A.2 Three Optional Impinging Jet Configurations

Based on the vacuum vessel used, a standard coolant tube (DN65) enters the vessel with an
inner diameter of 70.3 mm. The area covered by the jet as the condenser surface has a diameter

of 60.3 mm to guarantee high condenser coolant efficiency.

According to VDI heat Atlas [Kast 2010], the pressure loss caused by cross-section at the nozzle

and condenser surface can be calculated as:
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Aoz o PU2 1 V2 V2
AP = (1 — nozzie\2 nozzle __ — coolant ¥ coolant ' A.13
( Acond ) p< Anazzle Acond ) ( )

2 2

where Viporan: is the volume flow rate of the coolant, A, is the coolant area of the condenser

and A,,,..;. is the total nozzle area, which is influenced by the number of the nozzles Nn and D.

One single nozzle is arranged in the center of the coolant system just above the condenser. For the
selected configuration (D =4 mm, H= 20 mm), the calculated condenser outer surface temperature
is 91 °C when heat flux is 20 MW/m?. The heat transfer coefficient is 45969.4 W/(m>K). However,
the maximum pressure drop of a single nozzle arrangement is already 0.27MPa when the heat flux
is 20 MW/m?, exceeding the critical capacity of the coolant pump system.

Following the same procedure as for the single nozzle configuration, Table A.1 lists the HTC
of the heat sink, the surface temperature of the outer condenser, and the pressure drop of the
other two arrangements, the four nozzles with rectangular arrangement and the seven nozzles with

triangle arrangements, with different inner diameter of nozzle.

Results in Table A.1 indicate that with D=4 mm, the condenser outer surface temperature
is already close or even exceeds the boiling temperature limit of 143.7 °C for a heat flux of
20 MW/m?, whether four-rectangle or seven-triangle arrangement. Hence, another 6 mm standard
tube with a wall thickness of 1.5 mm with D=3 mm is planned to be used, resulting in H=15 mm
and L7,,;=21 mm. Then, both arrangements with D=3 mm show that the condenser outer surface

temperatures are well below the boiling temperature limit.

Table A.1: HTC and wall temperatures influenced by different nozzle diameter D in 7 nozzles jet arrange-

ment.
b Confi y HTC of Outer wall  Pressure
ontigurations coolant temperature drop [Bar]
[W/ (m’K)] [°C]

4 one single jet at center 45969.4 85.86 2.74
square arrangement jet with four nozzles around 26018.57 138.66 0.17
triangle arrangement jet with seven nozzles with 18481 74 188.27 0.056
one at the center

3 square arrangement jet with four nozzles around 42025.67 92.32 0.54
triangle arrangement jet with seven nozzles with 2749526 130.78 018

one at the center

However, there is no rectangle-shaped nozzle in the center of the condenser, where the HTC
should be high enough to transfer heat from the vapor space. Hence, the final choice is the
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triangle arrangement with seven nozzles D=3 mm. It can provide the most uniform temperature
distribution on the condenser.

According to the calculation above, when seven nozzles with 3 mm inner diameter are used
in impinging jet triangle arrangement, the outer condenser temperature is around 130 °C. Based
on this value, the condenser inner surface temperature can be estimated with different condenser
thicknesses, as presented in Figure A.2. It shows that when d..,4=10 mm, the condenser inner
surface temperature is around 215 °C at 20 MW/m?. Meanwhile, to avoid liquid droplet accu-
mulation on the inner side of the condenser, the condenser inside surface is added with a slight
slope, so the final condenser thickness is 10 mm at the center and 2 mm thicker at the corner. The
average of the condenser inner surface temperature, 7.,,4,;=224 °C.
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Figure A.2: Calculated inner condenser surface temperature as a function of the allied heat flux for different
condenser wall thickness D=3 mm.

Figure A.3 indicates the influence of the diameter of the nozzles D and the distance between
the nozzle and the condenser H on the condenser inner surface temperature.
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Figure A.3: Calculated inner condenser surface temperature with d.,,4=10 mm as a function of the applied
heat flux for (a)different nozzle diameters D and (b) for nozzle-condenser distance H.
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It shows that the inner surface temperature exceeds 250 °C at 12 MW/m? when D = 4 mm, and
D= 2 mm is so small for the coolant that it is easier to block. And the influence of H is not so

obviously as the D.

