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ABSTRACT 
The present work addresses a microprocessor cooling 

technique based on pool boiling of a dielectric fluid, HFE-
7000 with a compact closed loop thermosyphon, which 
requires no pumping or auxiliary components to operate. 
Aiming at modern desktop CPU cooling, the devised system is 
modular to infer on the optimization of several parameters 
influencing the system performance. The evaporator bottom 
surface is enhanced with micro-structured cavities to increase 
the liquid/solid contact area and optimize nucleation and 
bubble dynamics within the heterogeneous nucleation process. 
Optimization of surface structuring must account for several 
interaction mechanisms and assure that the flow near the 
surface maximizes the heat transfer mechanisms present in 
pool boiling heat transfer. This optimization is based on the 
minimization of steady-state overall thermal resistance of the 
system and on transient power conditions to control the onset 
of nucleate boiling and the inherent temperature overshoot 
upon regime transition at start-up. The condenser tilt angle is 
optimized as well as the effect of evaporator dimensions, 
orientation (horizontal and vertical positioning) and liquid fill 
charges. Based on the outcomes of this exploratory research, a 
cooling system is implemented in a working computer, 
cooling a modern CPU, mounted vertically. 

KEY WORDS: Pool boiling, closed loop thermosyphon, CPU 
cooling system, overall thermal resistance, micro-structured 
surfaces. 

NOMENCLATURE 
A area (m2) 
Cp Specific heat (J/kg·K) 
CPU Central Processing Unit 
D Evaporator inner diameter (mm) 
H Evaporator height (mm) 
hfg Latent heat of vaporization (kJ/kg) 
IHS Integrated Heat Spreader 
k Thermal conductivity (W/m·K) 
L  IHS length (mm) 
Q heat rate (W) 
q’’ heat flux (W/cm2) 
R thermal resistance (°C/W) 
S distance between cavities (µm) 
T temperature (ºC) 
 
 
 
 

Greek symbols 
 Density (kg/m3) 
 Dynamic viscosity (N·s/m) 
lv Liquid surface tension (N/m) 

Subscripts 
amb ambient 
j junction 
ja junction to ambient 
l liquid 
max maximum 
sat at saturation conditions 
v vapour 

INTRODUCTION 
Advanced cooling strategies are still an urgent need to 

efficiently deal with microprocessors thermal management, 
which is argued to be the largest limitation to the development 
of new processors in the near future [1-2]. Within the last 
decade, several advanced strategies have been widely 
explored, particularly those taking advantage of the high heat 
transfer coefficients achieved during phase change. Among 
them, microchannel heat sinks, as introduced by [3] and 
further explored in various configurations (e.g. [4-5]) have 
been extensively studied in both fundamental work and 
practical applications. However, the high heat fluxes and heat 
transfer coefficients accomplished by this cooling scheme, 
which can be further improved in annular flow regime are 
often achieved with water. Also, improving heat transfer is 
usually associated to complex surface augmentation 
techniques, which are not yet competitive in terms of 
cost/benefits ratio [6]. Furthermore, difficult challenges still 
exist regarding the control of flow instabilities and pumping 
power requirements, even considering wicking structures [7-
9]. Alternatively, spray impingement is also an attractive 
cooling strategy offering high heat transfer coefficients (e.g. 
[10]), particularly if the coolant delivery is efficiently 
controlled [11]. Nonetheless, this cooling scheme has strong 
implementation limitations in terms of size, weight, and power 
(SWaP) and requires pumping auxiliaries, not being suitable to 
embed in the near junction (e.g. [12]). Under this scenario, 
pool boiling is not in fact considered as the mechanism 
delivering the highest heat transfer coefficients, but due to its 
feasibility and ease of implementation, it has been considered 
one of the most potential solutions in the field of electronics 
cooling. [13-15]. While its efficiency has been proven in large 
scale data centers [16-17], its implementation at chip-scale has 
not been optimized yet, mostly due to SWaP issues [12]. To 
cope with these issues, a two phase thermosyphon combines 
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pool boiling heat transfer and condensation in a closed loop, 
requiring no pumping, capillary wick structure or auxiliary 
components. Although this technology has been widely 
studied in the past for several high power applications (e.g. 
[18]) much attention has only been recently given to the 
application of this cooling scheme to microelectronics cooling. 
Hence, in the context of CPU cooling, fewer studies were 
conducted (e.g. [19-20]), although its applicability has been 
proven effective and reliable.  

