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Jasper Stoop

Abstract

Recent studies project that the rapid growth of digital society, the increasing power density
of electronic components, the increasing power density of electronic components and the
limitations of traditional IT cooling systems lead to major sustainability challenges in data
centers. As a result, this study is focused on the development of new advanced two-phase
cooling solutions for data center applications and evaluates to what extent a 3D-printed
surface microstructure dictates the performance of two-phase loop heat pipes with oppo-
site replenishment and two-phase immersion cooling solutions. In order to investigate
the additive manufactured enhancement of loop heat pipes, a new improved steady-state
numerical model is developed that predicts the operation behavior in good agreement
with experimental data from the literature. The improved model combines the advan-
tages of an existing model that accurately describes heat and mass transfer in the transport
lines and condenser section based on a 6th order Runge-Kutta-Method, together with a
model that gives a detailed approach to the heat transfer inside the evaporator based on
2D Fourier Series expansion. The numerical simulation suggests that the development of
a multi-material 3D-printed evaporator, including a high conductive copper wick/groove
structure and a low conductive stainless steel casing material results in an impressive per-
formance enhancement compared to conventional structures. Furthermore, it is predicted
that an existing additive-manufactured stainless steel octahedral wick has sufficient cap-
illary performance to satisfy the operation limits of an actual experimental setup. In ad-
dition to the numerical model, a 3D-printed stainless steel evaporator is designed and
fabricated including an octahedral wick that has the ability to transfer 8.6 W/cm? heat. A
microscopic analysis observed that the mean pore size of the wick is only 3.5 % less than
the designed CAD model and that the rectangular-designed CAD model grooves are ac-
tual parabolic-shaped grooves with high surface roughness. On top of that, an extensive
approach is given with limitations and recommendations to test this prototype in prac-
tical and experimental applications. Finally, the 3D-printed evaporator including lattice
structure and grooves and a prototype that only includes microchannels is tested on heat
transfer behavior for two-phase immersion cooling applications by doing a pool boiling
test for low heat flux (< 8 W/cm?). The experimental results observe that the initial heat
transfer coefficient of both structures is higher than the tested performance of plain copper
and the lattice structure in the literature. It is also observed that this initial high heat trans-
fer coefficient is followed by a reducing heat transfer coefficient which can be related to the
vapor blankets that occur due to the geometry or surface morphology of the structure.
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Nomenclature

M Molar mass [2%]

R Universal gas constant [W]
m Mass flow rate [%g]
A Surface area [m?]

Ay Contact area between fins and wick [m?]
B Coefficients

Bo  Bond number [-]

Cp Specific heat at constant pressure [kgiK]
G Mass flux [%]

g Gravitational acceleration [%]

H Height [m]

h Heat transfer coefficient [ -]

h Latent heat [kgiK]

K Permeability [m?]

k Thermal conductivity [-2-]

kwe  Effective thermal conductivity of the wick [mﬂK]
L Length [m]

M Mass of working fluid [kg]

Nu  Nusselt number [-]

P Pressure [Pa]

Pr Prandtl number [-]

II
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Q Heat transfer rate [W/]

q Heat flux [%]

R Thermal resistance [%]

R,y Contact resistance between wick and fins [%”2]
rwp  Pore radius [m]

Re Reynolds number [-]

T Temperature [K]

t Thickness [m]

U Global heat transfer coefficient [m‘QVK]

w Width [m]

x Vapor quality [—]

z Length [m]

Greek

aey,  Evaporation coefficient [—]

Qy Homogeneous void fraction [—]

I5; Volume fraction of liquid in the compensation chamber [-]

0 Film thickness [m]

€ Porosity [-]

)

A Thermal conductance |
I Dynamic viscosity [Pas]

o) Friedel two-phase multiplier [—]

P Density [%
o Surface tension [X]

I
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0 Contact angle [°]

€ Error [—]

v Energy imbalance [W]
¢ Friction factor [—]
Subscript

amb  Ambient

b Base plate

b Body

c Casing

cap  Capillary

cc Compensation chamber
cnd  Condensation length
cond Condenser

ev Evaporation

evap Evaporator

f Fluid

g Gas

? Inner

l Liquid

lim  Limit

l Liquid line

load Load

m Meniscus

v
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nuc

sat

sc

sink

vg

vl

Nucleation

Outer

Saturated
Subcooler

Sink of condenser
Vapor

Vapor grooves
Vapor line

Wick
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1 Introduction and Literature Review

The worldwide demand for computing performance of electronic devices is continuing to
increase due to the expanding digital society, resulting in increased electricity consump-
tion of data centers. Studies project that the share of global electricity usage of the data
center sector will be between 3-13% in 2030 [1-3]. About 40% of the total energy consump-
tion inside these data centers is associated with IT cooling equipment, where a major part
belongs to CPU cooling [4-6]. The combination of exponential growth in the amount of
stored and processed data and an increasing trend of CPU thermal design power makes
that managing the power consumption of data centers has a certain concern [7]. To im-
prove the environmental footprint and to give the data center sector a more sustainable
future, it is important to unlock new-generation cooling systems in data centers that have
the ability to efficiently dissipate CPU heat and re-use it. This chapter reveals the state-of-
the-art of current CPU cooling techniques and aims to identify a research gap in the latest

development of advanced cooling systems.

1.1 Data center cooling techniques

Traditionally, data center cooling infrastructure uses aligned racks with hot aisle/cold aisle
configuration placed on a raised floor. As shown in figure 1, the cold aisle is formed in a
way that the front of the aligned server racks face each other, whereas the rear end of the
server racks is placed in the hot aisle. In the setup, servers are directly cooled with cold
air generated by a computer room air conditioning (CRAC) unit that enters the cold aisle
through a perforated raised floor. This infrastructure requires small fans inside the server
to create airflow between both aisles. The exhausted hot air at the back of each rack is

usually drawn by the CRAC unit compressor and cooled by a refrigerant.

CRAC unit ] CRAC unit

[HOT AISLE) {COLD AISLE] [HOT AISLE]
[RAISED FLOOR]

Porous tiles

Figure 1: Hot aisle/cold aisle configuration [8]
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Since the power density of CPUs is continually increasing and air-cooling has its limita-
tions (e.g. a low heat capacity, the usage of small energy-consuming fans, and non-re-
usable heat), other more efficient thermal management techniques become essential [9]. A
literature review by Zhang et al. distinguished four main categories for promising energy-
saving cooling techniques in data center applications, namely free cooling, thermal energy
storage (TES) based cooling, single-phase liquid cooling, and two-phase cooling [8]. The
tirst two methods are mainly focused on energy reduction by cooling the exhausted hot
air that leaves server racks. A free cooling method uses a natural source (ambient air or
water) to directly or indirectly cool hot air. The improvement of this technique is restricted
by the data center location and the sensitivity of energy supply fluctuation [10]. TES-based
cooling could store the heat by using physical or chemical storage and so avoid the energy
supply mismatch and increase the reliability and energy efficiency of data center facili-
ties [11]. However, both methods should be combined with single-phase liquid cooling or
two-phase cooling to get away from the energy-consuming small fans inside the servers.
In recent years, the development of single-phase liquid cooling has resulted in various
techniques such as liquid cold plates, direct-to-chip cooling, and single-phase immersion
cooling. This proven technique shows significantly higher heat transfer performance than
conventional air cooling systems [9, 12].

Figure 2: Server rack configuration: air cooling, heat-pipe based cooling and immersion
cooling
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Nevertheless, a literature review by Zhang et al. concluded that two-phase cooling tech-
niques are more efficient than single-phase systems [8]. This is important to satisfy the
continually increasing power density of electronic components like CPUs. The two-phase
technique refers to a cooling system where the working fluid is circulated through a closed
loop and utilizes the latent heat of a working fluid to dissipate heat. Promising ways for
two-phase electronic cooling applications are heat-pipe-based cooling and immersion cool-
ing [13]. As seen in figure 2, heat pipe-based solutions are concentrated to dissipate heat
from local hot spots, where in immersion cooling complete servers are submerged into an
enclosed dielectric bath. In general, both are passive cooling systems (no active pump or
fan), which have several advantages in terms of higher reliability, less maintenance, noise
reduction and better energy efficiency.

1.2 Loop heat pipe

Heat pipe-based cooling solutions utilize the evaporation and condensation of a working
fluid to transfer heat by making use of capillary force. This capillary force is created by a
porous wick structure. Studies show that traditional heat pipe-based methods such as con-
ventional heat pipes, pulsating heat pipes or vapor chambers have limited heat transport
capacity and therefore are insufficient to use in data center server applications [14, 15]. Al-
ternately, a reliable passive solution that can transport heat on relatively long distances is
a loop heat pipe (LHP). The loop heat pipe, invented in 1972 by Gerasimov and Maydanik,
utilizes a porous wick structure in the evaporator as a capillary pump to enable the circu-
lation of vapor and liquid through the loop [16]. All evaporators include an active zone
that houses a wick structure, vapor removal channels to collect and transport vapor and a
compensation chamber to establish the operation pressure and temperature in the system.
As seen in figure 3, a vapor and liquid line connect the evaporator to the condenser sec-
tion where heat is rejected. In the first years of LHP development, cylindrical evaporators
with flat thermal interfaces were used for semiconductor applications. The increasing CPU
power density required a more efficient design with larger thermal contact so Maydanik et
al. developed the first flat-shaped evaporator in 1995 [17]. Over the years, the technique of
flat-shaped loop heat pipes has advanced rapidly. Several parameters such as evaporator

design, wick material and working fluid are varied and analyzed in numerous papers [18].
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Liquid line Compensation chamber Vapor line

|'| Vapor grooves
[ 1] [

&= -
| J

Condenser

Figure 3: Global working principle of LHP

1.3 Additive manufactturing

Literature observes that the development of flat-shaped evaporators arbitrarily can be di-
vided into evaporators with opposite replenishment (EOR) and longitudinal replenish-
ment (ELR) [19]. In the case of EOR the compensation chamber is placed on top of the
wick, in contrast to ELR where the compensation chamber is designed longitudinal to the
wick. The latter is frequently used for applications where height is limited. A comparison
test by Maydanik et al. concludes that an ELR design has lower operation temperature
and lower thermal resistance for high heat flux. However, the report also shows that an
evaporator with opposite replenishment is more compact for the same active zone area
as an ELR design. This is important for data center applications since the space around
the active zone area (CPU) is constrained [20, 21]. Despite the advantages of loop heat
pipes, a review by Szymanski et al. shows there still exist some challenging aspects [22].
The frequent reliability problem of flat-shaped evaporators is caused by improper sealing
between the wick and casing structure. A recent development to prevent loop heat pipes
from sealing failure makes use of additive-manufactured wicks. Typically, wick structures
are made of sintered powders. By using selective laser melting (SLM) technique, pow-
ders are melted layer-by-layer, whereby a hermetic seal between casing and wick can be
provided. An additional benefit compared to conventional sintered wicks is higher de-
sign freedom of the wick, higher heat transfer capability, low thermal resistance and the
improvement of capillary performance [23-25]. Further, the amount of machine steps is
reduced which could have a positive impact on production costs.
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There are some studies available on the determination of 3D-printed wick specifications
as seen in figure 4. Esarte et al. utilized the SLM technique to fabricate a stainless steel
(3161) grid structure [26]. They executed a permeability and conductivity test of the sample
which resulted in a permeability value yielding 1.25 x 107'? m? and an effective thermal
conductivity of the wick equal to 1.48 W/mK. The mean pore radius of the wick was 80
pm and the porosity was 0.17 The authors concluded that the test sample has poor capil-
lary performance using distilled water as a working fluid due to its high contact angle (90
°). Another study on additive-manufactured wicks was conducted by Hu et al. [27]. Their
research was focused on 3 different SLM printed stainless steel grid samples, where the
structure with the best heat transfer performance has a pore radius, a porosity, an effective
thermal conductivity and a permeability of respectively, 109 pm, 0.509, 5.38 W/mK and
2.13 x 10719 m?2. The value for the static contact angle between water and the wick surface
was not given. The third investigation was performed by Jafari et al. [24]. The authors
developed an SLM stainless steel wick by the formation of 3D octahedral unit cells. The
mean pore radius, porosity and permeability are 108 um, 0.46 and 1.305 x 1071° m?. The
contact angle and effective thermal conductivity were defined in an earlier study on the
same test sample and are equal to 56.8° and 6 W/mK [28]. Furthermore, Robinson et al.
produced an additive manufactured aluminum wick structure with a pore radius of 88
pm, a porosity equal to 0.59 and the permeability tested on 4 x 10~ m? [25]. The effec-
tive thermal conductivity was estimated using Alexander correlation, where the thermal

conductivity of aluminum £k, is 125 W/mK.

Figure 4: Optical images of additive manufactured wick structures. (a) Stainless steel grid
structure by Escarte et al. [26] (b) Stainless steel grid structure by Hu et al. [27]. (c) Stainless
steel octahedral structure by Jafari et al. [24]. (d) Aluminum grid structure by Robinson et
al. [25].
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To the author’s knowledge, additive manufactured wick structures only have been ap-
plied on cylindrical evaporators with flat thermal interface or flat disk-shaped loop heat
pipes [22,29]. In a cylindrical design, the thermal contact area is a problem for CPUs where
in the case of a disk-shaped evaporator, some portion of the evaporator will be useless for
the rectangular-shaped CPU’s [30]. The development of a new selective laser melting EOR-
type evaporator with a rectangular design could be an important breakthrough in thermal

management systems.

1.4 Modelling loop heat pipes

Historically, research on loop heat pipes is concentrated on experimental investigations
[18, 19]. Nevertheless, to predict the thermal performance and operational limitations
numerical modeling of the design is of major importance. Especially for additive man-
ufactured wicks - where there is wide design freedom - a numerical model can be useful
to optimize the structure. Due to the complexity of the related two-phase heat transfer
phenomena, LHP modeling efforts are mainly focused on simplified steady-state energy
balance equations. Siedel et al. observed that only a few steady-state models describe
the LHP operation for flat evaporators with opposite replenishment [31]. For cylindrical-
shaped evaporators Kaya et al. developed an analytic model based on steady-state energy
balance equations at each component of the system [32]. From this model, Adoni et al.
evolved a thermal and hydraulic steady-state model that can be used for flat evaporators
with opposite replenishment [33]. Their model can estimate the performance of a loop
heat pipe with a two-phase or hard-filled (only subcooled fluid) compensation chamber
by simultaneously solving ordinary differential equations that describe the heat transfer
and pressure drop inside the transport lines and condenser section using a sixth-order
Runga-Kutta Method. This approach is useful for getting an accurate estimate of the pres-
sure drop inside the system, especially for additive-manufactured wick structures where
the pore radius and capillary limit are often smaller than conventional heat pipes due to
current fabrication limitations. The model can predict the operation curve in good agree-
ment with experimental data, however, it has limitations in describing the heat transfer in
the evaporator area. Adoni et al. use an empirical obtained thermal conductance value to
obtain heat leakage through the evaporator casing and describe heat transfer through the
wick by solving a 1D-energy balance [34]. An analytical model by Siedel et al. describes
this heat leak based on 2D Fourier series expansion, where it only depends on the geome-

try and thermal conductivity of the wall or wick structure [31]. Both could be optimized to
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minimize the leak, due to the extensive ability of 3D printing. Siedels model also includes a
thermal resistance between the wick and grooves which is interesting since additive man-
ufactured loop heat pipes could be made of one entire material and so without contact
resistance. Nevertheless, the authors evaluate that the model has limitations in predicting
heat transfer in transport lines and condenser section [35]. The combination of two existing
models could create one improved steady-state numerical model that accurately describes
the heat and mass transfer within the entire LHP system and could be used to predict the
performance enhancement and feasibility of additive-manufactured evaporators.