The final heat sink system is implemented by an impinging jet featuring seven nozzles with a
triangular arrangement, as shown in Figure A.4. The parameters are listed in Table A.2. And the

condenser is fabricated of CuCrZr with a thickness of 10 mm and a 2 mm lower slope.

g
> Jet Impingement nozzles 340.5mm g
H 76.1lmm A i’? O—t +0.5 mm
Eﬂ N l ' 60.3mml K 3
( A @

It u = -
1T I ~
.7Tr : = T Front View 33.7mm T X
(a) (b)

Figure A.4: Impingement jet cooling system for HPEE (a) Jet cooling system with condenser surface (b)
nozzles head finished.

Table A.2: Parameter of heat sink system with impinging jet.

Parameters Symbol Value
The outer diameter of the coolant pipe deoolant,o 76.1 mm
The inner diameter of the coolant pipe deooaint i 60.3 mm
The thickness of the coolant box wall (steel) Ocoolant 4 mm
Number of jets N; 7
The inner diameter of the jet D 3 mm
Distance between jet and bottom of HPEE H 15 mm
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B Liquid Inventory of Experimental Heat Pipe
and Filling Procedure

The operational heat flux applied on the DIV-HP significantly changes from 1 MW/m? to
20 MW/m?. When applied heat flux increases, the temperature of the heat pipe increases, which
changes the properties of the water and thickness of the condensed liquid film on the heat pipe
wall. Hence, the total liquid volume in the heat pipe also changes, and the water inventory filled

in the heat pipe operation differs [Guichet and Jouhara 2020].

The DIV-HP is a closed system, so the maximum amount of water should be filled in advance.
However, the situation is different for the experiment mock-up HPEE since it intends to understand
the operation of the evaporator, especially in a porous structure, and evaluate its performance as a
function of the liquid inventory wetting the porous structure. If the mock-up is filled with liquid
for the maximum loading of 20 MW/m?, there is a risk that the liquid in excess gathers on top
of the porous structure when the test starts from the low heat flux, creating a pool of water. This
results in a pool boiling dominated operation over the evaporator like in a thermosyphon, rather

than our intended goal - the boiling inside a porous structure.

As such, the testing strategy is to fill the mock-up progressively. Meanwhile, a reservoir
containing the extra liquid in the heat pipe is necessary when heat flux changes during experiments.
It sits between the condenser and evaporator just before the cylindrical part, with grooves on the
wall to store the water-condensed surplus at low heat flux. While at high heat flux, a continuous
liquid flow is ensured. The liquid volume variation because of the heat flux increasing decides the
reservoir dimension depending on the heat flux. Assuming the liquid fills the porous structure and
grooves, the main change of the liquid inventory of water ( decided by water volume) depends on

the condensed liquid film on the adiabatic and condenser wall and the vapor volume.

To calculate the amount of water needed for a specific heat flux, the water volume for the

mock-up is divided into the following regions:

¢ The fully filled liquid volume in grooves and sintered porous (H 4;o0pes 20 mm);
* Vapor volume;

* Liquid film at the condenser and the adiabatic section varies with heat flux.
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The last two volumes will change the amount of liquid water needed because the water properties

are influenced by operating temperature and pressure at different heat fluxes.

B.1 Water Volume based on Heat Pipe Dimension and Film
Thickness

B.1.1 The water volume in the capillary structure V.

In HPEE, the capillary structure is combined with the grooves and sintered porous structure.
There are 125 grooves with a length of 20 mm and a width of 0.3 mm. The depth of the groove is
0.65 mm with 0.5 mm plus a rounded end with a radius of 0.15 mm, as illustrated in Figure B.1
(a). The sintered porous disk has a diameter of 26.5 mm and a thickness of 2 mm, and the porosity

1s 0.47, as depicted in Figure B.1 (b).
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Figure B.1: Dimensions of the capillary structures of HPEE-1 (a) grooves above the porous structure

(b)sintered porous structure.

The total usable volume of the grooves is 487mm?, and the volume of the sintered porous disk

is 518mm?>. Assuming grooves and sintered porous are fully filled with liquid, the entire constant

liquid volume in the capillary structure Vc is 1005 mm?.

B.1.2 The water volume in vapor space V,_,

The vapor volume V,,_; equals vapor space V,, subtracted from the volume covered by the liquid

film on the condenser and the adiabatic sections, representing a tiny fraction compared with the
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remaining vapor volume after it is extracted from the vapor space. Hence, the vapor volume is

assumed to be the same as the vapor space, around 7.7x10*mm?.

During the operation, the vapor space is filled with vapor, whose density is lower than the liquid
water and changes with vapor temperature. Therefore, according to the conservation of the mass,
when the total liquid inventory of filling water is considered, the amount of vapor is transferred to

the relative amount of liquid at the environment temperature (25 °C) during the filling procedure.