To reduce the thermal resistance, the most popular solution 
is directly immersing the components to cool in inert, 
dielectric fluids. However, the downside of these fluids is that 
the thermo-physical properties playing a major role in boiling 
heat transfer – such as latent heat of vaporization and thermal 
conductivity – are considered poor. Also, these fluids have 
very low surface tension and thus very high wettability, which 
delays the onset of nucleate boiling with an increased wall 
superheat temperature overshoot [21]. Hence, turning pool 
boiling cooling systems into a feasible solution demands for 
the enhancement of the heat transfer mechanisms. This is 
often achieved by altering the surface topography and/or 
wettability. Hydrophilic surfaces with superhydrophobic spots 
have shown to deliver high heat transfer coefficients at low 
wall superheats and under steady-state conditions (e.g. [22]) 
although such wetting characteristics are very difficult to 
achieve with coolants, which have very low surface tensions. 
Hence, based on the argument that altering surface topography 
increases the liquid/solid contact area and promote the 
appearance of active nucleation sites within the heterogeneous 
nucleation process, several authors have proposed altering the 
surface topography based on micro-and-nano porous and 
structures (e.g. [6,17, 23]). However, one must keep in mind 
that surface topography modification affects the wettability, 
although within extreme wetting regimes, the surface 
topography can be altered within limited ranges, without a 
significantly change on wettability (and vice-versa), so that the 
potential boiling enhancement depends on how the topography 
affects the active nucleation mechanisms [24]. On the other 
hand, the benefits of using fins over cavities is argued by 
several authors, (e.g. [25]), as it favours the induced bulk 
convection and the quenching due to the inflow of cold fluid 
on the heating surface and subsequent thermal boundary layer 
reformation after bubble departure. However, such benefits are 
not straightforward, as recently shown by [17, 26], since the 
occurrence of these heat transfer processes is strongly 
dependent on the interaction mechanisms resulting from the 
surface structuring. Hence, a systematic study is required. 
Also, most of these studies are fundamental and are performed 
under steady-state conditions, which are not representative 
from the transient conditions that occur in real CPUs.  

In this context, the work presented here considers the 
optimization of the system configuration aiming at modern 
desktop CPU cooling. The evaporator bottom surface is 
enhanced with micro-structured cavities, following the 
systematic approach of Moita et al. [26,27] and Teodori et 
al.[28]. Hence, fixing the shape and size of circular cavities, 
different patterns are tested to infer on the effect of varying the 
distance between cavities. The experiments with these 
structured surfaces are conducted in steady-state operation, 

inferring on the overall thermal resistance of the devised 
system and also in transient conditions, addressing the system 
response to a sudden power step. A smooth surface is taken as 
reference. 

After dealing with the enhancement of the evaporator’s 
surface, a number of tests are further performed to optimize 
other parameters which are important to the system’s 
performance, namely the orientation and dimensions of the 
evaporator and the tilting angle of the condenser. A plain tube 
and serpentine fin condenser was devised here, being designed 
and numerically simulated using COMSOL 4.3b. The 
optimum tilt angle was experimentally determined, following 
the recent work of Lips & Meyer [29]. 

Based on this experimental research, a cooling unit was 
developed and succesfully implemented in a modern computer 
as a CPU cooling, as shown in a real-case study validation 
test. 