1.5 Two-phase immersion cooling

Fabrication of SLM-printed porous and microchannel structures could also be interesting
in two-phase immersion cooling applications. This immersion cooling technique involves
and two-phase heat transfer process when the surface temperature of the electronic com-
ponent exceeds the liquid vaporization temperature. At this point, bubbles are formed
and rise up to a condenser section above the bath where heat is rejected. The liquid-vapor
phase change of the working fluid can be described by the boiling curve in figure 5, where
a relation is given between surface heat flux and the degree of superheating.

JEHE B H

Condenser

Single Nucleate Transition ! Film
Phase Boiling Boiling Boiling
i | CHF

Dielectric fluid bath

Qumin
Leidenfrost point

Nucleation bubbles

Isolated: Slugs & ‘
Bubbles: Columns

Server racks

TwaII_T7 |
(a) (b)

Figure 5: Two-phase immersion cooling (a) Global working principle of two-phase immer-
sion cooling. (b) Typical boiling curve and flow patterns [36, 37].

The formation of bubbles starts at the nucleate boiling stage and ends when the critical
heat flux is achieved. Chen et al. outlined that increasing this critical heat flux and de-
creasing the degree of superheating will enhance the cooling performance [38]. Both could

7
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be achieved by selecting an appropriate working fluid and modifying the surface. A liter-
ature review on surface modification by Kang et al. concluded that an expanded surface
area increases the number of nucleation sites and so proportionally increases the cooling
performance [39]. A way to increase the area of the heating surface is by covering it with
microchannels, fins, porous layers, texturing or small fins. Typically, these structures are
manufactured using sintering powders or laser texturing [40]. Recent developments by
Liu et al. and Zhang et al. show that SLM-printed grooved and porous structures could
increase the CHF and heat transfer coefficient [41, 42] compared to solid plain surfaces.
This effect is also obtained for additive manufactured microchannels and pin-finned struc-
tures [43, 44]. The SLM-printed loop heat pipe evaporator contains microchannels (va-
por removal grooves) and a lattice (wick) structure. To the author’s knowledge, there is
no former research work into the pool boiling heat transfer enhancement of an additive
manufactured combination of microchannels and lattice structure. The present work will
evaluate the pool boiling behavior of microchannels and a combination of microchannels
and lattice structure for low heat flux (<8 Cmﬂg .

1.6 Research goal

In summary, the design and manufacture of new materials and surface properties is a pow-
erful approach to enhancing the performance of two-phase cooling systems for data cen-
ters. However, to date there is limited knowledge about to address the following research
gap: "To what extent does the surface microstructure of additive manufactured printed
materials and surface properties dictate the performance of particular two-phase cooling?”
The project will develop the guiding principles for the design and advanced manufactur-
ing of two-phase cooling systems for data centers and is executed together with Dutch
Infrastructure-as-a-Service (IaaS) company NovoServe B.V. and the University of Twente.
The IaaS business case provides the hosting of storage, network and servers. The com-
pany accommodates the maintenance of these resources for several clients with various
requirements. Since user requirements occasionally change, there is relevance to devel-
oping a new generation cooling system where maintenance on the individual server level
is achievable and without changing the entire infrastructure. For that reason, NovoServe
B.V. has a special interest in advanced passive heat pipe-based solutions that can transfer
heat from the CPU to the back of the server.
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1.7 Structure of report

The project is divided into the 3D printing performance enhancement of 2 different two-
phase cooling techniques, respectively, loop heat pipes (Chapters 2-4) and immersion cool-
ing (Chapter 5).

To answer the main question the report is divided into different chapters where several

sub-questions are investigated.

Chapter 2.

¢ What are the operating principles, thermal-hydraulic behavior and limitations of

LHPs during operation and how to sustain this thermal-hydraulic behavior?
Chapter 3.
¢ How to improve the existing steady-state numerical model for flat loop heat pipes
with opposite replenishment?

¢ To what extent does the improved numerical model agree with experimental research

from the literature?
¢ What is the numerically predicted influence and enhancement of additive manufac-
turing on the LHP compared to conventional manufactured loop heat pipes?

Chapter 4.

¢ To what extent could a new additive-manufactured LHP prototype be designed within
the prescribed design restrictions?

e What is the printing quality of a 3D-printed wick structure within the selective laser

melting evaporator?
¢ How can the prototype be tested in a way that is suited for experimental and practical
approaches?

Chapter 5.

o What is the effect of additive-manufactured stainless steel microchannels and a com-
bination of a lattice structure including microchannels on the pool boiling behavior

of distilled water under atmospheric pressure?
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Designing a proper loop heat pipe requires a detailed explanation of working principles,
behavior and limitations of loop heat pipes during operation, given in chapter 2. Know-
ing this operation behavior is essential in developing a steady-state numerical model. In
Chapter 3 an existing numerical model will be improved and validated by experimen-
tal research. This model is also used to compare the predicted performance of additive-
manufactured heat pipes to conventional loop heat pipes. In the next chapter, a prototype
is fabricated based on the predicted values in the numerical model. The chapter also con-
tains a microscopic analysis to check the printing quality and describes the way to test the
loop heat pipe prototype for experimental and practical purposes. For two-phase immer-
sion cooling applications (Chapter 5), this prototype is also used for a pool boiling test.
Hereby, the heat transfer performance of microchannels and a combination of microchan-
nels and lattice structure is tested for low heat fluxes. The results of the pool boiling test
and the numerical model are discussed in Chapter 6. The report concludes with the main
findings and recommendations of the project.

10
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2 Loop heat pipe operation

Loop heat pipes are known for their high efficiency, high reliability and maintenance-
independent advantages. The passive cooling technique is also known as complex due
to its two-phase phenomena. Designing a proper LHP with all advantages requires a deep
understanding of this complex two-phase operation and its underlying principles. In the
first part of this chapter, a comprehensive description of working principles and limitations
is given to get knowledge about the main principles of operation. The chapter’s second
part focused on the thermal-hydraulic characteristics of a LHP. This knowledge helps to

prevent issues such as poor start-up, overheating and inefficient heat dissipation.

2.1 Operation principles

The first section aims to offer a detailed insight into the working principles of a loop heat
pipe and their limitations. Understanding these general principles is crucial for developing

a new loop heat pipe design.

2.1.1 Working principle

The thermodynamic phase change of the working fluid inside a LHP can be described
using the schematic pressure-temperature diagram given in figure 6. Operation starts
by evaporation of the working fluid at the interface between superheated liquid in each
pore of the wick and vapor in the grooves. The evaporation at this interface (also known
as meniscus) will lead to saturated vapor in the grooves (1). From this point, the vapor
moves through the grooves driven by the pressure difference between the evaporator and
condenser section. The saturated vapor is slightly superheated by absorbing heat from
the fin and undergoes a small pressure drop due to friction (1-2). In the next stage, a va-
por line is used to transport the working fluid to the condenser (2-3). There is a frictional
pressure drop and a temperature drop induced by a lower ambient temperature. Once in
the condenser section, vapor condensates into saturated liquid and there will be a two-
phase frictional and acceleration pressure drop (3-4). As condensation is completed, the
liquid starts to subcool by releasing more heat from the condenser (4-5). In this subcooler
section, there will be a single-phase frictional pressure drop. Subcooling is necessary to
ensure the absence of vapor in the liquid line. The working fluid in this returns back to the
compensation chamber and is subjected to a friction pressure drop (5-6). Depending on
the subcooled temperature and the ambient temperature, the working fluid temperature

11
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will drop or rise inside the liquid line. The subcooled fluid that flows into this chamber
is heated by the evaporator wall and wick structure till it reaches the wick inlet as fully
saturated liquid (6-7). The fluid in this compensation chamber (also known as a reservoir)
is in equilibrium with saturated vapor that is filling the remaining space [45].

The more complex part of the thermodynamic loop occurs inside the wick structure (7-8).
From the wick inlet in point 7 to the liquid side of the meniscus at point 8 the fluid moves
through the wick in metastable condition. During operation the applied heat is conduc-
tively transported through the fin and thereafter through the wick structure. Usually, the
liquid starts to boil if the vapor pressure inside a bubble exceeds the ambient pressure on
the bubble. Instead, the surface tension of the small pore size channels inside the wick
creates additional pressure on the bubble, preventing the liquid from boiling. This phe-
nomenon creates a superheated liquid inside the wick structure. The temperature between
the wick inlet 77 and outlet 77 will be approximately equal, besides there is a hydraulic
pressure drop inside the wick Ps - P;. Note that the P-T diagram is magnified since the
loop heat pipe operates at the steep part of the saturation line [34].

8
COLECL b
] f
6 |2 !
(] (] Saturation line —
AP,
7 /4
Lol
||_| |_||
.1 I.
5 4 3 T T T T T

Figure 6: Schematic P-T diagram of the two-phase flow inside the loop heat pipe.

2.1.2 Limitations

At the meniscus along the wick capillary pressure arises due to the interfacial tension be-
tween the fluid phases and the surface tension between fluids and the porous medium
(8-1). According to the Young-Laplace equation for static interfaces (eqn. 1), the radius of
this meniscus 7, is inversely proportional to the capillary pressure of the system. Since the
meniscus radius cannot exceed the pore radius of the wick, the maximum capillary limit

12
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depends on the pore size of the wick r,, ;. The Young-Laplace expression also implies that
the capillary capability relies on the surface tension of the working fluid o1 and the contact
angle between the wick and working fluid 6 [46].

201c0s(6) e AP = 201cos(0) 1)
cap,lim —

APcap,lim >
Tm Twp

To ensure flow circulation inside the LHP, the capillary pressure should be larger than the
total pressure drop inside the system (see eqn. 2). Note that this equation does not involve
the gravitational pressure drop and pressure drop induced by the grooves, since both are
supposed to be zero in this case.

A]Dcap,lim > APUZ + APcond + A]Dsc + AF)ZZ + APw (2)

In addition to the capillary limit, it is important to avoid the formation of bubbles inside
the wick structure. These bubbles could create a blanket of vapor inside the wick structure
which prevents saturated liquid from entering the wick and so it halts the circulation of
the system. As described in section 1.5, the formation of bubbles starts at the nucleation
boiling stage, at a certain heat load when the surface temperature is sufficiently higher
than the saturated fluid temperature. In the case of a loop heat pipe, the transverse heat
load through the wick structure should not exceed the load when nucleation starts [45, 47].
For porous wick structures boiling limit can be described with equation 3, where 7, is

the nucleation site radius of working fluid [48].

Awkweﬂ) ( 201

Qboil = ( hipitn

% — APupin (3)
In summary, the underlying thermodynamic working principles for loop heat pipes are
rather complex, especially in wick structures. The metastable condition of the working
fluid inside the wick enables the capillary pressure that is the key parameter in loop heat
pipe operation. It is important to mention that the system only operates when the capillary
limitation is higher than the overall pressure drop and the applied heat load does not

exceed the boiling limit.
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2.2 Operating characteristics

The operation characteristics encompass several key aspects, including the start-up prin-
ciples, operation mode and reliability. A comprehensive overview of these characteristics
helps to understand the thermal-hydraulic behavior of the loop heat pipe.

2.2.1 Start-up

To use a loop heat pipe for practical applications a rapid and smooth start-up is essential.
The start-up is defined as the time before the working fluid inside the LHP reaches its
steady state value. This transient phenomenon can be complex since it depends on vari-
ous parameters. Research shows that at the beginning of operation, a temperature over-
shoot inside the reservoir occurs. Overshoot can be explained as the difference between
maximum transient temperature and steady-state temperature. It can be problematic if
the temperature reaches a value outside its allowed temperature range (in this case the
maximum CPU temperature) [49]. Another issue during start-up could be the absence of
nucleate boiling. For cases where vapor grooves are flooded with liquid, a superheat of lig-
uid is needed to initiate nucleate boiling and so dispose of all undesired liquid in grooves.
Defining the exact amount of required superheat is rather complex as nucleation boiling
is influenced by several parameters [50, 51]. However, Ku concluded that the initiation of
nucleate boiling can be advanced by adding a higher initial heat load. Further, a succeeded
operating LHP is sufficiently filled with liquid through the entire loop [49]. Bai et al. math-
ematically show that for cases where vapor grooves are not flooded, the influence of the
thermal capacity of the evaporator during the start-up process is negligible even as the
effect of sink temperature. In addition, it is observed that a higher ambient temperature
increases the start-up time [50].

2.2.2 Variable and Fixed Conductance Mode

Numerous experimental tests on loop heat pipes observe a relationship between the op-
eration temperature and the applied heat load [52, 53]. Typically as seen in figure 7 (a,b),
LHP operation is divided into two modes: the variable conductance mode (VCM) and
the fixed conductance mode (FCM) [53]. In the first mode, the operating temperature de-
creases or remains constant when increasing the heat load. The heat input results in a
partially utilized vapor in the condenser section (see fig. 7) correspondingly, the working
fluid is subcooled close to the sink temperature. If the sink temperature is lower than the

ambient temperature the fluid will gain ambient heat in the liquid line. Increasing the heat
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load - which proportional increases the mass flow and decreases the residence time - will
reduce the amount of attained ambient heat in the liquid line. This reduced quantity of
gained heat in the liquid line creates a decreasing operating temperature in the reservoir
to ensure heat balance in the reservoir. The slope of this operating curve in VCM mode
(flat or decreasing) strongly depends on the heat exchange between the reservoir/liquid
line and ambient. Launay et al. describe that for low-thermal-conductivity wicks with
low-pressure working fluids a flat shape is observed [54]. Ku shows that an increasing
temperature difference between the sink and the ambient increased the slope in the vari-
able conductance mode [55]. At a certain heat load, the full condenser length is only used
for utilizing vapor. From this point, the LHP operates in the fixed conductance mode and

the operation temperature increases quasi-linear with heat load.

T

(@) c)~Ioad (b) C)~Ioad

CPU

cond

(d)

Figure 7: (a) Flat-shaped operation curve. (b) U-shaped operation curve. (c) Variable con-
ductance mode. (d) Fixed conductance mode.
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2.2.3 Condensable gasses

The lifespan and reliability of loop heat pipes can be degraded by the existence of non-
condensable gases (NCG) inside the LHP [56, 57]. These gases are generated by chemical
reactions inside the LHP. Experiments show that NCG results in a higher steady-state op-
eration temperature due to the accumulation of gas inside the reservoir and an increase
in system pressure. The existence of relatively high partial pressure of NCG also leads to
an increase in start-up time [56, 58]. These gases are mainly generated by a chemical re-
action between the working fluid and imperfections of the loop heat pipe material. Poor
machining and cleaning of the evaporator could lead to glitches in the wick structure and
oxidation at the wick surface [45]. In Appendix A.1l it is shown which combinations of
working fluid and LHP materials are incompatible. The presence of different wick and
evaporator materials in conventional loop heat pipes could also lead to a chemical reac-
tion. Printing the entire structure with one material - as the case in this project - will avoid
this issue. Li et al. evaluate that NCG can be removed by evacuating the system and work-
ing fluid before filling [59].

In brief, designing an efficient and reliable heat pipe depends on various parameters. It
was observed that the start-up behavior of loop heat pipe is a complex phenomenon that
relies on the geometry (are the grooves filled with liquid or not) and the amount of nu-
cleation boiling. A proper start-up is essential to prevent the system from temperature
overshooting. Further, it was observed that the thermal-hydraulic behavior of loop heat
pipes can be distinguished in 2 operation modes depending on the ambient temperature,
sink temperature and condenser length. Finally, this section showed that the presence of
non-condensable gasses and the choice of incompatible materials have a negative effect on

the lifespan and reliability of loop heat pipes.
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3 Numerical model loop heat pipe

As described in chapter 2 the LHP operation curve and limitations depend on various
parameters. Having an accurate steady-state numerical model is an often used way to
design, simulate and evaluate this thermal behavior and performance. In this chapter, an
improved steady-state numerical model will be revealed that combines an accurate heat
transfer and pressure drop approach in the transport lines and condenser section based
on the Runge Kutta method as described by Adoni et al. [33], together with precise 2D
analytical solutions to model heat leak inside the evaporator as explained by Siedel et al.
[35]. The newly developed model is validated using experimental results in the literature
and a parametric analysis is conducted to identify the influence of several specifications on
the operation curve. Finally, the model is used to estimate the performance enhancement

and ability of additive manufactured loop heat pipes compared to an existing structure.