V;)—l - (V;)pv(TopeTation))/pl (Te)- (Bl)

B.1.3 The water volume V; controlled by liquid film thicknesses

The liquid film thickness correlation according to the Nusselt number [Guichet and Jouhara
2020] 1s used:

30, mf 1,1

0= () Bef (B.2)

4r
Rey = —, (B.3)

! m

m m

r=— = ) B.4
pert  wD; B.4)

Rey: The falling film Reynolds number, which is usually given by Rohsenow[Rohsenow et al.
1998], I': the mass flow rate per unit periphery % and 7;: the liquid dynamic viscosity (Pa s),
where, m = ﬁm(%) is the mass flow rate of the falling film as a function of the applied heat
flux Q (W) and enthalpy of vaporization Ah, (kj—g). peri: the wetted perimeter (m), and D;: the
inner diameter of the HPEE(m), which changes with the height of the HPEE with the constant

slope.

Besides the parameters above, the film thickness is a function of the average temperature of
the inner condenser surface and the operational vapor temperature, which changes when heat flux
differs. However, it is difficult to know the operational temperature, influenced by liquid film
thickness on the condenser’s inner surface. Hence, the liquid film thickness is simplified as a
function of the temperature of the condenser’s inner surface, estimated in Appendix C, and heat
flux only. Figure B.2 presents the film thickness varies with the inner diameter of the HPEE under
heat flux 1 MW/m? at the inner condenser surface’s temperature of 62.5 °C until 20 MW/m? at

the inner condenser surface’s temperature of 220 °C.

It shows that the thinnest film is on the condenser part, where the d;opq; is 49 mm. Then, the
film thickness increases from the condenser to the evaporator until d;opq; is 25 mm. The minimum

and maximum thickness of the film with different heat flux is shown in Table B.1.
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Figure B.2: Film thickness [m] as a function of the inner diameter of FHP (a) with heat flux (a) 1 MW/m?
(62.5 °C), (b) with heat flux 20 MW/m? (220 °C).

Table B.1: Film thickness under different operation conditions and different diameter.

The inner diameter
of HPEE [mm]

5film at 1 MW/m2
(62.5 °C) [mm]

6fz'lm at 20 MW/m2
(220 °C) [mm]

25
49

0.072
0.058

0.15
0.12

To simplify, the slight slope on the inner side of the condenser is ignored, and the film thickness
is assumed to be constant on the flat inner condenser surface with a diameter of 49 mm and a
surface area of 1885 mm?. Hence, the liquid volume at the condenser surface (V) is around
109.3 mm? at 1 MW/m? when a film thickness of 0.058 mm is considered, and it is around 226
mm?® at 20 MW/m? when the thickness is 0.12 mm.

At the adiabatic part, the liquid film volume V}, is integrated by the variable film thickness &
and HPEE inner diameter d;:

w522
4

b [0~ (2~ 67,

h . .
Vie= [ 7l(30 = (5~ oPhdn -+ ®.5)
0

where both the film thickness 0 and HPEE inner diameter d; are related to the height of the HPEE,
52—25 * h)

2x56
The equation’s first right part is the liquid volume in the adiabatic slope section, and the second

hey=56 mm in maximum, according to eq.B.2 to B.4, and slope relation d; = 2(% +

part is the liquid volume in the cylindrical part.
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B.1 Water Volume based on Heat Pipe Dimension and Film Thickness

Then, the total liquid film volume is the sum of V. and V},, which equals 470mm? at 1 MW/m?
and 940mm? at 20 MW/m?. Both are far below the volume of vapor, justifying the assumption
above.

Similar to the liquid inventory estimation of vapor volume, the liquid density varies when the
operation temperature is different. The amount of the liquid calculated based on volume and
properties at the high operating temperature must be transferred to the amount of liquid for filling
at ambient temperature (25 °C):

‘/l = [(VC + Vfc + Vfa) * pl(Tcond,en,i)]/pl(Te)a (B6)

The total liquid inventory of the water in the HPEE are :

Viotat = Vo1 + Vi (B.7)

Table B.2 lists the condensed liquid volume and corresponding condensed liquid mass in the
heat pipe based on the inner side condenser’s temperature when applying different heat flux. The
last column presents the liquid inventory filled in HPEE at an ambient temperature of 25 °C for
different heat fluxes and operating conditions. It indicates that the condensed liquid volume for
20 MW/m? is higher than 1 MW/m?. Hence, when the water amount filled in the heat pipe is
used for 20 MW/m?, a liquid reservoir in the HPEE is necessary to contain extra condensed liquid
when the applied heat flux is low at 1 MW/m?.