EXPERIMENTAL SETUP AND METHODOLOGIES 
CPU thermal simulation facility 
A custom made heating device was developed to replicate 

the thermal behaviour of a real CPU, both in steady-state and 
transient conditions. A Pentium 4 like configuration was 
chosen to simulate a CPU that is extremely demanding in 
terms of thermal management requirements. The replicated 
single-core consists in a single transistor (IRFP450) with a 
contact area of 172mm2 reproducing the die size. A constant 
current control strategy was implemented (Fig. 1a) allowing 
the transistor to thermally dissipate up to 150W. The transistor 
is coupled with an IHS (Integrated Heat Spreader) recovered 
from a Pentium 4 (SL6GQ) with L=31mm. Inside the base of 
the transistor, a 0.5mm K-type insulated thermocouple probe 
acquires the junction temperature of the transistor. The entire 
package is insulated in a PTFE (Polytetrafluoroethylene) 
block, being the only open boundary at the top of the IHS, to 
couple with the devised cooling system (Fig. 1b). Heat losses 
from the simulated package through the PTFE block were 
analytically estimated to be 1.2% at worst case condition. Heat 
losses due to Joule effect on the power wires were actively 
accounted during the acquisition. Heat losses on the loop were 
not considered here as it is part of the cooling strategy. 

  
a) b) 

Fig. 1 a) Constant current circuit to control the dissipated power; b) 

schematic of the devised CPU simulator package. 

The solution described above was firstly validated using a 
real working CPU. For this purpose, the power pins of a 
Pentium 4 (SL7J8) were directly connected to a DC power 



supply (HP 6274B) and the thermal behaviour of this micro-
processor was compared to the aforementioned transistor 
simulated heat source. Both systems are coupled to a 2mm 
thickness aluminium surface. Infrared (IR) thermography is 
conducted on top of these surfaces to infer on the temperature 
distribution, under air forced convection conditions. The 
ONCA MWIR InSb (ONCA 4696 series) infrared camera 
from Xenics has a thermal sensibility < 17 mK, although for 
the optical configuration used here, the uncertainty is ±1K. 
The camera was carefully calibrated with a surface painted in 
black and put under the same experimental conditions. The 
emissivity of the paint is 0.95-0.96. The camera’s algorithm to 
determine the object temperature takes into account several 
aspects such as the radiative terms from the surroundings and 
the air transmittance. 

Figure 2 depicts a qualitative comparison between both 
systems at the same heat load Q. 

  

°C

 
a) b)  

Fig. 2 IR image of: a) a real CPU and b) the simulated heat source, at 

Q=15W. Dashed lines indicate the acquisition region. The 

thermocouple appearing in both images is used for monitoring 

purposes only. 

Steady-state temperature distribution at the mid-section of 
the aluminum surface (Fig. 3) and maximum recorded 
temperature as function of the dissipated power by both 
systems (Fig. 4) account for the ambient temperature 
difference due to time lag between experiments. 

 
Fig. 3 Temperature profile at mid-section. 

Under steady-state conditions, a qualitative approach 

suggests that the temperature profile is comparable for both 

configurations (real CPU and simulated heat source), 

depicting a similar temperature gradient across the mid-

section, as well as an identical maximum temperature at the 

top of the surface, as a function of the dissipated power. 

Time resolved acquisition of the temperature field was also 
recorded under transient conditions, namely under cyclic 
power steps, following a custom made training benchmark, as 
proposed by Isci and Martonosi [30] (Fig. 5). Maximum 
temperature for each frame along time shows no evidence of 
phase shift evolution due to a possible difference in both 
systems’ thermal inertia. One may argue that the extrapolation 
of these results to the entire power range (up to 150W) is 
valid, thus concluding that the simulated heat source can fairly 
reproduce a CPU thermal behaviour. 

   
Fig. 4 Maximum temperature at the centre as function of the 

dissipated power. 

 
Fig. 5 Temporal response to cyclic power steps. 

Closed loop thermosyphon test section 
Fig. 6 shows an enlightening scheme of the thermosyphon 

closed loop experimental facility. The evaporator consists on 
an Acrylic cylindrical reservoir to allow visualization of the 
boiling phenomena. First tested configuration of the modular 
evaporator is 42mm inner diameter and 40mm height. 2mm 
thick aluminium surface acts as interface between the liquid 
and the CPU heat spreader and comprises structured cavities 
to enhance heat transfer. The vapour rises and the liquid falls 
through two transparent PVC tubing to allow flow 
visualization. The condenser consists on a flat tube and plain 
serpentine fins configuration with a frontal area of 
120×120mm2 coupled to a standard 12VDC 120mm fan. 