3.1 Modelling

The heat transfer process occurring in a flat evaporator with opposite replenishment can be
described in figure 8. The applied heat load of the CPU (Qj04q4) is mainly utilized for heat-
ing the fluid inside the evaporator (Qcvap). A relatively small amount of applied heat load
does not participate in the evaporation of fluid and refers to heat leak through the evapo-
rator casing (Q)p). This heat travels by conduction through the wall and so exchanges heat

to the fluid inside the compensation chamber (Q..) and to the surrounding environment

(Qamb)'

G
Qb
Q. —_—
e
Q, 7
i flo.
Ta.,

EEENNRRREENEREREALS

CPU

Figure 8: Schematic energy balance in the evaporator
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Qload = Qevap + Qb (4)
Qb = Qcc + Qamb (5)

3.1.1 Evaporator casing

Adoni et al. use a prescribed thermal conductance value ) to obtain this heat leak through
the wall [33]. They concluded that this thermal coupling between the evaporator and the
compensation chamber has a significant influence on the shape of the operating curve.
A more detailed approach that describes the heat leak path in the casing is presented by
Siedel et al. [35]. This approach involved a 2D heat equation with 4 boundary conditions
to obtain a temperature field and so the heat leaks through the evaporator body (Appendix
B.1). The method is based on 2D Fourier series expansion, where the rectangular evapora-
tor casing is divided into two fields.

Tevap T,
| |
Ty1 (%Y) First solution
s c, N HL X
hamb Emb
T=0
| |
Tps (%Y) Second solution
RN _
Qioad CO aq 0 Hcc X

Figure 9: Modeling evaporator casing [35]

As illustrated in figure 36, the first profile corresponds to the temperatures at the inner
side of the casing. Both ends are supposed to be adiabatic due to symmetry and there will
be convective heat transfer with ambient (h,,5) at the entire external evaporator surface.
The points cg and c; represent respectively the height of the base plate and grooves (co =
Hy, + H,4) and this height together with the wick thickness (c; = ¢ + t,,). The inner side
of the casing has two fixed temperatures, namely the evaporator temperature (0 < z <
¢p) and the liquid/vapor bulk temperature of the compensation chamber (¢; < x < He.).
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To simplify the model, the compensation chamber bulk temperature will be equal to the
saturated liquid temperature (77) inside this reservoir, however, it must be noted that in
actual situations the working fluid temperature distribution varies along the inner side
of the casing. Between ¢y < x < ¢; the temperature is supposed to be linear. The sec-
ond temperature profile adds the applied heat flux (gioeq = Qﬁ“) to the inner casing/fin
interface (0 < x < ¢p). Considering symmetry means that both ends are adiabatic. The
next boundary condition involves the absence of heat input at the entire surface excluding
the mentioned interface. An expression based on the 2D Fourier series is used to sum up
both profiles and create a general expression of the non-dimensional temperature field.
As noted in Appendix B.1, integrating this equation (Fouriers law) at y = H. leads to a
formula for heat leak (eqn. 6), where By, By, B3 are coefficients independent of T¢,, and
T7. Also, the heat that leaks to the ambient is expressed with coefficients (eqn. 7). The ex-
changed heat between the wall and compensation chamber (). is obtained by subtracting
equation 6 and 7 to the fluid inside the compensation chamber.

Qb = B1T7 + BQTevap + BS (6)
Qamb = ByT7 + B5Tevap + Bg (7)
Qcc = Qb - Qamb (8)

3.1.2 Wick modeling

The heat transmitted to the fluid in the evaporator (Qcyqp) is primarily used to evaporate
the liquid at the fin/wick interface (Q.,). It is assumed that the vapor inside the grooves is
not superheated and evaporation only depends on the latent heat (7hh7). A smaller part of
this heat leaks into the wick structure (Q),,), whereas it results in convective and conductive
heat exchange inside the wick and heat leak to the compensation chamber. Considering
the heat of evaporation (r2h7) is much larger than heat leak through the wick structure, the
mass flow rate is estimated using equation 10 [33, 34].

Qevap = Qev + Qw = 7.nh1 + Qw (9)
eva; oad — oad ~ B T B Teva B
vy — Qevap _ Quoad = Qv _ Quoad — (B1T7 + ByTevap + Bs) (10)
hy hy hy

Adoni et al. solved a 1-D energy balance for porous media to obtain the heat leak through
the wick structure with the assumption that heat and mass flow are in transverse direction
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[33]. An important boundary condition in this procedure is that the temperature below
the wick equals the saturated vapor temperature 7;. Nonetheless, in practical situations, a
significant portion below the wick consists of a groove/wick interface that influences the
temperature distribution inside the wick. A more precise 2D method is used by Siedel et
al. [35]. As seen in figure 10, a segment of the porous wick structure is selected to predict
the heat transfer across the wick. At the interface between grooves and wick (y = 0),
this area involves one-half side of the fin (ag = %) between 0 < x < qg that contains
the evaporator temperature corrected for thermal contact resistance between fins and wick
(Tevap,w). The other interval (a = W) represents one-half side of the groove and
consists of the saturated vapor temperature 77. The model also includes a micro-region
between the groove and fin where intensive evaporation occurs (ap < = < ay).

y T; hee
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Figure 10: Modeling wick structure [35]

Siedel et al. suppose a linear temperature profile in this micro-region area and so consider
that the slope of this temperature gradient is related to the heat transfer coefficient at the
liquid-vapor interface and the length of this region (ag < = < a;) [60]. The size of this
region is estimated using equation 77, where k. and h., are respectively, the effective
thermal conductivity of the wick structure and the heat transfer coefficient of evaporation

[35].
kwe

hev

The effective thermal conductivity accounts for conduction through solid and liquid and

ay — apg = (11)

could be obtained using different correlations depending on fabrication, porosity, work-
ing fluid and microstructure geometry of the wick structure [28, 61]. The heat transfer
coefficient is obtained using the kinetic gas theory, where a., is equal to the evaporation
coefficient. This evaporation coefficient is an essential parameter to predict the perfor-
mance of a loop heat pipe, however, several studies also indicate that the determination of
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this coefficient depends on various parameters. A study by Marek and Straub concluded
that surface-active substances and impurities of the working fluid and small contamina-
tion of the surface could reduce the evaporation significantly [62]. An empirical literature
review by Eames et al. concludes that this coefficient will be in a range between 0.01 and
1 for water as a working fluid [63]. For dynamically renewing water surfaces - which is
theoretically the case at the wick interface - Marek and Straub explain that the coefficient
will exceed 0.1 [62].

ey 2 fonRTy\ %P P,
R p1hi mRT, N (12)
2—ae, Ty M 2p1hy

At the top side of the wick (y = t,,), the structure is bordered by the liquid bulk tempera-
ture, where both side walls are treated as adiabatic due to symmetry. It is supposed that
this bulk temperature is equal to the saturated temperature 7. The heat transfer between
wick and saturated bulk is obtained using a heat transfer coefficient ... According to
Siedel et al. this parameter is empirically determined by experimental results [35]. The
mathematical procedure is slightly different than the 2D approach that defines heat leaks
through the evaporator body. As described in Appendix B.2, a standard non-dimensional
temperature profile for solid structures is modified by changing the conductivity into an
effective thermal conductivity for porous structures. However, this modified temperature
tield based on 2D Fourier expansion only depends on conduction through the wick and
so excludes the liquid flow inside the porous structure. Assuming a 1D liquid flow in the
wick structure and so considering a homogeneous volumetric source in the opposite direc-
tion of the heat transfer, create an extra non-dimensional temperature profile that describes
the convection in the wick structure. By using the superposition principle, the convective
and conductive temperature profiles can be added together into one non-dimensional tem-
perature field. Integrating this profile over length 0 < z < 20191 describes the total heat
transfer through the wick (Qcvqp) , Wwhere the integration over the interval GOQJ <z <are-
sults in the heat transfer related to evaporation (Qe,). As described in Appendix B.2, both
values can be expressed by coefficients independent of T,,4pw, 71 and T%. The amount
of heat leak that enters the compensation chamber (Q,,) is obtained by subtracting both
formulas.

Qevap = B7T7 + BsT1 + BoTovap,w (13)

Qev = BlOT7 + BllTl + BlQTevap,w (14)

Qw = Qevap - Qev = (B7 - BlO)T7 + (BS - Bll)Tl + (BQ - BlQ)Tevap,w (15)
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As mentioned the evaporator temperature at the wick interface is corrected for the contact
resistance between the fins and the wick. Typically, the wick and fin/groove structures are
fabricated separately and generate a thermal gap between both structures. An estimation
of the contact resistance (R,,s) in heat pipe applications is given by Choi et al. and ranges
between 3x107* to 7x107° Km?/W [64]. Siedel et al. defined that the temperature at the
wick side of the interface can be expressed using equation 16 [35], where A/ is the contact
area between fins and wick structure.

Ry Qeva
Tevap,w = Tevap - ]:ﬁp (16)

At this point there are 4 unknowns (7', 17, Tevap,w, Tevap) With 4 correlations (eqn. 4, 6,
13, 16). The solving procedure to obtain the evaporator temperature starts by combining
equation 4 and equation 6 as expressed in equation 17. The heat transmitted to the evap-
orator, represented in equation 13, depends on the evaporator temperature at the wick
interface (T,yap,w). By combining equation 13 and equation 16 the heat transfer through
the evaporator can be defined with equation 18. Bringing both solutions together (eqn. 17
and 18) results in a general expression dependent on (T, 77, Qevap) as given in equation
19. The iteration of the numerical scheme starts by considering guess values for the sat-
urated temperatures of the working fluid. As a result, the evaporator temperature can be
iteratively obtained by solving equation 18 using the Newton-Raphson-Method [34, 65].

Qevap = Qload - BlT7 - BZTevap - B3 (17)
R
Qevap = B7T7 + BSTl + BQ <wjj§ievap> (18)

Rw load —B1T7—BaTeyap—B:
(By + Bo)Ts + BaTevap + By + BTy + By (Touay — et Qe B Belioen =B} _ 90y =0 (19)

Since the coefficients By, Bs and By to obtain the evaporator temperature depend on the
mass flow rate and the mass flow rate - as showed in equation 10 - is obtained by the
evaporator temperature a guess value is required to start the iteration without doing com-
plicated simultaneous iterations. The mass flow guess value is estimated using equation
20.

mguess = Q]lzolad (20)

The temperature drop across the wick is related to the Clausius-Clapeyron relation (eqn.
21) [55]. Typically, a loop heat pipe operates at the steep part of the P-T curve so the
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temperature difference across the wick is sufficiently small. Therefore, it is assumed that
T7 =~ T. The one-directional flow of the working fluid through the porous wick structure
leads to a pressure drop that is obtained using Darcy’s relation (eqn. 22) [34, 66].

APy — AP,
T — Ty = % (21)
AT |sat
it
AP, = Py — P; = I‘?p”: - (22)
w

As mentioned in section 2.1.1 there will be a small pressure drop inside the grooves. Adoni
et al. suggest that this pressure drop is sufficiently small and therefore can be neglected
[34]. As a result, the temperature and pressure at points 1 and 2 are supposed to be identi-
cal.

=T & P=PF (23)

3.1.3 Transport lines and condenser

The steady-state numerical model by Siedel et al. assumes that the pressure drop inside
the vapor line is sufficiently small that the evaporator outlet temperature is equal to the
condenser temperature [35]. A more accurate approach is described by Adoni et al. based
on the sixth-order Runga Kutta method [34, 65]. The fluid flow inside the vapor line, liquid
line and subcooler is single phase. Heat exchange, pressure drop and mass of working
fluid in these lines are calculated using equation 24, 25 and 26. Subscript ¢ represents
respectively the vapor line (vl), liquid line (II) and subcooler (sc). Adoni et al. use an
accurate approach to solve these differential equations based on the sixth-order Runga
Kutta method [34, 65]. Thermophysical properties are calculated at the beginning of each
length step and will be obtained at the saturation pressure if phase change occurs inside
the tube. This procedure has high precision, especially for high thermal conductive tubes
with a significant length, where thermal physical properties change within the tube [34].

dp, G2
22t 24
dz CQPtDi,t @4
dly Ui Dig(Ty — Tamb) (25)
dz ThC’p,t
dM,
7d ¢ = Atpt (26)
z
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The friction factor of single-phase flow in straight circular tubes depends on the amount
of turbulence of the working fluid expressed in Reynolds number (eqn. 27). For laminar
flow (Re < 4000) inside smooth tubes the friction factor is approximated using the Darcy-
Weisbach relation given in equation 28, and for turbulent flow inside smooth tubes the
Blasius correlation is used (eqn. 29) [67].

4m

— 27
Re ~Dip (27)
64
Re <4000 = (= — (28)
Re
Re > 4000 = ( =0.3164Re "% (29)

The global heat transfer coefficient U, inside a circular tube is derived using equation 30.
It depends on the heat resistance offered by the tube wall and individual convective heat
transfer coefficients. The individual heat transfer coefficient for the outer area of the sub-
cooler h, ;. and condenser h, n,q is equal to the heat transfer coefficient of the sink h;yy.
For the liquid and vapor line the outer heat transfer coefficient h,,; and h,; is identical
to the heat transfer coefficient of the ambient hy,, (= 5 W/m?K). To determine the heat
transfer coefficient of the single-phase flow inside the tube (vl, 1I, sc), the Dittus-Boelter

relation is utilized to estimate the dimensionless Nusselt number Nu.

Dot Dot Dot 1 -1
U, = | 22t (22 ’ 30
= ok ™D T Dok o (30)
kN
hiy = D-? —  Nu=0.023Re"8 P04 (31)

The length of the two-phase region is determined by solving the differential equation for
vapor quality using the sixth order RungeKutta method (eqn. 32) as described by Adoni
et al. [34], where it is assumed that the working fluid temperature during phase-change is
constant 73 = Ty = T,,4. The total length of condensation is achieved if the vapor quality
equals zero (2 = L¢pq when x,q = 0). The resulting condenser length (L) is used to sub-
cool the single-phase fluid in the condenser and therefore equations 24, 25 and 26 are used.
The global heat transfer coefficient U, is estimated with equation 30, where the convec-
tive heat transfer coefficient of two-phase flow is obtained by equation 35 as described by
Hajal et al. [68]. This approach includes a liquid film thickness ¢ for annular flow dur-
ing condensation and a homogeneous void fraction . Subscript | and v represent the
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saturated liquid and vapor properties.

AT end _ Ucnd(Tcnd - Tsink)WDcnd,i

B 32
dz rihy (32)
LSC = Lcond - Lcnd (33)

k GDz cn 1-— cn.
hena = 0~4R€l0'5Pr0'SJ = Re = : d( ° d) (34)

0 K
Di 1-a 1 —2ep v -1
5:(704) = ozv:[1+ 2" Tend | ( Pv } (35)
4 Tend Pl

Typically, frictional pressure drop in two-phase flow is predicted using a separated flow
model. Single-phase flow in liquid and vapor phases are treated separately and related
to each other in a two-phase multiplier ¢;. Literature observes that numerous frictional
multiplier correlations have been developed over the years [69]. Adoni et al. use the
standard two-phase multiplier correlation by Friedel, however, Chen et al. observe that for
small tubes (<7 mm) in combination with water as the working fluid the Friedel correlation
could not predict empirical data with acceptable accuracy [70, 71]. They modified the

existing correlation by implementing a dimensionless Bond number Bo.

dPeng G?