Table B.2: Liquid volume (change with heat flux input).

Condenser’s Total water
Applied inner surface 1199 Liquid Vapor Total  amount [ml]
Heat flux Temperature [°C]Y°IUMe  mass [g] mass [g] mass [g] (filled at 25 °C)
[MW/m?] [ml]

1 62 1.54 1.52 0.01 1.53 1.53

2 77 1.65 1.60 0.02 1.62 1.62

3 89 1.71 1.65 0.03 1.68 1.68

4 99 1.76 1.68 0.04 1.72 1.73

5 109 1.80 1.71 0.06 1.77 1.77

10 150 1.92 1.77 0.19 1.96 1.97

20 220 2.12 1.79 0.86 2.65 2.65
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B Liquid Inventory of Experimental Heat Pipe and Filling Procedure

B.2 Dimension of Reservoir for Containing Extra Liquid

The liquid volume difference decides the liquid reservoir’s dimension between 1 MW/m? and
20 MW/m? because the properties of the water and thickness of the liquid film on the heat pipe
wall changes when applied heat flux increases. For example, at 1 MW/m?, the total water liquid
volume in the HPEE is around 1546 mm? (when the inner side condenser’s temperature is 62 °C).
At 20 MW/m?, a liquid volume is around 2124 mm? (when the inner side condenser’s temperature

is 220 °C), so the maximum liquid volume difference is around 580 mm?.

As shown in Figure B.3, the inner diameter of the reservoir is 26.2 mm, and the reservoir is
extended to the wall with the proper width. Table B.3 lists the different outer diameters, widths,
depths, and volume space for extra liquid:

z} JE—

| R19.85mm - 3 //

gl | R16.1mm ~

]
4.3mm g] s
" 2.85
| N
20mm r

Figure B.3: Section view of Flat Heat Pipe’s liquid reservoir (with a width 1 mm).

Table B.3: Different outer diameters and space for extra liquid with different widths and depth.

The outer diameter
of the reservoir

Width for reservoir Depth of reservoir Volume (mm?)

1 mm 28.2 mm 2.5 mm 213.5
2 mm 30.2 mm 2.5 mm 4427
3 mm 32.2 mm 2.5 mm 687.7
3 mm 32.2 mm 3 mm 825.2

Finally, the reservoir’s width and depth are 3 mm, and the outer diameter of the reservoir is
32.2 mm, which can contain liquid 825.2 mm?.
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B.3 Liquid Inventories Filled stepwise with Specific Heat Flux Range and Filling Procedure

B.3 Liquid Inventories Filled stepwise with Specific Heat Flux
Range and Filling Procedure

Different from the condensed liquid volume in the heat pipe that only considers the water
properties at specific applied heat flux and temperature, the water liquid inventory is the water
amount filled in the heat pipe for different heat fluxes transferred into the one at the ambient
temperature (25 °C), shown in the last column of Table B.2. It indicates that the liquid inventory
for 20 MW/m? is almost twice as large as for higher than 1 MW/m?. If the experiment is started
from the low heat flux, filling the HPEE directly with the high liquid inventory for 20 MW/m? is
unnecessary. Hence, besides the reservoir for flooding prevention, the water amount is filled in
the HPEE three times, corresponding to three heat flux ranges. The first filling liquid volume is
1.5 ml, suitable for the heat flux until I MW/m?. Then, the total liquid inventory is increased to
1.8 ml in the second round for heat flux from 1 to S MW/m?. At the last round, the liquid inventory
is 2 ml for heat flux 5-20 MW/m”.

Furthermore, after the filling procedure, there is always 0.2 ml liquid that stays in the filling
tube of the HPEE. This amount does not change as the filling tube’s temperature is always around
25 °C. Hence, except for the liquid inventory corresponding to the different heat flux, 0.2 ml more
liquid should be filled in the HPEE the first time. The heat flux range and their liquid inventories
are listed in Table B.4.

Table B.4: heat flux range with the corresponding required liquid inventories.

heat flux range [ MW/m?] Liquid inventory [ml] Water amount in HPEE [ml]

0 0 0.2 in the tube
0-1 1.5 1.7
1-5 1.7 1.9
5-20 2.0 2.2

Unlike other heat pipe experiments, which fill the heat pipe only once, experiments for HPEE
require a flexible filling system to realize the tests with various liquid inventories in the same
mock-up. For example, the HPEE is initially filled with the lowest water inventory and tested,
then experiments are conducted. After that, the liquid inventory is increased twice. Hence, the

filling pipe is no mechanically closed through brazing or welding but sealed with a valve instead.