Seven K-type probe thermocouples by Omega measure the 
working fluid temperature at the inlet and outlet of the 
evaporator and condenser; liquid saturation temperature in the 
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evaporator; air temperature at the inlet of the condenser fan 
and the aforementioned junction temperature of the devised 
simulator. Temperature readings are acquired with a Data 
Translation DT9828 12-bit ADC card. A GEFRAN gauge 
pressure transducer measuring within the range from -1 to 
2bar is connected to the evaporator, acquired by a 12-bit NI 
USB-6008 card from National Instruments. Thermal power 
dissipated by the transistor due to Joule effect is acquired by 
voltage and current readings with a shunt precision resistor, 
using the abovementioned NI card. 

 
Fig. 6 Experimental setup. 

Table 1 Uncertainties for different relevant parameters. 

Parameter Uncertainty 
Temperature, T(°C) ±1°C 
Pressure, (mbar) ±15mbar 
Power, (W) ±1.2% 
Thermal resistance, (°C/W) ±3.5% at Qmax 

Enhanced boiling surfaces consist on structured arrays of 
laser etched cavities in the aluminum surface. Detailed 
description of surface preparation can be found in [31]. The 
cavity shape is circular with 100µm in diameter and 15µm 
depth. The distance between cavities, S is subjected to a 
parametric study with distances of 800µm, 600µm, 400µm 
and 300µm. A smooth surface is taken as reference.  

Experimental procedure 
A degassing procedure is conducted at the beginning of 

each test as follows: the loop is completely filled with the 
working fluid (3M Novec HFE-7000), while the remaining air 
is vacuum pumped. The heating unit is set to dissipate 
maximum power, thus promoting the phase change cycle 
along the working loop. Inner pressure is increased and the 
exhaust valve connecting the loop to the vacuum pump is 
opened, allowing the vapour and non-condensable gases to 
escape. This procedure is repeated several times until 
convergence between pressure and temperature inside the 
evaporator is achieved, within the measurement uncertainty. 
Excess liquid is removed through the fill charge valve to the 
desired level. 

Steady-state experimental procedure consists on decreasing 
the dissipated power from the maximum of 150W, with small 
successive steps. This procedure avoids significant 

temperature measurements fluctuation associated with the 
hysteresis effect, commonly observed with liquids of high 
wettability. 

Transient analysis procedure consists on applying a sudden 
power step when the system is settled at ambient temperature 
conditions. Power steps considered are 40W, 60W, 80W, 
100W, 125W and 150W. 

The experimental campaign addressing the geometrical 
parameters of the devised loop is carried under steady-state 
operation solely. 

The main thermo-physical properties of HFE-7000 are 
depicted in Table 2. 

Table 2 3M Novec HFE-7000 properties at 25ºC, 1atm. 

Parameter 3M Novec 
HFE-7000 

Chemical formula C3F7OCH3 
Saturation temperature, Tsat (ºC) 34 
Liquid density, l (Kg/m3) 1386.2 
Vapour density, v (Kg/m3) 8.22 
Liquid dynamic viscosity, l (N·s/m) 4.31x10-4 
Specific heat, Cpl (J/kg·K) 1327.93 
Liquid thermal conductivity, kl (W/m·K) 0.075 
Latent heat of vaporization, hfg (kJ/kg)  132.16 
Liquid surface tension, lv (N/m)  12.4x10-3 

RESULTS AND DISCUSSION 
Working conditions inside the loop at rest are dictated by 

the ambient temperate and vapour saturation pressure at that 
temperature. Increasing the dissipated power leads to a 
proportional rise of the equilibrium pressure and consequently 
of the saturation temperature, affecting all the measurements 
along the loop. As the condenser fan is running always at full 
speed (2000rpm), an increasing higher pressure is required 
inside the condenser to raise the heat transfer coefficient in 
order to condense the proper mass flow rate of vapour, which 
increases with increasing dissipated power. Figure 7 shows the 
equilibrium pressure achieved as a function of the dissipated 
power, while Figure 8 depicts the consequent temperature 
readings along the loop. These are the parameters governing 
the equilibrium steady-state working conditions of the closed 
loop.  