2

= — S 36
dz ¢ Cl 2plDi,cnd ( )

0.0333Re04° GDj endTend

2 _ l . t,end¥en,
o°= Re,%09(1 + 0.4e—Bo) = fe= o 47

Di,cndQ

Bo — 9(pvpr) 2 (38)

o
Equation 39 gives the mass of the working fluid inside the condenser. Vapor quality,
pressure drop and mass of working fluid are simultaneously solved using the Runga-
Kutta method, where the thermophysical properties are calculated at the beginning of each

length step.

dM.y,
Yend _ Apalowp + (1~ )l @)
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The mass of the working fluid within the evaporator is determined using equation 40,
where §3 is the applied volume fraction of the fluid inside the compensation chamber and
e the porosity of the wick structure. The values for p7; and p7 4 are related to the density
of the saturated liquid and vapor inside the compensation chamber. The total mass inside
the loop is estimated using equation 41

Mevap = Mcc + Mw + Mv = p?,lAchc/B + p7,gAchc(1 - ﬂ) + Aw6p7,l + Avpl (40)

Mtot = Mevap + le + Mcnd + Msc + Mll (41)

The analytical model of Adoni et al. considered that the working fluid inside the compen-
sation chamber is saturated [34]. Since the pressure at the end of the liquid line Fs is equal
to the pressure inside the compensation chamber P, it is supposed that the temperature

inside the compensation chamber is identical to the saturation temperature at Py (eqn. 43).
Pr=Fg (42)

T7 — Tsat(P7) — T7 — Tsat(P6) (43)

Overall, the improved numerical model includes mathematical equations that describe the
heat transfer process inside the evaporator, the transport lines and the condenser section
with high precision. By separately describing the heat transfer process in the evaporator
and the transport lines, the model enables the possibility of implementing extra equations
in later research that describe the pressure drop induced by bends or vapor grooves. This is
an additional benefit compared to the numerical model of Siedel, since the authors neglect

the pressure drop inside the transport lines.
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3.2 Numerical scheme

This section aims to provide an algorithm where the steady-state balance of a loop heat
pipe is achieved using the equations given in the previous chapter. The main goal of this
steady-state balance is to predict stable pressure and stable temperature at different loca-
tions inside the loop for a certain geometry.

A frequently used method to create a steady-state condition of the loop heat pipe is to
minimize the energy imbalance inside the compensation chamber given in equation 45.
This equation is evaluated for different saturated vapor temperatures (77) till the temper-
ature converges and the energy imbalance is below a fixed error ¢.

Ve = Qee + Qu — axehe — mcp,7(T7 - TG) (44)

Vee < € (45)

The iteration starts by predicting a guess value for saturated vapor temperature 77 and
saturated liquid 7%. The selection of both values has an influence on the amount of itera-
tions to achieve convergence. To reduce the number of guess values and to simplify the
scheme, the temperature difference between the saturated vapor and liquid AT is fixed
for each iteration to a certain number. As mentioned in the Clausius-Claypeyron relation
(eqn. 21), the temperature difference across the wick (AT) is sufficiently small and so a
value of 0.5 K is chosen. Figure 11 showed that a AT between 0.5 K and 2 K has barely any
influence on the steady-state output temperatures. For a guess value difference above 2 K
a deviation was observed in the low heat flux range. In general, the operation temperature
of the working fluid is lower for smaller heat loads which results in a larger effect of the
prescribed temperature difference of the wick.

T?,guess = TLguess — AT = Tl,guess —0.5 (46)
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73.0 ¢ ®dT=02[K] (a) 73.0 ¢ mdT=0.2[K] (b)
— ®dT=05[K] "N ®dT=05 [K]
O ™ (&} e [ ]
2725 F mdT=1[K] _ 2725 Foagro1(q -
= dT=2[K] " M - -
0720 [ agrosy _r v 720 dr=2[K] -1
2 - 5 dT=51[K] -
© 715 " © 715 »
g ] g 1

71.0 71.0 ]
- o : "
3 2
= 70.5 70.5 |
] ] 2 ]
s70 B S 700 ]
8605 I 2
8695 2 69.5
g g
2 69.0 E 2 69.0 E
3 3

685 b . 685 E

50 100 150 50 100 150
QIoad [W] o~Ioa|d [W]

Figure 11: Numerical results. (a) Influence of the guess temperature difference on the
saturated vapor temperature. (b) Influence of the guess temperature difference on the
saturated liquid temperature.

Following the numerical procedure as shown in figure 13, gives all temperatures and pres-
sures at specified locations in the loop heat pipe. The complexity of the Fourier-based
formulas makes it not suitable to use the Newton-Rapshon Method to solve the energy
imbalance as described by Adoni et al. [34]. When the energy imbalance is larger than the
prescribed error (eqn. 45) a new value for saturated vapor is obtained using the Secant
Method (eqn. 47) [65]. This root finding approach requires 2 values 7}~ ' and 77 to de-
-1 and ... The slope of the

termine the energy imbalance as a function of these values ¥
constructed (secant) line between those 2 points is used to approximate a new value for
T where the function for energy imbalance is equal to zero. To start the secant method
two initial values (77 and 7}') are required, with the rule that both values are not identi-
cal. As illustrated in the algorithm scheme, T7 is equal to the guess temperature and T} is

arbitrarily chosen to be slightly (0.1K) higher than 77.

(Tll — Tli—l )ﬁéc

Ti+1 — Tz + : '
! ool it

(47)
As mentioned in Appendix B, the coefficients are obtained by infinite series. This serial
convergence is achieved for a summation difference below 1x10~7. For the coefficients
B, Bs and Bj it was observed that a limited number series (oo — 100) results in reason-
able solutions. The Runga Kutta method, which is applied to approximate heat transfer
and pressure drop in the transport line and condenser section, is divided into increments
of 5 mm in the vapor line, liquid line and subcooler and 1 mm in the condenser. Further,

the Newton-Raphson method to obtain the evaporator temperature is selected to converge
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if the initial value and output value during the iteration are lower than 0.01K. The thermo-
physical properties of the working fluids are obtained using REFPROP:10.0. As illustrated
in figure 12 (a), the numerical error has an influence on the predicted saturated vapor tem-
perature for a fixed error above 0.001%. It was also observed that the saturated liquid
temperature is independent of the prescribed numerical accuracy (fig. 12 (b)). This ten-
dency is related to the assumption that the temperature in the compensation chamber is
equal to the saturation pressure at the end of the liquid line (43). Since a higher saturated
vapor temperature 7} (which is the case for an error above 0.001%), will not have a signifi-
cant effect on the pressure difference inside the loop, the saturated liquid temperature will
be approximately identical for each numerical error.
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Figure 12: Numerical results. (a) Influence of the numerical error on the saturated vapor
temperature. (b) Influence of the numerical error on the saturated liquid temperature

The section reveals an algorithm that has the ability to predict steady-state values of tem-
peratures inside the system using the precise mathematical formulas given in section 3.1.
Further, it is observed that the numerical output reached a steady-state condition for a
numerical error less or equal to 0.001 %.
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Figure 13: Algorithm scheme of the improved numerical model
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3.3 Experimental validation

The improved numerical model is based on mathematical equations and assumptions that
govern the heat transfer phenomena occurring within the LHP. Nevertheless, it is essential
to experimentally validate this model to ensure it can accurately predict the performance
and behavior of actual loop heat pipes. In this research 2 experimental investigations were
used to verity if the developed model simulates reliable results.

The comparison between numerical and experimental data is conducted by analyzing key
performance metrics such as temperature distribution and thermal resistance. The latter
is distinguished in the thermal resistance of the evaporator (eqn. 48) and the thermal re-
sistance of the entire loop heat pipe (eqn. 49). The first equation includes the temperature
difference between the evaporator temperature at the fins 7¢,,, and the saturated vapor
temperature 7 inside the grooves and the applied heat load. The thermal resistance of

the entire LHP is obtained by the temperature difference between evaporator temperature

Tevap and the average temperature of the working fluid inside the condenser %
Tevap — T
Revap = fevap — 11 (48)
Qload
T _ (I5-T5)
Rigp= 22 2 (49)
Qload

The first validation is conducted using experimental data obtained by Singh et al. [72].
They developed a miniature loop heat pipe with a flat disk-shaped evaporator using a
Nickel wick structure and water as a working fluid. The experiments were executed in
a heat load range from 5 W to 70 W with an active heat transfer area of 7.069 cm?, the
authors observe unstable temperature distributions at a low heat load range (< 20 W) and
therefore the numerical validation is only executed above this value. As shown in Table
1, a fin-and-tube type heat exchanger was utilized to condense the working fluid by a fan
with a sink temperature identical to the ambient temperature (22 °C). The effective thermal
conductivity for the homogeneous wick structure is estimated by the Alexander correlation
(eqn. 50) as described by Sing et al. in later research, where k,, is the conductivity of solid
Nickel (= 90 W/mK), e the porosity of the wick (0.75) and k; the thermal conductivity of
the working fluid depending operation temperature [73].

& —(1—€)0-59
kwe = kl <k.l> (50)
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Inside the evaporator, an O-ring was placed to prevent heat leak through the wall (k. ~ 1
W/mK). The authors did not describe key parameters as the heat transfer coefficient of the
sink, the evaporation coefficient, the contact resistance of the wick and the heat transfer
coefficient of fluid inside the compensation chamber. Nevertheless, the same experimental
setup was validated by the numerical model of Siedel et al. and so some of these unknown
parameters were identified in their research [35]. Siedel et al. conclude that the evapora-
tion coefficient is identical to 0.4 and the contact resistance is fixed to 1x10~° Km?/W. The
heat transfer coefficient of the fluid inside the reservoir h.. was not given in the research
paper, however, after correspondence with the authors it was set to 1000 W/m?K. The heat
transfer coefficient of the sink is selected to be 4.5 kW /m?K, which is slightly higher than
the prescribed value of Siedel et al. (3.2 kW/m?K) since their model does not include the
thermal resistance of the condenser wall.

The second validation is based on experimental research by Zhoa et al. [74]. The authors
investigate the performance of flat disk evaporator with a capillary biporous T255 Nickel
wick together with deionized water as the working fluid (Table 1). The LHP was tested in
a heat load range from 50 W to 290 W with an active area of 10.18 cm?. A sink temperature
of 10 °C was used to cool the working fluid within a tube-in-tube heat exchanger. The au-
thors did not describe the material of the evaporator casing, however, their earlier research
on loop heat pipes utilized a stainless steel body and so k. ~ 18 W/mK [75]. The same re-
search was used to identify the effective thermal conductivity of the biporous Nickel wick
kwe == 3.265 W/mK. Note that the porosity in this earlier research (0.742) is slightly higher
than the porosity in the investigated study (0.71). A biporous wick is characterized by
large pores that reduce the flow resistance and small pores to maintain the capillary forces.
The capillary performance was estimated by the given static contact angle (88.75 °) and
the mean radius of the small pores (5 ntm). An evaporation coefficient of 0.1 was chosen,
identical to the value Siedel et al. use in their ‘standard case’ simulation [35] for a standard
case. The heat transfer coefficient of the fluid inside the compensation chamber and the
thermal resistance between wick and fins were specified to the same value used in the first
validation, respectively, 1000 W/m?K and 1x10~° Km?/K. Furthermore, the heat sink
heat transfer coefficient is set to 6 kW/m?2K, which is in the range between values from
Siedel et al. (2 kW/m?) and from Gabsi et al. (12 kW /m?) [35, 76].
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Experimental setup Experimental setup

Casing Liquid line

Material SLM Stainless steel (316) Diji/ Doy 4 /6[mm]

Hp 2 [mm] Ly 875.5 [mm]

Hiop 0 [mm] ki 398 [W/mK]

Hc 23 [mm] Vapor line

te 2 [mm] Divi/ Dol 4 /6[mm]

ke 18 [W/mK] Lui 330 [mm]
Grooves kvl 398 [W/mK]

Olev 0.1[-] Condenser

Hvg / Wig 2/0.5[mm] Type of heat exchanger Tube-in-Tube

Wi/ Ly 1/ 37 [mm] Di,cond / Do,cond 4 /6 [mm]

Nt 28 [-] Leond 500 [mm]

Ar 9.990 [cm?] Kcond 398 [W/mK]
Wick hsin 2000 [W/m2K]

Material SLM Octahedredal steel (316) Tsink 20 [°C]

tw 2.5 [mm] General specifications

Aw 15.17 [cm?] Working fluid Distilled water

Rwt 0 [sz/w] Mnuc 0.254 [pm]

Kwe 6 [W/mK] e 56.8 [°]

€ 0.46 [-] M 0.01805 [kg/mol]

K 1.305x10°1° [m?] hamb 5 [W/m]

Fwp 108 [um] Tamb 22 [DC]
Compensation chamber

hec 1000 [W/mZK]

Table 1: Experimental setup specifications by Singh et al. and Zhao et al. [73, 74]

As illustrated in figure 14, the numerically predicted values are in good agreement with
the experimentally obtained data from both studies [72, 74]. It is observed that the numeri-
cal obtained values for average condenser temperature are 1.2% to 12.4% higher compared
to the experimental data by Singh et al. (fig. 14 (a)) [72]. This could be related to the type
of heat exchanger that is used - a fin-in-tube instead of a tube-in-tube - which differs from
the numerical model. The deviation in condenser temperature also initiates a difference in
thermal resistance of the loop heat pipe (fig. 14 (b)) as concluded from equation 49. De-
spite this, the predicted temperature distribution has the same tendency as experimental
data and the evaporator casing and outlet temperature do not show a significant differ-
ence. Figure 14 (a) also shows a comparison between the numerically obtained data from
Siedel et al. and the new improved model using the data from Singh et al. [35, 72]. It is
noticed that both models do not predict a distinctive difference. However, it is relevant to
mark that the main improvement of the new model is the estimation of heat transfer in the
transport lines and the condenser which is not substantial in the developed miniature loop
heat pipe of Singh et al. [72].
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Figure 14: (a) Predicted temperatures by the new improved model and the numerical
model of Siedel et al. vs experimental data by Singh et al. [35, 72]. (b) Predicted loop
heat pipe thermal resistance vs experimental data by Singh et al. [72]. (c) Predicted tem-
peratures vs experimental data by Zhoa et al. [74]. (d) Predicted evaporator and loop heat
pipe and thermal resistance vs experimental data by Zhoa et al. [74].

Moreover, figure 14 (b,c) presents that the numerical model predicts equivalent results
as the experimental data from Zhoa et al. [74]. However, it is remarkable that at 50 W the
experimental obtained loop heat pipe thermal resistance is 21.1 % lower than estimated
and the actual condenser outlet temperature is 11.4% higher than predicted. Zhoa et al.
observe a temperature fluctuation for heat loads below 90 W and relate this effect to unsta-
ble pressure development in low heat range [74]. For higher heat loads the experimentally
obtained outlet temperature becomes identical to the sink temperature (10 °C). In contrast,
the predicted condenser exit temperature increases to 17.9 °C at 290 W. This deviation can
be associated with the geometry of the condenser. According to a schematic diagram of
the developed LHP, the condenser section contains 2 bends, which could create a more
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turbulent flow and a higher heat transfer coefficient of the working fluid compared to the
working fluid within the straight-modeled heat exchanger. At 290 W the improved numer-
ical model predicts a heat transfer coefficient of 220 W/m?K for the working fluid inside
the subcooler h .. By completing equation 30 with the condenser diameters, the thermal
conductivity of the copper wall (ks. = 400 W/mK) and the heat transfer coefficient of the
sink (hgini: = 6000 W/m?K), it can be observed that the internal heat transfer coefficient is

the dominant parameter.