The HPEE is evacuated with pump with final pressure of 30Pa. The syringe used for injecting
liquid in the HPEE is from Company Hamilton with a range of 2.5 ml and accuracy 0.05 ml, as in
Figure B.4.
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Figure B.4: HPEE filling setup: (a) evacuation with a vacuum pump; (b) filling with the syringe, (c) the
PB600-1 Repeating Dispensers from Hamilton Company.

A PB600-1 repeating dispenser with an assembled syringe, which consistently dispenses samples
up to 50 times with the push of a button, controls the filled liquid with higher accuracy. A 2.5 ml
syringe can push 50 pl into the HPEE each time with this dispenser.

The filling procedure uses the desalinated and purified water as a working liquid. Before filling
the mock-up with purified water, the air inside the HPEE is evacuated using a vacuum pump. The

detailed evacuation and filling steps are explained as follows in Figure B.5 and Figure B.6.

1 Evacuation with pump Temperature
sensor

Filling tube

iy E-2
O 2——ote D b
@ R-2 V-2 R-1 P08 Vi1 Heat pipe Heater
Vacuum sensor

Vaccum pump
Figure B.5: PI&D diagram of water filling procedure-evacuation.

Install the heat pipe at a stable support setup (coolant tube).

1. Washing the valves and tubes with alcohol. Make sure each valve works well (leakage test)
2. Connect one end of valve V1 to the filling tube. Another end with 3 mm pipe (P-08).

3. Connect 10 mm pipe P-11 with valve V2 and pipe P-08 with the adapter R-1.

4. Then the valve V2 is connected to the vacuum pump with pipe P-12 and adapter R-2.

5. Check all valves’ condition: open/ close.

6. Wash the HPEE by Helium at 3 bars to first push the air in HPEE out. (Helium is lighter
than air, which will be easier to evacuate)

7. Heat the heat pipe to the operating temperature around 200 °C (attention has been paid to

avoid increased thermal stress due to the non-uniform temperature ramp ).
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B.3 Liquid Inventories Filled stepwise with Specific Heat Flux Range and Filling Procedure

8. Open V1, V2. Evacuate the heat pipe and filling tube while the heat pipe is heated.

9. Close valves V1, V2. Remove the vacuum pump and reducer R-1 on pipe P-08. Keep the

heater running.

2 Filling Temperature
sensor
—p
P-22 £ Filling tubg -
e E ek E-3 M = fonter
Syringe (with P-21 P08 Vel Heabpipe
scale)

Figure B.6: PI&D diagram of water filling procedure-filling with the syringe.

[am—y

. Absorb the purified water into the syringe, avoiding air inside the syringe.
2. Connect the filled syringe with one end of the T-junction with the cap.

3. Connect another end of the T-junction to pipe P-08, check again that valve V1 is closed.

N

. Open cap on T-junction, push the water in the syringe (with volume 2.5 ml and accuracy

0.05 mm) until seeing the liquid flows out from the T-junction cap.

5. Push the extra liquid out of the syringe so that the syringe only contains the proposed liquid

volume for HPEE. Ensure the gas goes out, and close the cap on the T-junction.

6. Open valve V1 and push the water at the proposed volume in the syringe flowing through
the filling tube to the HPEE.

7. close the valve V1, move the pipe P-08.

The HPEE is heated during the entire filing procedure to avoid liquid freezing at vacuum
conditions. With such a high heating temperature, when the liquid goes into the HPEE, it will
saturate immediately, producing a high pressure. It prevents more water from being added inside.
If this happens, the heating temperature can be reduced a little. Steps 11 to 20 are repeated in the
procedure above without heating the HPEE to put more water into the mock-up.

Because the HPEE is not heated in the repeat filing procedure, the pressure in the HPEE is low
at ambient temperature. As soon as valve 1 is opened in step 10, bubbles appear in the syringe
immediately because the liquid in the syringe is absorbed by HPEE directly. Due to this problem,
when injecting the liquid more to 1.7 ml for HPEE-2, more liquid left in the syringe is absorbed
in the HPEE with an uncertainty of 20%. That’s why the syringe contains only the necessary
water inventory before opening the valve afterward. Although many methods are used to avoid
air remaining in HPEE, like flushing with Helium and evacuating, it might still exist in the small

corner of the syringe or filing tube and valve.
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B.4 Liquid Inventories Correction based on the Experimental
Results

It has been found that the actual inner condenser surface’s temperature and operation temperature
during the experiment are higher than the inner condenser surface’s temperature estimated in
Appendix C. Hence, the corresponding liquid inventory estimated is lower than the experiment
requirements. Table B.5 compares the difference between the estimated liquid inventories based

on the inner surface condenser’s temperature and the experiment’s vapor temperature.