Overall, the improved numerical model shows a reasonable predicting power compared
to 2 discussed experiments investigations in the literature. It was noticed that the devia-
tion of the condenser temperature in both cases is related to the condenser type and shape.
For practical applications, for example in data center servers, it is suggested to implement
a new equation to the numerical model that describes the heat transfer occurring in a fin-

tube heat exchanger.

3.4 Parametric study

In addition to the experimental validation, the improved numerical model is subjected to
a parametric study. The influence of several fundamental LHP specifications is tested to
see if the output agrees with hypothetical predictions. The study was executed with the
same geometry and specifications as the experimental validation for the LHP developed
by Zhao et al. given in Table 1 [74].

The numerical model is first investigated on 4 “unknown’ parameters. As expected from
equation 78, a higher evaporation coefficient induces an increasing heat transfer coefficient
of evaporation (fig. 15). This will lead to less heat leak (eqn. 15) and a lower evaporator
temperature (fig. 15 (a)). It is observed that the evaporation coefficient of 0.01 results in
significantly higher temperature distribution, however as mentioned before, for a dynam-
ically renewed water surface the coefficient will be larger than 0.1. Further, figure 15 (b)
shows that a high contact resistance results in an increase in evaporator temperature which
is plausible, since a thermal gap between wick and fins leads to a lower heat transfer rate
at the meniscus of the wick. The third figure outlined that the heat transfer coefficient of
the sink influences the LHP performance at higher evaporator temperatures. As there is
less heat transfer in the condenser the amount of subcooling decreases and so the opera-

tion temperature increases. The last graph illustrated that the heat transfer of the working

35



Numerical model loop heat pipe Jasper Stoop

fluid inside the compensation chamber plays a significant role in the performance - espe-
cially at low heat loads. However, it must be noted that the actual value of this parameter
partly depends on the mass flow rate which is lower for a smaller heat load (egn. 10).
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Figure 15: Parametric study. (a) Influence evaporation coefficient on T.,q4p. (b) Influence
contact resistance on T¢,q,. (c) Influence heat transfer coefficient of the sink on T¢yqp. (d)
Influence heat transfer coefficient of fluid inside compensation chamber on T¢,qp.

Next to the prescribed specification, the effect of 4 geometry-dependent parameters is ver-
ified. These values are important for the design optimizations that can be approached
by additive manufacturing. The first graph of figure 16 observes that the effective thermal
conductivity of the wick strongly influences the LHP performance. A higher effective ther-
mal conductivity accounts for better heat transfer and evaporation of the saturated vapor
at the meniscus of the wick. In addition, a larger wick thickness leads to a performance
enhancement, since the heat leak through the wick is reduced. As expected, the thermal

conductivity of the casing should be minimized to avoid heat leakage through the wall
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and decrease the evaporator temperature (fig. 16 (c)). Finally, the thickness of the casing is
increased which results in a higher leakage from the casing to the compensation chamber.
To compensate for this heat leak, the evaporator temperature should expand as illustrated
in figure 16 (d).
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Figure 16: Parametric study. (a) Influence effective thermal conductivity of wick on T¢,qp-
(b) Influence wick thickness on T¢yqp. (c) Influence thermal conductivity of evaporator
body on T¢yqp. (d) Influence evaporator body thickness on Teyqp.

The parametric study in this section predicts the influence of several input parameters
on the operation temperature in good agreement with the hypothetical expectations. Fur-
thermore, the relevance was observed to obtain more information in later research about
the heat transfer coefficient of the sink, the heat transfer coefficient of the working fluid
inside the compensation chamber and the evaporation coefficient.
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3.5 Numerical evaluation and discussion of 3D printed loop heat pipes

In summary of the last 2 sections, the experimental validation and the parametric study
both observe that the improved numerical model has the ability to generate predictable
and reliable solutions. From figure 16 it is also shown that parameters such as the effec-
tive thermal conductivity of the wick, thermal conductivity of the body, casing thickness
and wick thickness have a notable influence on the performance. The most distinctive
advantage of additive manufacturing is that all of these parameters can be changed and
so optimized to get a more high-performance loop heat pipe. This section aims to pro-
vide an enhanced loop heat pipe efficiency by varying the evaporator geometry using the
improved numerical model. Further, the discussed additive-manufactured structures in
section 1.3 are investigated on capillary performance and heat transfer characteristics to

find whether there is an ability to utilize additive-manufactured wicks in actual designs.

All numerical simulations were executed using the experimental setup specifications by
Zhoa et al. given in Table 1 [74]. The authors fabricated a 2.2 mm thick biporous sintered
Nickel wick structure within a 1.5 mm stainless steel casing. By varying the effective ther-
mal conductivity of the wick and the thermal conductivity of the casing it was observed
that the first value has the biggest influence on the overall performance (fig. 17 ). Figure
17 also shows that the best enhancement is reached using a high-conductive wick material

and a low-conductive casing material.
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Figure 17: Numerically obtained thermal resistance of the loop heat pipe vs the thermal
conductivity of the casing and the effective thermal of the wick by using the experimental
setup by Zhao et al. [74].
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The latest development concerning the metal printing technique aims to fabricate multi-
materials. This provides the ability to print wick structures with a high thermal conductiv-
ity such as copper together with low conductive casing materials as steel. To the authors
knowledge, there is no former research into the fabrication of high-conductive 3D printed
wick materials such as copper. However, a recent literature review by Jiang et al. revealed
that the development of copper additive manufactured structures is increasing rapidly
[77]. An experimental study by Jafari et al. on effective thermal conductivity correlations
showed that the effective thermal conductivity of an SLM porous media corresponds the
best using the Upper Maxwell Correlation (eqn.51) [28]. The development of an additive
manufactured copper wick structure (k,, = 398 W/mK) with the same porosity (e = 0.59) as
the developed octahedral structure by Jafari et al. results in an approximate effective ther-
mal conductivity of 176.6 W/mK. As mentioned in section 3.4, printing the grooves and
wick as one structure disables the contact resistance and leads to a more efficient system.
By printing the identical evaporator developed by Zhoa et al. as one entire structure (R, ¢
=0 Km?/K), using a copper wick (k. = 176.6 W/mK) and stainless steel as casing mate-
rial (k. = 18 W/mK), the heat pipe performance significantly improved (fig. 18). At290 W,
the overall and evaporator thermal resistance of Sample I in Table 4 is approximately 0.064
K/W and 0.046 K/W which is 82.7 % higher than the developed structure of Zhoa et al.
(0.371 K/W and 0.264 K/W) [74].

b [205)° 0 - 9 + (1 + 20 (5|
246 +5+1-e

kwe = (51)
Furthermore, the described additive-manufactured copper/steel evaporator can be im-
proved by changing the casing and wick size. As obtained in the parametric study, the
performance enhancement is achieved using a smaller casing thickness and an increased
wick thickness. The first one is limited by the gas tightness of additive manufactured struc-
ture, which is important to avoid pressure leakage. Abelea et al. conducted gas tightness
research on thin-walled selective laser melting stainless steel structures, where pressure
leakage was detected for structures smaller than 200 pm [78]. Note that the outcome of
this experiment depends on the printing settings and powder materials, and therefore a
minimum wall thickness of 500 pm is chosen. The selection of the wick thickness depends
on the required capillary performance of the additive-manufactured copper wick, which

is unknown since several parameters as permeability and contact angle are not given. To
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give an indication about the performance enhancement of additive manufactured copper
wick structures, the wick thickness is varied with 4 mm, 6 mm, 8 mm which is in the same
range as actual heat pipes. As shown in Table 4 and figure 17, the influence of the wick
thickness and casing thickness is marginal compared to the performance of Sample I. Sam-
ple IV has the smallest overall thermal resistance (0.063 K/W) which is 82.9 % lower than
the constructed evaporator by Zhoa et al. [74].

Zhoa et al. [74] Sample | Sample I Sample I Sample IV

Casing

Material Steel (304) SLM Steel (304) | SLM Steel (304) | SLM Steel (304) | SLM Steel (304)

te 1.5 [mm] 1.5 [mm] 0.5 [mm] 0.5 [mm] 0.5 [mm]

ke 18 [W/mK] 18 [W/mK] 18 [W/mK] 18 [W/mK] 18 [W/mK]
Wick

Material Biporous Nickel | SLM copper SLM copper SLM copper SLM copper

tw 2.2 [mm] 2.2 [mm] 4 [mm] 6 [mm] 8 [mm]

Kwe 3.265 [W/mK] 176.6 [W/mK] 176.6 [W/mK] 176.6 [W/mK] 176.6 [W/mK]

Ruf 1x10° [Km?/W] | 0 [Km?/W] 0 [Km%/W] 0 [Km%/W] 0 [Km2/W]
Numerical output (290 W)

Riwp 0.371 [K/W] 0.064 [K/W] 0.0635 [K/W] 0.06347 [K/W] 0.06341 [K/W]

Table 2: Specifications for the Nickel biporous wick by Zhoa et al. compared to the sug-
gested multi-material additive manufactured samples. [74]
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Figure 18: (a) Evaporator thermal resistance. (b) Loop heat pipe thermal resistance.

The numerical model shows the relevance of developing a wick structure with a high
capillary performance (to increase the wick thickness) and low porosity (to increase the
effective thermal conductivity). The wide design freedom of additive manufacturing com-
bined with the latest development of 3D-printing techniques (multi-materials, new high
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conductive materials, more advanced and precise structures) and the rapid development
of artificial intelligence-driven design optimization tools could help to develop an excel-
lent wick structure in future research [77, 79, 80]. The specifications of this improved wick
structure can be used as input values in the new improved model to predict the loop heat
pipe performance.

Despite the performance enhancement of the suggested copper/steel evaporator, the de-
velopment of additive-manufactured multi-material structures is in its early stages. As
a result, it is relevant to investigate the heat transfer characteristics and capillary perfor-
mance of existing 3D-printed wick structures discussed in section 1.3. The specifications
of these wick structures are outlined in Table 3. Hu et al. did not describe the static contact
angle between the working fluid and water and therefore the value is set to 90 ® which is
identical to the obtained contact angle by Esarte et al. [26, 27]. The incompatibility of water
and aluminum means that the study of Robinson et al. did not investigate the static contact
angle for water as a working fluid [25]. To give an indication of the capillary performance

the static contact angle was supposed to be 83 © [81].

Esarte et al. [26] Hu et al. [27] Jafari et al. [24] Robinson et al. [25] Zhoa et al. [74]
Wick
Material | SLM printed 316l SLM printed 316l SLM printed 316l DMLS printed aluminium | Biporous T255 Nickel
Kwe 1.48 [W/mK] 5.87 [W/mK] 6 [W/mK] 8.30 [W/mK] 3.265 [W/mK]
€ 0.17 [] 0.509 [-] 0.46 [-] 0.59 [-] 0.71[]
K 1.25x10%2 [m?] 2.13x107%° [m?] 1.305x10™° [m?] 4x10™ [m?] 1.14x10"2 [m?]
Twp 80 [um] 109 [um] 108 [um] 88 [um] 5 [um]
0 90 [ 90 [°] 56.8 [°] 83[°] 88.75[]

Table 3: Specifications of the additive manufactured wick structure [24-27, 74]

All numerical simulations were executed with the same experimental setup specifications
(using the same wick thickness, wick geometry, casing thickness e.g.) given by Zhoa et al.
(Table 1) [74]. The numerical results given in figure 19 (a), present that several existing 3D-
printed structures generate lower operation temperatures. This performance enhancement
is related to the larger effective thermal conductivity of the wick caused by the relatively
low porosity of the additive-manufactured wick structures. Nevertheless, as shown in fig-
ure 19, most 3D-printed wick structures fail to maintain the capillary limit due to their
large pore size and high contact angle. The 3D-printed wick that satisfies the capillary
condition is the octahedral structure developed by Jafari et al. [24]. Despite the relatively
low permeability and high pore size of the wick - which causes less pressure drop inside
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the wick - the overall pressure drop of the system is higher than using a wick of Zhoa et al.
[74]. This effect is associated with the high-pressure drop of laminar flow within a vapor
line. The lower temperatures inside the system create a laminar flow with a higher friction
factor (eqn. 28). Finally, it was predicted that the octahedral structure has a lower overall
thermal resistance (29 %) and a lower evaporator thermal resistance (32 %) compared to
the developed wick biporous Nickel wick. When the fins and wick are printed as one en-
tire structure, the contact resistance disappears and the loop heat pipe thermal resistance
declines 34 % (0.372 K/W — 0.245 K/W) and the evaporator thermal resistance decreases
39 % (0.267 K/W — 0.163 K/W).
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Figure 19: (a) Temperature distribution inside the system for several additive manufac-
tured wick structures (b) Capillary limitations and total pressure drop of existing additive
manufactured wick structures.

In brief, the numerical results predict an imposing enhancement for additive-manufactured
evaporators including a 0.5 mm thick stainless steel casing, a copper wick/groove struc-
ture, and an 8 mm thick wick. The development of these multi-material copper/steel
structures is in an early stage and requires more information about key parameters such as
capillary performance and porosity of the wick structure. However, it could be an impor-
tant breakthrough in loop heat pipe development. Even, the applications of existing low
conductive stainless steel additive manufactured structures could increase the overall per-
formance compared to a Nickel biporous wick structure. From all discussed 3D-printed
structures, it was observed that the octahedral structure developed by Jafari et al. has suf-
ficient capillary performance to satisfy the operation limitation of an actual experimental
setup [24].
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4 Experimental loop heat pipe study

Validation of the improved numerical model demonstrated that the predicted performance
isin good agreement with experimental results. It was also noted that the existing additive-
manufactured octahedral structure developed by Jafari et al. could lead to a significant
performance enhancement compared to an actual biporous Nickel structure and also sat-
isfy the capillary limitations of an existing experimental setup [24]. To investigate if this
3D-printed structure actually improves the heat transfer characteristics of a loop heat pipe,
a selective laser melting evaporator is fabricated and analyzed on printing quality. On top
of that, this chapter aims to describe an extended approach to testing this prototype for
experimental and practical applications.

4.1 Prototype design

The evaporator prototype is designed to dissipate heat from an Intel® E5-2695v4 CPU
to the back of an HPE® DL360 Gen9 server chassis. The required CPU cooling area is
36.37x40.5 mm? and thermal design power is 120 W. To make sure that the entire CPU is
covered, the prototype cooling area is 37x41 mm?. The maximum allowed temperature of
the processor - and so the limited evaporator casing temperature - may not exceed 84 °C.

4.1.1 Evaporator

The newly developed evaporator is entirely made by the selective laser melting technique
using stainless steel powders (S316l). As concluded in section 1.3, a higher wall thickness
could stimulate heat leak through the casing. A study by Abelea et al. reveals that an
SLM-printed thin-walled stainless steel structure above 200 um is gas-tight [78]. Note that
this experiment only gives an indication about minimum wall thickness, since the evapo-
rator in this project is printed with different settings. To make sure that pressure leakage
through the wall is avoided and to create a significant contact area between the evapo-
rator and the top plate a wall thickness of 2 mm is chosen arbitrarily. The compensation
chamber and wick structure are placed on top of the CPU and have the same area as the
CPU cooling area (37 x41 mm?). The size of the grooves is arbitrarily selected in a way that
all fins have the same integer dimension. In total 27 fins are constructed of 1x2x39 mm?
(width xheightxlength) and so 28 grooves of 0.5x2x39 mm? (width xheightxlength). Va-
por is collected in a vapor outlet chamber that is separated from the compensation chamber
by a 2 mm wall. The vapor outlet chamber has a length of 5 mm and has the same width as
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the compensation chamber (41 mm). Most flat evaporators are constructed in a way that
the vapor outlet line is below the liquid inlet and that both channels are designed on a per-
pendicular plane. This induces extra pressure drop inside the system (due to gravitational
pressure and bent tubes) and decreases the overall performance of the heat pipe. As illus-
trated in figure 20, the additive manufacturing enhancement makes it possible to design a
horizontal in- and outlet at the same height and at the same plane. The vapor outlet cham-
ber shrinks over the height at an angle of 70 degrees to create a wall between the vapor
chamber and the incoming liquid line. In appendix C a detailed 2D draw is given of the
evaporator. Note that this draw includes an advanced base plate. Printing the evaporator
including the advanced base plate as one entire structure reduces the number of machine
steps and could be interesting for mass production of the design. For this project, the base
plate is only printed below the evaporator design.

Liquid/vapor inlet T <+— Filling port
<«———Compensation chamber

Vapor outlet chamber —

— Wick

Figure 20: Global working principle of the evaporator

4.1.2 Transport lines and condenser

The transport lines were made of copper tubes since high flexibility (complex server de-
sign) and compatibility with several working fluids (Appendix A.1) are desired. Both lines
have an inner and outer diameter (ID and OD) of 4 and 6 mm. In total, the length of the
liquid line is 875.5 mm, including 4 bends to satisfy the server geometry. The length and
number of bends of the vapor line, respectively, 330 mm and 2 bends, are smaller than the
liquid line to reduce the relatively high-pressure drop induced by vapor. The condenser,
and so subcooler, are also made of copper tubes due to their high thermal conductivity.
Formulas in the numerical model that predict the two-phase fluid behavior inside the con-
denser are based on a straight tube-in-tube heat exchanger. To create a reliable comparison

between experiments and the numerical model a straight condenser was constructed with
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an arbitrary length of 500 mm. The geometry of the inner tube is respectively, 4 mm and 6
mm. For the outer tube, the ID and OD are 10mm and 12 mm.

4.1.3 Wick structure

The use of additive manufacturing gives wide freedom in designing and optimizing a
wick structure. A study by Jafari et al. experimentally investigated that 3D printed wick
structures have 1-6 times higher capillary performance compared to conventional sintered
structures [24]. The authors designed an octahedral structure with a unit cell size of 500
pm and fabricated a test sample of this structure (1x10x10 mm?) by utilizing stainless
steel powders (5316l) in the SLM printing technique (fig. 21). Earlier research by Jafari et
al. on this structure shows that the effective thermal conductivity of this octahedral wick
structure in vacuum conditions will be around 6 W/mK for distilled water as a saturated
fluid. The contact angle between distilled water and the printed structure is estimated
56.8 0.5 [°]. The mean pore radius of the structure was investigated by scanning electron
microscopy (SEM) analysis and showed that the produced wick (108 um) has 6% deviation
compared to the CAD model (115 pm). Using Archimedes method the authors measured
that the average porosity of the test sample was 0.46 & 2%. A forced liquid flow setup
was used to execute permeability measurements and conclude that the test sample has a

2

permeability of 13.05x107 1! m? according to Darcy’s law. For this project the same unit

cell structure and wick properties are used as described by Jafari et al [24].

Figure 21: Octahedral unit cell

The height of the selected unit cell means that the thickness can be increased by steps of
0.5 mm. As predicted in figure 16 (b), an increasing wick thickness leads to less heat leak
and better operation performance. To make sure that the fabricated structure was in good
condition and to avoid contamination inside the wick, the height of the wick was chosen
at 2.5 mm.
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4.2 Predicted performance

The improved numerical model was utilized to estimate the operation curve and limita-
tions of the new design by solving the energy imbalance. An evaporation coefficient of 0.1
and a sink heat transfer coefficient of 2000 W/m?2K were chosen, which are identical to the
data Siedel et al use for their design [35]. The heat transfer coefficient of the fluid in the
compensation chamber is arbitrarily selected at 1000 W/m?K. Calculations were executed
at a sink temperature of 20 °C and an ambient temperature of 22 °C. Figure 22 (a) shows
that the evaporator casing temperature does not exceed the prescribed processor limita-
tions of 84 °C over the entire heat range [30 - 150 W]. The evaporator thermal resistance is
estimated at around 0.0959 K/W and will be approximately equal for all heat loads due to

the constant evaporation coefficient (fig. 22 (b)). The overall thermal resistance shifts from
0.969 K/W at 30 W to 0.230 K/W at 150 W.
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Figure 22: Steady-state prediction of new LHP design. (a) Temperatures inside the system.
(b) Thermal resistance of LHP and evaporator. (c) Pressure drops inside the system. (d)

Capillary limitation vs total pressure drop.
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The numerical model predicts that the main pressure drop occurs inside the vapor line,
nevertheless, it will not exceed the capillary limit. An often-used approach in practical ap-
plications of loop heat pipes is to use a larger vapor line tube in contrast to the liquid line
diameter. The numerical model obtained that the pressure drop induced by friction of sat-
urated vapor rapidly decreases for a larger tube diameter. This knowledge can be helpful
in later research to sustain the capillary limit. The model also predicts that the high ther-
mal conductivity of the transport lines has barely any effect on the overall performance of
the system. This can be associated with the high insulation properties of the ambient A,
=5 W/m?K. Finally, the boiling limitation was measured around 2 kW at the entire heat

load range which is significantly higher than the actual applied heat load.

Experimental setup Experimental setup

Casing Liquid line

Material SLM Stainless steel (316) Diii/ Do, 4 /6 [mm]

Hb 2 [mm] Ly 875.5 [mm]

Htop 0 [mm] ki 398 [W/mK]

He 23 [mm] Vapor line

te 2 [mm] Divi/ Dol 4/6[mm]

ke 18 [W/mK] Lu 330 [mm]
Grooves Ku 398 [W/mK]

Oey 0.1[-] Condenser

Hvg / Wig 2/0.5[mm] Type of heat exchanger Tube-in-Tube

We/ Lt 1/37 [mm] Di,cond / Do,cond 4 /6 [mm]

Ni 28 [-] Leond 500 [mm]

As 9.990 [cm?] Keond 398 [W/mK]
Wick hsink 2000 [W/m2K]

Material SLM Octahedredal steel (316) Tsink 20 [°C]

tw 2.5[mm] General specifications

Aw 15.17 [em’] Working fluid Distilled water

Rwf 0 [Km*/W] Fuc 0.254 [pm|

Kwe 6 [W/mK] 2] 56.8[°]

£ 0.46 [-] M 0.01805 [kg/mol]

K 1.305x1071° [m?] hamb 5 [W/mZ3K]

Furp 108 [um] Tamb 22[°q]
Compensation chamber

hec 1000 [W/m?K]

Table 4: Specifications of the experimental setup
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4.3 Fabrication

The evaporator prototype, respectively 48x45x23 mm? (length x width x height), was con-
structed from Stainless steel (53161) powder by SLM using a MetalFAB1 3D Metal Printing
machine. The specifications of the used metal powders and the printing process are given
in table 5. To avoid surface contamination the printed sample was cleaned with ethanol. A
microscopic analysis of the wick structure has been conducted to verify the printing qual-
ity. Figure 23 showed an SEM image of the wick structure as well as an optical picture.
The sample generated by Jafari et al. was constructed of a two-layer octahedral unit cell
(thickness 1 mm), whereas this project includes 5 layers (thickness 2.5 mm). These extra
layers make it more complicated to obtain the produced mean pore size, nevertheless, the
pore radius is estimated at 111.5 pm. This size is slightly smaller than the CAD-model (115
pm) and is larger than the structure developed by Jafari et al. [24]. In summary, the print-
ing quality is very close to the modeled design (4 3.5%) and allows the AM production of
a wick and evaporator casing as one entire structure with controlled geometry.

Figure 23: Printing results. (a) Additive manufactured evaporator. (b) SEM image of wick
structure. (c) The top side additive manufactured evaporator. (d) Optical image of wick
structure.
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Commerical name CT-316-AAKK

Material RVS 316L powder
Particle size (minimum/maximum) 15/45 [um]

Powder shape Irregular

SLM machine MetalFAB1

Laser system SPI (Trumpf) laser 500 W
Layer thicknes 60 [um]

Table 5: Printing specifications

In addition to the evaporator, the same design was printed with identical printing speci-
fications only without a wick structure. As illustrated in figure 24, an optical microscope
was used to measure the surface roughness inside the grooves. It is clearly observed that
the small powders initiate a more or less parabolic geometry of the channels and create a
high surface roughness. The small powder was also noticed in the optical images at the
top side of the grooves (fig. 25)

20 400 600 800 1000

Horizontal distance [pum]

()

Surface roughness [um]

&

460 510 560 610 660 710

Horizontal distance [um]

(f)

Figure 24: Printing results. (a) Additive manufactured evaporator. (b) 3D optical surface
roughness measurement. (c) Surface roughness of the shape of the groove. (d) The top
side of the additive-manufactured evaporator. (e) Optical image of the grooves. (f) Surface
roughness within the groove.
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500 pm

Figure 25: Optical images of the grooves.
4.4 Test-Setup for loop heat pipes

Usually, research on LHP is only focused on the experimental approach (using a heating
element as a heat source and using straight heat transport lines) and not on practical ap-
plications. However, as mentioned in section 4.1, the prototype evaporator is designed in
a way it can dissipate heat from an Intel® E5-2695v4 CPU within a HPE® DL360 Gen9
server. The setup is constructed in a way that can be implemented and tested into this
prescribed server chassis as well as using a reliable heat element as a heat source (figure
26). Since, the Intel® E5-2695v4 CPU has a thermal design power of 120 W, the setup heat
load range is chosen to be 20-150 W.

Figure 26: test-setup. (a) Schematic diagram of the test-setup. (b) LHP setup within a
server chassis. (c) Schematic diagram of the test-setup. (d) LHP setup tested with a heat
element.
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4.4.1 Heat element

A 200W AC cartridge heater (OD 8 mm, L = 40 mm) was inserted into a copper hous-
ing (12.5x14x75 mm?), where the end of the copper block - the interface between copper
and evaporator - was sized to the mentioned CPU dimensions (37.5x41x5 mm?). A high-
conductive thermal paste was used for the cartridge heater and the evaporator surface to
increase the thermal conduct with the copper. To reduce heat loss and to create a stable
construction, the copper heater was insulated into a low-conductive PTFE housing. 3 T-
type thermocouples (TC01,TC02 and TC03) were used to measure the applied heat flux
through the solid heat element by equation 53, where k is the thermal conductivity of cop-
per (398 W/mK) and z; and x» are the distance between the thermocouples, respectively,
11 mm and 10 mm. The applied heat load was controlled by an AC voltage regulator.

Qload = jload (52)
CPU
TC01+TC02+TC03
Qload = (53)
T+ X2
| PMMA top plate

[ — High vacuum glue

¢ TC10 <= \Nall temperature
| €= Metal epoxy glue
— Evaporator temperature

Threaded holes

4= PFTE insulation

Heat flux thermocouples

Copper heat element

< Cartrige heater

-

Figure 27: Schematic diagram of the experimental setup of the evaporator section and the
developed copper heat source
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4.4.2 Filling system

A vacuum pump (1x10~% mbar) was used to remove the non-condensable gas and to cre-
ate a pressure difference between the setup and the fluid tank filled with distilled water.
The filling process can be described as follows: (1) Valves 3 and 4 (see figure 28) are closed
and the system is evacuated by the vacuum pump. (2) Open the fourth valve and close
valves 1 and 3 to remove the noncondensable gasses inside the fluid tank using a vacuum
pump. (3) Now close the second and fourth valves to avoid the existence of fluid inside
the pump. The system can be filled to the desired filling ratio by opening the first and
third valves. (4) All valves can be closed and the cooling system can be decoupled from
the filling system. An Omgega PXM409-050BUSBH absolute pressure transducer (range
0-50 bar, accuracy =+ 0.08 %) is placed within the filling system to estimate the amount of
non-condensable gasses and check pressure leakage inside the system. The current output
signal (4-20mA) is converted into a Keysight 34972A data acquisition system and con-
nected to a DC power supply.

Thermo Scientific™ ARCTIC
A0 Refrigerated Circulators

=
&

< 500 mm > Vapor line
10 mm 25 mm
> I:l Condenser |_-| 44— 5mm ——————— 4P
\/: 1 Fluid Tank
25,5mm : TCO06 o5 vivo4
50mm viv03
‘ < 755 mm . ) co
Ligquid line 0 mm I <TTr| 1
Evaporator I I N
B/ Thermocouple Compresion fitting TCO7 vivD1l vivo2 Vacuum pump
<+—>
35 mm
Valve Pressure transducer
@ Flow meter

Figure 28: Schematic representation of the experiment test setup of the loop heat pipe
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4.4.3 Condenser

The condenser is constructed as the tube-in-tube heat exchanger, to which a constant tem-
perature coolant was continuously supplied by a cooling bath (ThermoScientific Artic
A10). This refrigerant circulator can provide water as coolant in a range from -10 C° to
100 C° with a flow rate maximum of 17 L/min. An IFM SM7000 magnetic inductive flow
meter (range 0.2 L/min - 50 L/min, accuracy 2 %) is inserted into the test setup to mea-
sure the flow rate and to obtain the heat transfer coefficient of the sink. The output data
(4-20mA) is logged in a Keysight 34972A acquisition system and the flow meter is wired
to a DC power supply.

4.4.4 Temperature sensors

In total, 4 T-type thermocouples are used to estimate the wall temperature at the transport
line inlet and exit (TC05,TC06,TC07,TC08) and 2 for measuring the wall temperature of the
evaporator body (TC09,TC10). Besides, 2 flat surface thermocouples are placed between
the copper heater and prototype to measure the evaporator temperature (TC11,TC12). All
used thermocouples are connected to the Keysight 34972A data acquisition system and
have been calibrated in a water bath ranging from 10 C° to 50 C° (accuracy £0.5K).

4.4.5 Sealing

As shown in figure 29 (a,b), 2 aluminum base plates were glued (using 2-part epoxy for
metal applications) to both ends of the evaporator prototype. This connection type and
material were chosen above welding 2 stainless steel base plates to the evaporator casing,
Using these base plates makes it feasible to assemble the evaporator to the server chassis
and to PTFE housing. The transport lines are connected by stainless steel compression
tittings to sustain the low pressure inside the system. Besides, stainless steel ball valves
are used to meet the vacuum condition. Connection tubes and a transparent PMMA plate
(thickness 4mm) are sealed on the prototype using high vacuum glue (Loctite Hysol 1C).
This approach facilitates the ability to test the evaporator structure on the build test setup
and the server design.
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Figure 29: Fabricated evaporator design. (a) Within server application (b) Evaporator con-
structed with glue sealing. (c) Evaporator constructed with gasket.

4.5 Experimental evaluation and discussion of 3D printed loop heat pipes

Regardless, the experiments failed to accomplish, related to a pressure leakage inside the
system. To make sure that the transport lines and condenser were well connected, the loop
was disconnected from the evaporator prototype and 2 valves were placed at both ends.
The pressure transducer was installed within the loop and after evacuating the system
the pressure stays at a constant level, which excludes the influence of the loop. However,
it is important to mention that often (re)connecting the compression fittings could create
scratches on the tube wall, which results in small air gaps. It was attempted to avoid the
pressure leakage by using a gasket between the PMMA top plate and the evaporator de-
sign as seen in figure 29 (c). The gasket was sealed by the applied mounting force on the
top plate. However, both setups (glue or gasket), lead to undesired pressure increasing
during the filling process. Due to limitations of time scope extra research should be exe-
cuted in another project to find out where leakage occurs and how to solve it. A suggestion

is to execute a helium leak test that is able to trace the gas leakage.