Table B.5: Liquid volume correction with the experimental results (change with heat flux input).

Condenser’s Experimental  Liquid

Applied  j,5her surface Total water operation needed [mll  Error
Heat flux Temperature [oC]amount [ml] Temperature [°C](filled at 25 °C)

[MW/m?] (filled at 25 °C)
1 62 1.53 75 1.50 2%
2 77 1.62 128 1.58 2.5%
3 89 1.68 156 1.70 1.2%
4 99 1.73 187 1.92 9.9%
5 109 1.77

It can be seen that the liquid input based on the inner surface condenser’s temperature is lower
than needed in experiments. However, the difference is small. 2.0 ml is enough for HPEE to work
with 4MW/m?. Even though the liquid inventory in the HPEE is lower, the HPEE still performs
better than expected in the experiment.
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C The Analytic Model for Heat Pipe of
Evaporator Evaluating

According to the known coolant temperature 7,..,; and the heat transfer coefficient of the
impinging jet heat sink and HPEE’s condenser design, the condenser’s outer surface temperature
Ten,0,cond 18 calculated.

Teno,cond = Teootant + P * Nheatsink- (C.D

With the known reference 7, , cond, the temperature chain of the HPEE can be predicted in
the analysis model following the direction: condenser thermocouples’ position, the condenser’s
inner surface, vapor, and evaporator temperature, by using the same analysis procedure and
methodologies for the DIV-HP’s temperatures estimation. This analysis model uses the HPEE’s
effective thermal resistance [Stephan 2010] with a specific heat flux to calculate the temperature
chain, and the radial heat losses are assumed to be zero. The estimated temperatures are compared

with the experiment results.

As presented in Figure C.1, due to the complexity of the HPEE structure, to calculate the

effective heat resistance along the temperature chain, the HPEE is divided into eight parts.
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Figure C.1: Dimensions of the HPEE in eight effective thermal resistance parts.
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C The Analytic Model for Heat Pipe of Evaporator Evaluating

The effective heat resistances obtained from Fourier’s law P = —AA% are listed in Table C.1,

where P is power, ) is the heat conductivity of the material and z is the distance of the axial

direction. A is the heat transport surface related to the diameters of the HPEE’s different parts.

Table C.1: The effective heat resistance formula in eight heat resistance parts.

Parts Effective heat resistance [¢C/W]

Explanations

1-2

2-3

4-5

5-6

7-8

Roy

R12 -

R23

R34

fZ34
0

R56 -

R67

2:012
5
by Trdcond
en 4

— Z12

2 9
7d
Aen cond,out

4

223

2 _ 42
7rdcond,out dcond,in

>\€7L 4

1

A "dadia,out(z34)2_dadia,in(z34>2
en 1

dZ34

= 3 245 3
_ ’
A 7rde'uap,out drcservior
en 1

— 256
d2 7d2 )
evap,out evap,in

en

267 5
A 7"'dporous ’
porous 1

— 278

2 .
7d
)\en evap,out

4

Cylindrical part 0-1, not included in the
Tevap—cond €valuation, because of the con-
denser thermocouple position, zyp;=7 mm, and
deong=60.3 mm

Cylindrical part 12 with a diameter of d..,q4
=60.3 mm and a simplified thickness z15=7 mm
due to a conical inner surface

Cylindrical cell part 2-3 with height 293=7 mm
and an outer diameter d;ypq,0,+ =60.3 mm and
inner diameter doq, i, = 49.1 mm.

Conical cell part 3-4 with height 23,=32 mm, and
shortest outer diameter 42 mm and shortest inner
diameter 32.2 mm. The diameter increased with

» height z as d,giqin = 0.032 4+ 2% 0.26 * 234, and
dadia,out = 0.042 + 2 % 0.26 * 234, according to
the conical angle tan (15°) =0.26

Cylindrical cell part 4-5 with height
245=15.5 mm and an outer diameter deyap,out
=40 mm and a simplified inner diameter
dreservoir =32 mm.

Cylindrical cell part 5-6 with height 25=20 mm
and an outer diameter dcyqp o+ =40 mm and a
inner diameter dc,qp in = 25 mm.

Cylindrical part 6-7 with a diameter of porous
structure dporous = 25 mm and a thickness
zg7=2 mm for HPEE-1. (1.5 mm assumed got
HPEE-2). It is ignored in the conductivity-only
model, as it transports heat in parallel with parts
5-6 with little influence

Cylindrical part 7-8 with a diameter of porous

structure deygpout = 40 mm and a thickness
Z78:2 mim.
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C.1 Heat Conductivity Only Model

The heat pipe has two heat transfer modes. When there is no evaporation and condensation
behavior in the HPEE, the heat is only transferred by the conduction of the heat pipe’s CuCrZr wall.
Otherwise, the heat is mainly transferred by evaporation and condensation of the 2-phase flow
loop in the heat pipe, where the vapor temperature is assumed to be uniform from the condenser

side to the evaporator.

To analyze the heat pipe heat transfer capability in the experiment, the analysis model evaluates
the temperature difference between the condenser sensors at position ’1° and the evaporator
sensors at position '8 T.,4p—cona 1N both heat transfer modes. With the heat conduction-only
mode, T¢yqp—cond 1S the temperature chain from parts 1-8, while with evaporation and condensation

mode, the temperature from parts 2-6 is uniform.

C.1 Heat Conductivity Only Model

When there is no evaporation or boiling behavior activated, the heat is considered to be trans-
ported axially through the evaporator, the adiabatic section wall, and the condenser envelope.
Because the thermocouples for measuring condenser temperature are 4.75 mm below the con-
denser outer surface, and the thermocouples for measuring evaporator temperature are inserted on
a tungsten protecting plate, sitting under evaporator CuCrZr plate, the corresponding 7¢,qp—cond 18

accounted by parts 1-8.

According to the effective heat resistance listed in Table C.1, the temperature difference between

the condenser sensors and the evaporator sensors is given by
Tevap—cond,conduct,only =P (RIQ + R23 + R34 + R45 + R56 + R78)' (C2)

in which R; denotes the heat resistances of the individual parts.

C.2 Heat Pipe Evaporation-Condensation Model

The temperature chain of the HPEE with evaporation-condensation behavior is also estimated
based on effective heat resistance in Table C.1. However, because of the evaporation-condensation
2-phase flow in the heat pipe, vapor reaches its saturation state, and the vapor temperature in the

HPEE is quasi-uniform in the entire vapor space. For simplification, the vapor temperature is
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C The Analytic Model for Heat Pipe of Evaporator Evaluating

taken constant in the axial direction from parts 2-6. It is assumed to be equal to the interface
temperature between the vapor and the condensed liquid that covers the inner condenser surface:

Tvapor = Ly—l,cond — Ten,i,cond + P Rliquidffilm- (C3)

where Rjiquia— fim 1 the heat resistance of the condensed liquid film.

The outer evaporator surface temperature can also be estimated because the vapor temperature
equals the vapor-porous interface temperature of the evaporator. Table C.2 lists the temperature
formula from the condenser’s outer surface 7, , cona to the evaporator where thermocouples are
installed.

Table C.2: The estimated evaporator, vapor, and condenser temperature formula in evaporation-
condensation conditions.

Position Formula Conditions

Estimated condenser’s outer surface tem-
Tenocond  Teootant + P * Npeat—sink perature considering heat transfer coeffi-
cient of the heat sink

Estimated temperature at condenser ther-
Teond,sensor  Leno.cond + P * Ro, mocouple position referred with con-
denser’s outer surface temperature

Estimated temperature of condenser’s in-

T . T +PxR
en,i,cond cond,sensor 125 ner surface.

Assuming vapor temperature is uniform,

T, Teni P s +Riiquida—fitm P
vapor enjiscond + +Hliquid—fitm close to vapor-liquid interface temperature
Assuming vapor temperature is uniform
until the interface of the vapor and the
evaporator’s porous structure, and evapo-
Tevap Tvapor + P * (R67 + R?B)- p p p

rator temperature increases because of the
heat conductivity of the porous and Cu-
CrZr plate.

In evaporation-condensation mode, the temperature difference between the condenser sensors

at position 1’ and the evaporator sensors at position ’8’ T¢,qp—cond 18:

Tevap—cond - Tevap - Tcond = Px (R12 + Rliquid—film + R67 + R?S)' (C4)
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C.3 Temperature Evaluation of the different Porous Material with Analytic Model

C.3 Temperature Evaluation of the different Porous Material
with Analytic Model

The porous material used in HPEE is bronze, while the porous material used in DIV-HP is cop-
per, which has higher heat conductivity. Hence, the temperature of two evaporators with different
capillary structures, B200 and C120, is then estimated based on the same vapor temperature,
calculated with equation C.3. The effective heat conductivity of B200 is 26.8W/(mK) with the
equation in [Stephan 2010] and the heat conductivity of Bronze in [Engineering ToolBox]. The
heat conductivity of CuCrZr and copper follows the function of EUROFusion [EUROfusion].