In brief, this section includes a new design and fabrication of a flat loop heat pipe with op-
posite replenishment for CPU cooling applications using SLM as a fabrication technique.
The executed microscopic analysis observes the ability to print an evaporator with high
printing quality, including a 2.5 mm octahedral wick structure, grooves and casing as one
entire structure. Finally, it was shown that the approach to building a setup for experimen-
tal and practical applications (using PMMA top plate and vacuum glue) has complications
and requires further research related to pressure leakage inside the system.
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5 Pool boiling

The microscopic analysis of the 3D-printed samples in the previous chapter showed that
the SLM-printed designs contain advanced surface modification, including grooves with
high roughness and rough grooves combined with a wick structure. As mentioned in the
section 1.5, altered surface areas could enhance the heat transfer behavior of two-phase im-
mersion cooling applications. For that reason, the heat transfer behavior of this advanced
prototype will be investigated by a pool boiling test. This chapter presents an experi-
mental investigation and evaluation of the pool boiling heat transfer performance of these
advanced prototypes

5.1 Pool boiling test-samples

Experimental research on pool boiling behavior of microchannels or lattice structures aims
to investigate the heat transfer characteristics of boiling in these structures. As explained in
section 1.5, the advanced surface properties of SLM-printed structures could be a potential
enhancement for the heat transfer performance due to its increased surface area. The latter
was clearly observed in the microscopic analysis in section 4.3. The SEM image of the wick
(lattice) structure and the optical pictures of the vapor grooves (microchannels) show that
small powder particles were attached to the surface. An optical roughness measurement
on the microchannels monitors an irregular surface area with significant roughness. In this
experimental research, the pool boiling characteristic of the two SLM-fabricated stainless
steel samples in section 4.3 is explored. The first sample involves a 2.5 mm thick octahe-
dral porous structure (37x41x39 mm?) on top of 27 fins of 1x2x39 mm? and 28 grooves
0.5x2x39 mm? (width xheight xlength) together with a 2 mm thick base plate (see figure
30). The second prototype has identical specifications as the first design, however without

a porous wick structure.
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Figure 30: Test samples Microchannels and Microchannels and lattice structure
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5.2 Experimental pool boiling procedure

Typically, the experimental pool boiling setup comprised a boiling facility with a working
fluid circulation system and an electric heater to simulate heat flux. The test sample is
placed on top of the heater and is in contact with fluid inside the boiling chamber. The
design of the prototype already includes a reservoir and therefore the reservoir operates
as boiling chamber (fig. 31). It is supposed that the heat leakage through the side walls
is sufficiently small due to the low conductivity of the stainless steel (18 W/mK) and the
relatively small level of fluid. To get rid of impurities, both designs were cleaned with
acetone. All experiments were executed with 15 ml of distilled water as working fluid.

The heat transfer coefficient was calculated using equation 54, where T4 is the wall tem-
perature and T, is the saturation temperature at atmospheric pressure.

Qload
h=-—29¢% 54
Twall - Tsat ( )

TCO6 TCO7

TCO4 TCOS

Saturated temperature

A

Y \

Silicon cap

Film temperature

Evaporator temperature

coLe — < PFTE insulation
X3
TCO2® < Heat flux thermocouples
=
o I
Teos < Copper heat element
4 Cartrige heater

Figure 31: Schematic diagram of pool boiling test-setup
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The applied heat flux in this equation was determined with the same approach as de-
scribed in section 4.4.1. The 200 W AC cartridge heater (OD 8 mm, L = 40 mm) was in-
serted into a copper housing (12.5x14x75 mm?) and insulated using PTFE. The heat flux
was measured with the same approach as derived with equation 53, using 3 T-type ther-
mocouples (TCO01, TC02,TC03) over a distance, respectively, 11 mm and 10 mm. An AC
Voltage regulator was used to control the applied heat. The end side of the heat source has
a thickness of 5 mm and a surface area (37.5x41 mm?). This means that the present work
will only evaluate pool boiling behavior for relatively low heat fluxes (<8 W/cm?). Con-
ventional pool boiling test facilities contain a refilling system to condense the generated
vapor bubbles inside the system. Usually, pool boiling tests are executed on a wide heat
load range from 5 W/cm? to the critical heat flux and have a large set of data points. As
mentioned, this research is only focused on low heat fluxes and therefore the number of
tests is significantly reduced compared to conventional experiments. For that reason, the
test facility does not involve a condensation section and the reservoir will be refilled each
experiment after dry-out is reached. During experiments, it was observed that the work-
ing fluid has the tendency to boil first within the small vapor outlet chamber (fig. 3). To
prevent this behavior a silicon cap was placed inside this chamber as displayed in figure
31).

As shown in figure 32, the prototype was fixed on the heat source by mounting a 4 mm
PMMA top plate to the PFTFE housing. The vapor can leave the boiling reservoir to the
atmosphere by a 12 mm OD opening created in the top plate. 4 small gaps (OD 1 mm) were
inserted into the PMMA plane to guide 4 T-type thermocouples into a stable position. 2 of
these sensors were used to measure the film temperature (TC04,TC05) and 2 were utilized
to obtain the saturated fluid temperature (TCO6, TCO?). The evaporator temperature was
determined using 2 flat T-type thermocouples (TC08,TC09) between the prototype/heat
source interface. All thermocouples have been calibrated in a water bath ranging from 10
°C to 50 °C (accuracy £0.5°C) and are connected to a Keysight 34972A acquisition system.
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(b)

Figure 32: Experimental test-setup. (a) Before operation. (b) During operation.

5.3 Experimental pool boiling results and discussion

The experimental outcome of this research is shown in figure 33, where it is observed
that the additive-manufactured microchannels in this research show significantly higher
heat transfer performance compared to the test sample including the lattice structure. To
explain this phenomenon a deeper understanding of the bubble dynamics and the vapor-
liquid interaction inside the microchannels and lattice structure is required, and therefore
it is recommended to execute later research using a high-speed camera. To the author’s
knowledge, there is no former research work into the pool boiling behavior of an additive
manufactured combination of lattice structure and microchannels. However, in the low
heat flux range it is observed that the SLM fabricated stainless steel lattice structure (1.1
mm) developed by Zhang et al. has a smaller heat transfer coefficient compared to 3D
printed U-shaped bronze microchannels by Pi et al. (fig. 34) [42, 43].

Further, figure 33 illustrates that the advanced surface modification of the additive man-
ufactured microchannels leads to a significant performance enhancement compared to a
plain copper surface tested by Wong and Leong [82]. For heat fluxes below 6 W/cm?, the
test sample including microchannels only also shows a distinctive heat transfer improve-
ment compared to a stainless steel Octet-3.0C-2.5 structure fabricated by Wong and Leoung
[82]. The comparison of pool boiling behavior for heat fluxes larger than 8 W/cm? could
not be made, due to the limitations of the experimental setup. Nevertheless, it is interesting
to mention that 3D printed microchannel has a higher initial heat transfer coefficient, since
electronic components often operate in this low heat flux range. Understanding this be-
havior could be an important approach to optimizing the heat transfer performance at low
heat fluxes. For both samples, it is observed that the slope of the heat transfer performance
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Figure 33: Experimental obtained heat transfer coefficient for the additive manufactured
test samples compared to actual pool boiling investigations

reduces in the lower heat flux range till a certain transition point. The transition point for
microchannels only occurs around 7 W/cm? and for microchannels in combination with a
lattice structure the transition point shifts to the lower heat flux area and is approximately
around 4 W/cm?. The decline heat transfer slope in the low heat flux area and the presence
of a transition point is remarkable since experimental data from literature frequently ob-
serve an increasing linear or quasi-linear tendency [40]. However, in figure 34 it is shown
that an experimental investigation by Pi et al. on 3D printed U-shaped bronze microchan-
nels with water as working fluid noticed the same behavior [43]. The authors associate this
trend with the obstruction of bubble clusters during bubble departure. The formation of
bubbles is initiated by the active nucleation sides on the heated surface. As the heat trans-
fer at this nucleation side increases, the bubbles tend to grow and accelerate to departure.
Depending on the size and shape of the microchannels, the bubbles merge together into
columns. As concluded by Pi et al. this coalescence could partly hinder the bubble depar-
ture and heat dissipation from the sample surface and so decrease the heat transfer perfor-
mance. Using a high-speed camera, the authors also observe that for higher heat fluxes -
after the transition point - the bubble motion increases and the vapor blanket periodically
disappears [43]. For water as working fluid, a curved tendency was also observed in an
investigation on copper-sintered U-shaped reentrant porous microchannels by Deng et al.
[83] and an advanced copper interconnected microchannel network by Tang et al. [84] (fig.
34). As shown in figure 33, the observation of an initial high heat transfer coefficient and
a decreasing slope was also found by Kim et al. [85]. Their pool boiling investigation with

water as working fluid was executed on several copper structures with different surface
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roughness varied from 0.042 to 1.54 pm with corresponding contact angles ranging from
116 ° to 153 °. It was observed that vapor blanketing is initiated more by a higher average
surface roughness and contact angle. For the investigated hydrophobic samples (6 > 90 °)
with a higher surface roughness the heat transfer coefficient slope decreased more rapidly
as the heat flux increased. The high surface roughness of the test samples in this project
- as outlined in section 4.3 - could explain the occuring trend as shown in figure 33. In
addition to the surface morphology, a study by Walunj and Sathyabhama revealed that the
microchannel geometry could create vapor blanketing [86]. The pool boiling characteris-
tics of rectangular, parabolic and stepped copper microchannels were tested and compared
for different geometries. For the parabolic channel with a top/base ratio of 1.6, a decline in
heat transfer coefficient slope was measured as shown in figure 33. This is interesting since
the executed microscopic analysis in section 4.3, shows that the SLM printed grooves have
a parabolic shape. As mentioned, the remarkable initial heat transfer characteristics could
be related to the geometry and surface morphology of the microchannels, nevertheless, it
is hard to define to which specific structures this behavior occurs. Additive manufacturing
enables rapid prototyping with controlled geometry and surface roughness (powder size),
which could help to predict the behavior in future development.

_ —A— Zhang et al., 0.5-thick
—A— Zhang et al., 1.1-thick
—o— Pietal, RMS AT, ,= 0°C

I - Pietal. Plain copper, AT,,, = 0°C
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Figure 34: Heat transfer characteristics of various investigations in literature
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6 Conclusion and recommendation

In conclusion, the performance enhancement of additive manufactured structures in two-
phase applications has demonstrated significant advantages in terms of heat transfer ca-
pability and design flexibility. A new improved steady-state numerical model for flat loop
heat pipes with opposite replenishment has been developed that describes heat transfer
inside the evaporator and the loop accurately in good agreement with two existing exper-
imental setups. The flexibility of the steady-state model enabled the implementation of
heat transfer and pressure drop equations for vapor grooves, for bends inside the trans-
port lines and for a new more advanced condenser design for later research. The latter is
suggested since experimental validation observed that the steady-state model is sensitive
to the type of heat exchanger that is used. A parametric study revealed that the evapora-
tion coefficient and the heat transfer coefficient of fluid inside the compensation chamber
have a significant influence on the operation behavior of loop heat pipes. It is advised to
execute new research on the effect of an additive-manufactured surface on this evapora-
tion coefficient. Further, the heat transfer coefficient of the fluid inside the compensation
chamber requires a more precise evaluation. In addition, the numerical model does not
describe the heat transfer through the base plate and fins which is recommended for de-

sign optimization aims in later research.

The numerical model suggested that the development of an additive manufactured multi-
material evaporator, including 0.5 mm thick stainless steel casing and copper wick/groove
results in a significant performance enhancement compared to an actual loop heat pipe.
The model showed the relevance of new studies on high-conductive additive manufac-
tured materials such as copper, the ability of multi-material printing and the implementa-
tion of artificial intelligence-driven tools for design optimization of an additive manufac-
tured wick. It was also observed that an existing low-conductive 3D-printed stainless steel
octahedral structure satisfies the operation limitation of an actual experimental setup and
has a performance enhancement compared to an existing biporous Nickel wick structure

due to its higher effective thermal conductivity.

The identical octhahedral stainless steel wick structure from the literature was reproduced
by fabricating 5 octahedral unit cell layers together with rectangular grooves and the evap-
orator casing. A microscopic analysis of the fabricated selective laser melting evaporator
showed the ability to print the entire structure with high printing quality. The mean pore
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size of the fabricated wick structure was very close to the CAD-model (£ 3.5 %) and en-
abled the production of wick structures with controlled geometry. Furthermore, an iden-
tical design was printed without a wick structure and optically observed a high surface
roughness of the grooves related to the small powders. It was also shown that additive
manufacturing of rectangular grooves leads to more or less parabolic structure. The evap-
orator prototype was designed to facilitate experiments in practical (server design) and
experimental applications, however, it was observed that the experiments failed to accom-
plish related to a pressure leakage inside the system. It is suggested to execute a helium
leak test to detect the location of the leakage inside the system.

In addition to the numerically obtained enhancement of additive manufactured loop heat
pipe structures, it is experimentally observed that 3D printing leads to a significant per-
formance enhancement of two-phase immersion cooling. A pool boiling test on additive
manufactured microchannels and microchannels including a lattice wick structure was ex-
ecuted for low heat fluxes (< 8 W/cm?). It was observed that microchannels only had
better heat transfer characteristics than the more advanced lattice structure. It is suggested
to execute further research with higher heat loads and use a high-speed camera to observe
the complex bubble dynamics within the lattice structure. Besides, the experimental in-
vestigation showed that additive-manufactured microchannels had a higher initial heat
transfer coefficient compared to a plain copper surface and a stainless steel Octet-3.0C-2.5
lattice structure in the literature. This high initial heat transfer coefficient is followed by a
rapid decline caused by vapor blankets that hinder heat dissipation from the surface. The
same trend was observed in literature for 3D-printed U-shaped microchannels, additive
manufactured lattice structures, rough surfaces and parabolic structures. A new extended
study with several microchannel geometries and surface roughness is recommended to get
a better understanding of this complex pool boiling behavior at low heat fluxes.

Overall, additive-manufactured two-phase cooling systems appear to be a significant per-
formance enhancement compared to actual two-phase cooling systems and could play a
key role in achieving worldwide sustainability goals.
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A Material properties

A.1 Compatibility data

Choosing the right combination of working fluid and evaporator material is essential to
avoid a chemical reaction between working fluid and LHP material. Based on literature,

Table 6 gives an overview of suitable combinations of wick material and working fluid

[87].

Working Fluid Compatible material Incompatible material
Stainless Steel, Copper, ..
Water Silica, Nickel, Ti taniur};p Aluminium, Inconel
Aluminium, Stainless
Ammonia Steel, Cold Rolled Steel,
Iron, Nickel
Stainless Steel, Iron, Cop- ..
Methanol per, Brass, Silica, Nickel P | Aluminium
Aluminum,Stainless Steel, ..
Acetone . Aluminium
Copper, Brass, Silica
Freon-11 Aluminium
Freon-21 Aluminium, Iron
Freon-113 Aluminium
Heptane Aluminium
Dowtherm Sfca'inless Steel, Copper,
Silica
Lithium Tungsten, Tantalum, | Stainless Steel, Nickel, In-
Molybdenum, Niobium conel, Titanium
) Stainless Steel, Nickel, In- o
Sodium . Titanium
conel, Niobium
Titanium, Niobium, Stain-
Cesium less Steel, Nickel-based
super alloys
Molybdenum, Nickel,
Mercury Stainless Steel Tantalum, Inconel, Tita-
nium, Niobium
Stainless Steel, Nickel, In-
Lead Tungsten, Tantalum conel, Titanium, Niobium
Silver Tungsten, Tantalum Rhenium

Table 6: Generalized results of experimental compatibility tests [87]
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B Steady-state modeling

B.1 Casing heat leak

The evaporator casing, as shown in figure 35, is modeled as a rectangular domain. The
points ¢y and ¢; represent respectively the height of the base plate and grooves (co = Hp +
H,,) and this height together with the wick thickness (c; = ¢g + t.).