Figure C.2 shows the calculated vapor temperature, the interface temperature between the
porous structure and the evaporator, and the temperature of the evaporator’s outer surface as a
function of the applied heat flux. They indicate that the evaporator temperature increases more
when the capillary structure uses B200 than when using C120 when applied heat flux increases.
The evaporator temperature with B200 has already reached 450 °C, close to the temperature
limitation of CuCrZr at 4 MW/m?. While with capillary structure C120 in Figure C.2(b), the
maximum evaporator temperature is around 250°C at a heat flux of 4 MW/m?, showing a much
better performance. T

_ 350+
700 _Tuapnr _Tvapur
—_ 600 -Tcapll\ary-CuCrer\ale L7 —_— 3004~ _T:aleary—CuCrZr plate
2. sp0 2= : 2. 50 =
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© : @
— ” q) ]
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.¢‘
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Heat Flux [MW/m?] Heat Flux [MW/m?]
(a) (b)

Figure C.2: Calculated capillary structure and evaporator surface temperature as a function of applied heat
flux for the initial design model and different porous materials, (a) with B200;(b) with C120.

It finds that for B200 until 5 MW/m?, the vapor temperature is already around 200 °C, and
the evaporator temperature is high. It is not a big issue for B200 because the experiment ends
at 4 MW/m?. But if experiments want to go further with heat flux until 20 MW/m?, the vapor
temperature will increase rather quickly. Hence, the coolant heat sink and the condenser thickness
must be optimized.
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D Calibration before Experiments

Before starting to test the mock-up, the calorimetric power is evaluated without heating power
applied on the mock-up. It showed a regular oscilation on coolant temperature inlet and outlet,
as it can be seen in Figure D.1 (a). These oscillations are rather regular, and the evaluated power
exhibiting a sharp increase followed by a drop almost each 21 minutes, although there is no power
applied. After looking in detail at the experimental set-up, it turned out that the fluctuations
are caused by the changes in the hall cooling system temperature. This system is set to run
following a certain hysteresis: the chiller(which is acting as a thermal sink) becomes active when
the temperature reaches 18 °C and stops cooling when the temperature drops to 15 °C. Since the
experiment cooling loop and the hall circuit are interfaced through a small heat exchanger, this
results in an oscillation of about £1 °C of the water temperature.
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Figure D.1: Measured temperature evolution of the heat sink inlet/outlet temperature with power OW (a)
initial value with dummy mock-up (b) optimized value with heat pipe mock up after implying
a buffer tank, the mean value has been subtracted to put in evidence the amplitude of the
oscillations.

To reduce the fluctuations in the temperature of the input water, the (plate) heat exchanger
connecting the water loop to the (external) hall cooling circuit has been replaced by a thermal
buffer, as shown in Figure 3.16 in Chapter 3 between the hall cooling system and the water loop for
the mockup, the loop coolant (water) flowing now through a 300L tank, the heat being removed by

115



D Calibration before Experiments

a spiral winding connected to the hall heat sink. This is intended damp the temperature oscillations
and reduce the temperature fluctuations at the inlet of test setup.

In Figure D.1 (b), one can see that, after adding the water buffer, the amplitude of the temperature
oscillations is reduced from £1 °C to 0.2 °C by a factor of 0.2. The average temperature reduction

is caused by the external coolant machine, which cools the water in the buffer continuously.

As the flow rate through the cooling system changes, the time lag changes as well. By estimating
the length of the heat sink’s coolant flow path as shown in Figure D.2, the duration for one particle

to pass through form the inlet to the outlet is assumed with different flow rate with equation D.1.

g Condenser
- Jet Impingement nozzles surface

- '-, Jeilmm 60.3mm|

Figure D.2: Heat sink cooling loop dimensions.

t= lzn/vzn + lout/vout- (Dl)

From the drawing, the length of the inlet part /;,, is 1008.5 mm, and the length of the outlet part
loyt 18 832.5 mm. and the velocity of the inlet part v;, = 1% /A, = 44 mm/s, and the velocity of
the outlet part v,,,; = 1% [Aout — Ain = 9.3 mm/s. The results is listed in Table D.1.

Table D.1: Caculated time lag of the measurements at coolant inlet and outlet.

Flow rate I/h calculated time lag d?,,,, [s]
100 102.86

200 51.43

300 34.29

400 25.72

500 20.57
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