\_/ !
t, 7—evap | | T,
<h Tp1 (x,y) First solution
amb '
0 /\ Co é1 V/-\ Hcc X
hamb 7:7mb
y
h T=0
< amb tc | 1
Tys (x,y) Second solution
otttttrtttttt =
Qload Gioad Co q 0 Hcc X

Figure 35: Modeling evaporator casing [35]

The solving procedure to describe the heat leak through the wick structure starts with the
2-dimensional stationary heat equation given in equation 55 where T}, is the temperature
of the casing [35].
0*T, = 0°T,
9z | oyr

A non-dimensional temperature is described with equation 56 and results in equation 57

0 (55)

ke(Ty — 17
7y = BT =T, (56)
Qload te
X—i' Y—E' D_tic. (57)
HCC’ tC’ HCC’

The general profile is distinguished into 2 temperature profiles 73, (z,y) and Ty (z,y) to
include all the required boundary conditions. The first profile refers to the temperatures
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inside the system and the second one adds the applied heat flux to the solution. It is
supposed that there is an adiabatic condition at both ends of the wall due to symmetry.
Further, there is a constant convective heat transfer coefficient with the ambient (hy.,;) at
the entire external evaporator surface. The inner side of the casing has two fixed tem-
peratures, namely the evaporator temperature (0 < = < ¢p) and the liquid/vapor bulk
temperature of the compensation chamber (¢; < x < H,.). To simplify the model, the com-
pensation chamber bulk temperature will be equal to the saturated liquid temperature (77)
inside this reservoir, however, it must be noted that in actual situations the working fluid
temperature distribution varies along the inner side of the casing. The temperature profile
between ¢y < x < ¢; is supposed to be linear. The non-dimensional temperature profile for
the first solution is described as:

o1y, Ty,
OX |y X |, (symmetry)
aTgl ; Pamb
= Bi 1} T —T
oY V=0 tedpy + P ( 7 amb)
: . tchamb .
with Bi.= ——— (Biot number)
t (58)
R if0< X < £
T (X01) = e (Tovp = Tr) S5H% i < X <
0 if gL <X <1

As mentioned the second temperature profile is related to the heat flux through the sys-
tem. Again both ends are supposed to be adiabatic due to symmetry. Furthermore, it is
considered that there is no heat transfer at the entire surface excluding the interface be-
tween (0 < z < ¢p). Using the boundary conditions, the non-dimensional heat equation

becomes: . i}
o1y, _ o1y, 0
0X |x_o 0X |x_q
o1y, _ —q';—gd if0<X<f%c
I ly_o o if X > 2 (59)
Tip(X,1) =0
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Using the general expression 2D Fourier series enables to combine 2 non-dimensional tem-

perature fields:

Tg(X, Y) =CopY + Cpya

S DY DY (60)
+ Z (C’mlem’r + Chpoe ™™ )COS(TYM’X)
m=1
The coefficients within this formula are as follows:
Biy, ke co+c1
Co1 = — | (T, — T T —T,
01 B’ib T 1 % tc ( evap 7) 2 + ( 7 arnb)
- 070 Qload
Hcc q0
1 k co+ 1 )
Coo = — | (Teyap — T+ — Bi. (Tr — T,
2= B Tt (( evap — 17) ic (17 amb)>
€0 {Gload
Hcc 4o
o ) c
oy ke Tovap — Ty Hee cos (mﬂ Hcc> cos <m7r Hcc) (61)
" qotc m2m? ¢ —cog  emmD 4 7&?—?&5 e—m
1 1
— 2qmad sin ( mm UMD [N S
qo m2m2D H.. /) 1+ e2mnD
o\ _ a1
C _ 2 kC Tevap - T7 HCC cos (mﬂ- Hcc) Cos <m7T Hcc)
m2 = qot m27'(2 c1 — G e—mﬂD + mnD—Bic 6m7rD
¢ 1 0 mnr D+ Bic
Qload 1 . Co 1
2 -
+ qo m2m2D st <m7THcc) 1 4 e—2mmD
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As mentioned at y = 0 there is no temperature distribution considered and so the heat leak

from the casing to the ambient can be described by:

Qamb = / Pamb T (Tb(x 0) Tamb ) dx
0

C1
+ / hamb TCo (Tb(:c 0) arnb ) dx

co

co qot
=NambTCo (61 5 > <T7 Tamp + . cCoz) (62)
te ~— H
+hamb qu < Cmi1 + Cm2 =
¢ m:l

Hec mmco co . C1
~1+cos )) =
X (mTr ( -+ cos 5 + - sin (mﬂHcc>)

The total transferred conductive heat through the evaporator body @, is calculated by

integrating Fourier’s law at y = ¢;.

d
0T,
Qb = Qamb +/ — meoke p)
0 xr

—_— N i 01
- dy = Qampb + tcCoqo mzl e (mﬂ— Hcc) (63)
» (le (emﬂ'D _ 1) _ Cm2 (efme _ 1))

The entire heat leak through the wall and the ambient heat leak both can be written in

terms of coefficients independent of temperatures.
Qb = B1T7 + BQTevap + BS (64)

Qamb = B4T7 + B5Tevap + BG (65)
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These coefficients are expressed as follows:

2 [ _Gta 4 q
& 2c
Bi=h e
L= MambT ( Bi. +1 )

% <2 L He 1 (005 <mmo> <m7r01)>
— _ S — cos
— “e1 — co m2m? H,. H,.
. [ mmer D Thamb H? H? mmel cic . [ mmey
[(cmr sin < . ) (em - 1) + e <— m2(;c-2 + mzc;2 coS . + ——sin

cc

. —1

6m7rD + efmﬂ*D mn D + BZC
mnD — Bi,

. (mmey D T hamb HZ, HZ2, mmey c1Hee . (mmc
_ -1 _
—I—( cmrsm( . ) (e )—I— ke ( 22 + I CcOs . + o sin .
N
efme + emﬂ'D mnD — B,
mnD + Bic

2
cico+ 1
By=h 1L
2 Manb S g Bie + 1

00 H 1 mimec mmc
2% cc 0 _ 1
+ Z_: < 0701 R <cos < . cos .
. [ mmcy maD Thamb H2, H2, mmcy c1Hee . (mmey
-1 _
[(COW sm< . ) (e )+ e ( N + 2.0 Ccos . + - sin .

. —1
<em7rD + e—mﬂD mmD + BZC)
mnD — Bi,

. [(mmey D Thamb HZ, HZ2, mme; c1Hee . (mme
+ (cmr sm< . ) (e — 1) + ke <_m2712 + 2 cos . + . sin Foi

cc
. —1
—mnD mnD mnD — Biy
c e mmD + Bib> ] )

(66)

(67)
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2
& qote CoQload 1
B3 =h - - T,
3 amb 775 <l<: % Bi. +1 amb)

100

1 . mmco
+ mzl <2fJ1oadHcch7TQ sin (Ha;)

. [ mmcy D Thamb H? H? mmcy c1He .
[(—cmrsm( i > (emw _ 1) Tk <—m2‘;2 + mQC;Q cos . + ———sin

((1 + emeD)A)

<m7rcl
HCC

mmcy

e m2n2  m27w

(1+ e_%”rD)le

+ (—Coﬂ'sin <Wgcl> (e P — 1) + mhamb <_ HE, " Hc202 cos <m7r01> N c1He.

kb Hcc

2 Co+01+1
C 2H,
By=h L[ e
1 am”2( Bic + 1 )

> (o0 s (oo () o (%)
— cos — cos
el €1 — Co m2 2 He. H..

Thamb H2, H2, mmey c1Hee . (mme
% ke ( m2m2 + m2n? O H,. + mr 0 H,.

D+ Bi.\ " mrD — Bi.\ !
% mm D —maD T C —mmnD mmn D C
[(e te b —m.) T\ Y LaD+Bi

c1 co+c1 1
2 2HCC Bzc—i— 1

mmcg mmecy
2k ——— —
" Z ( — G m27T2 <COS< He, > COS( Hec >)
Whamb ch HCQc mmey ciHe, . [(mmc
>< —
ke < m2m2 +m27r2 €08 H,. + P H,.

N | .\ -1
maD | ~mxp D + Bic —mxD , _mapMTD — Bic
% [(e te mﬂD—BiC) * (6 e mmD + Bi,

BS - hamb

mm

sin <

(68)

(69)

(70)
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2
c 3 Coqload 1
Bs =h > (7 - T. m
6 ambﬂ'2 <k7c o Bic+1 amb

00
L (mmco Thamb H; H? mmey c1H, mmcy
- 2 H.,.—— Sin _ cc cc cc .
mz:l < fload e m?m? < Hcc > kc m2m2 - m2m2 Cos Hcc + mn sin Hcc

X [(1 + eQmﬂD)_l _ (1 + e*2m7rD)_1})

1)
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B.2 Wick heat leak

Next to the heat leak through the casing, the heat leak through the wick structure is mod-
eled using the 2D Fourier approach [35]. A part of the wick structure is selected, including
the half side of the groove (0 < x < ag) and the half side of the fin (ap = %). The latter con-
tains the evaporator temperature corrected for thermal contact resistance between fins and
wick (Teyap,w)- The other interval (a = %) represents one-half side of the groove and
consists of the saturated vapor temperature 77. The model also includes a micro-region

between the groove and fin where intensive evaporation occurs (ap < = < aq).

y T7 hcc
¢ N
w
i X
0 a, a

Figure 36: Modeling wick structure [35]

The solving procedure starts with the heat equation of the porous structure that is used
to describe the conductive heat transfer inside the wick, given in equation 72, where val-

ues X, Y and B are described with equation 73.

0T, L62T‘;1 B

ox2 T avr ! (72)
tw

x=% yv=Y and B=M (73)
a tw a

It is assumed that both ends are adiabatic due to symmetry, so:

0Ty
0X

_ 0Ty

=0 (74)

X=1

The general 2D Fourier expression that describes the conduction through the wick is then:

Tw1(X,Y) Z A (Y) cos(mmX) (75)
m=0
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By combining this general expression with the non-dimensional heat equation, a new cor-

relation is obtained namely:

82 A, (Y)

—(mmB)?An(Y) + v?

=0 (76)

Suppose a linear temperature profile in this micro-region area and so consider that the
slope of this temperature gradient is related to the heat transfer coefficient at the liquid-
vapor interface and the length of this region (a9 < = < a1) [60]. The size of this region
is estimated using equation 77, where k.. and h,, are respectively, the effective thermal
conductivity of the wick structure and the heat transfer coefficient of evaporation [35].

kwe

ev

(77)

ay —ap =

The heat transfer coefficient of evaporation h., is obtained using the Kinetic gas theory,

where a.,, is the evaporation coefficient.

2y prhi? (2rRT\ P P
hyy = —20ev_ P11 mRTy oD (78)
2— e Ti M 2p1ha

As a result, the boundary condition at the interface Y = 0 becomes:

kwe(Teva ,W*T ) .

el ovapay 1) if0< X <@
HﬂK@=;%{U&JH+mmW—Eﬁg§)ﬁ%<X<% (79)

kwe(Th—T7) .

ate iU <X <1

Furthermore, it is assumed that there is heat transfer between the wick and the liquid bulk
inside the compensation chamber. As a result, the boundary condition at this interface is:

aT*l tw hCC
o = —BiyT,, with Biy = 80
Y |y_, ! kwe (80)
The non-dimensional temperature field is then:
wi(X,Y) =AY + Apz
(81)

oo
+ ) (A1 e™™BY 4 Ao ™) cos(mn X)
m=1
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Including the coefficients:

Bi k ap +ay
A = —7“] we T _ T T v _ T
= T Biy gty \ 1 e =T
k ap + ai
Agy = 22 <T1 — T7 + (Tevap,w — 11)
qolw 2a
Ar =9 kwe Tevapw —11 a  cos (mW%“) — cos (mw%) o B (82)
T gt m2n?  a; —ap 1 4 mrB+Biy €
v mn B—Biy,
Apo = 2 Fwe Tevap,w -1 a CcOos (mﬂ'c%o) *‘COS (mﬂ'%)
" qotw M2 a1 —ap 1+ %e—zmw

The non-dimensional temperature field does not include the liquid flow through the porous
structure. Actually, there will be a 2D flow inside the wick structure. However, to make

use of the superposition principle, a homogeneous 1D volumetric source ¢ is supposed.

3rney7 (T — T7)
g=-——" (83)
2A,ty
This volumetric source is used to describe the heat transfer occurring by convection of the
working fluid inside the wick structure. The heat equation inside the wick can be described

with the equation , where the boundary conditions are given in equation and .

aQTwZ q
oy ke (84)
T. = = —p2 4
W2<y = 0) - ng(y =ty) = tw? (85)
we

Tevap(y = b) = T?

Finally, the non-dimensional temperature field that describes the heat transfer by convec-
tion inside the wick is described with equation 86. Using the superprinciple given in equa-
tion 87, makes it possible to add the convective and conductive non-dimensional temper-

ature profiles.

(V) = ‘1221: (Y2 -3y +2) (86)
To(X,Y) =T (X,Y) +Tya(Y) (87)
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Subsequently, Fouriers law is used to describe the heat transmitted through the evaporator
Qevap and the heat that is dissipated by evaporation Q,:

a +a1
Ay [2 Ty
Qevap :/ ’ - kwe 76 dx
a 0 3 y=0
ap + ap 3qtw
—_ A, Ay — 2T
q0 [ % ( 01 20 ) (88)
> ap + a
+ Z B (Ap1 — Ap2) sin <m7r 50 )
m=1
A a T.
Qev — W/ kwea v dl‘
a agta 8y
2 y=0
=Awqo [<1 - a02—|— a1> <A01 - 3th> (89)
a 2qo
— Z B (Am — Ape) sin <m7ra02+al>
m=1 a

Both values can be rewritten in terms of coefficients independent of temperatures namely:
Qevap - B7T7 + BSTI + B9Tevap,w (90)

Qev = B1oT7 + B11T1 + BioTevap,w (91)

The coefficients to determine the transfer occurring in the evaporator structure are:
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aop + a1 kwe Biy 3mcp 7
B-= A — ’ 92
TN g < tw 14 Biy = 24y ©2)
oo
k 1
Bs = Ay, Z (2 o iveao ) sin (mﬂa();;a1> (cos (mza()) — Co8 (mZm))
m=1
B+ Biy\ maB — Biy\
1 omaB T w _ (1 —2mnB w (93)
<< e s B = Biy te maB + Biy
+a0 + a1 [ kwe 1 ag + a1 Biy, B ey 7
2a tw 2a 1+ Biy, 2A
> k 1 ap +a mma mma
. 1 1
By = —-Ay Z <2a1 iveao - sin <m7702a) (cos ( ” 0) — cos ( . >>
m=1
B+ Biy\ " _ maB — Biy\

1 2mmB T w — (1 2mnB w 94
(( te mnB — Biy te mn B + Biy (04)
_ kwe (ao+ a1 2 Biy

tw 2a 1+ Biy

B A 1 ap + ay % Biy B ey 7

10 v 2a tw 14 Biy 2A (95)

> k 1 ap+a mma mma

. 1 1

By = Ay Z (2@1 ivcaomsm (mﬂ 02a > <cos< . 0) —cos( o ))
m=1
. —1 . -1
| 4 (2mmB mnB + Biy (14 e2mmB mnB — Biy, (96)
mnB — Biy maB 4 Biy

(1 ap + a1 kwe 1_ ag + ai Biy, B 37”;’ch,7
2a tw 2a 1+ Biy 2A
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C 2D and 3D images of evaporator design
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Figure 37: 2 Dimensional sketch of evaporator design
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Figure 38: Evaporator design without wick structure and with advanced base plate
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Figure 39: Evaporator design including wick structure and advanced base plate
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>

Figure 40: Evaporator design without wick structure
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Figure 41: Evaporator design including wick structure
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