 
Fig. 7 Equilibrium absolute pressure at the evaporator for steady-state 

conditions.  



 
Fig. 8 Temperature measurements along the loop as function of 

dissipated power. 

As mentioned in the Introduction, a vital step towards the 
development of an efficient cooling system using dielectric 
fluids consists in enhancing pool boiling heat transfer by 
surface modification. This enhancement process was 
performed here following a systematic approach for both 
steady-state and transient conditions, described in the 
following paragraphs. 

Micro-structured surfaces: Steady-state analysis. 
The cooling performance of the devised system is 

addressed in terms of overall junction-to-ambient thermal 
resistance Rja = (Tj-Tamb)/Q, where Tj is the junction 
temperature of the transistor, Tamb the ambient temperature and 
Q is the dissipated power. Focusing on the potential 
enhancement of the overall system performance by micro-
structuring the bottom surface of the evaporator, Figure 9 
depicts the thermal resistance of the system as function of 
dissipated power, for both smooth and structured surfaces. 

 
Fig . 9 Overall steady-state thermal resistance as function of cavity 

distance. 

The overall thermal resistance decreases with increasing 
dissipated power due to the increase of efficiency in boiling 
heat transfer at higher surface temperature. Maximum 
performance is achieved at 150W, the maximum power 
considered in the present experiments, although higher power 
is expected to be easily dissipated with the current 
configuration. The surface having the smaller distance 
between cavities and therefore the largest cavity density 

provides the best performance, reducing the overall thermal 
resistance in 21% when compared to a smooth surface. These 
results are in agreement with those reported by Moita et 
al.[26,27] and Teodori et al.[28]. A more extensive 
comparison between these authors and other results reported 
in the literature may be also found in [26]. These authors 
evaluated the pool boiling heat transfer coefficient as a 
funcion of the distance between cavities, made non-
dimensional by the cappilary length, for surfaces with similar 
micro-structures and determined a maximum heat transfer 
coefficient enhancement for a similar distance between 
cavities. For partial wetting fluids, such as water, for which 
the interaction mechanisms and, particularly the coalescence 
effects are stronger (due to the inherent bubble dynamic 
processes) further decreasing this distance was reported to 
actually unbalance the positive action of augmenting the 
active nucleation sites density with the negative effect of the 
dominant interaction effects, which promote bubble 
coalescence and generation of vapour blankets that insulate 
the surface. However, for well wetting fluids, such as HFE-
7000, the interaction mechanisms are less noticeable, so the 
results suggested that this distance might actually be further 
decreased. Nonetheless, [27] also showed that the surface 
micro-structures do not affect only the nucleation sites density 
and the coalescence between adjacent bubbles, but also 
influences the liquid flow near the surface, thus affecting the 
induced bulk convection mechanism, as well as the heat 
removed by quenching. Hence, a deeper research is required to 
confirm that the distance between cavities leading to the best 
performance of the system, as determined in the present work 
is actually the optimum value. S=300m is a solution assuring 
a good compromise between the fundamental work presented 
in [26-29] and the experimental optimum distance determined 
in the configuration devised here, for real case applications.   

Micro-structured surfaces: Transient analysis. 
Although the aforementioned results are promising, the 

steady-state assumption does not accurately represent the CPU 
working conditions in a real case application. Foremost, the 
hysteresis effect must be accounted, particularly due to fact 
that the onset of nucleate boiling is generally delayed when 
using dielectric fluids, with very low surface tension. 
Consequently, the wall superheat required to activate the 
nucleation sites and trigger the onset of boiling, when 
increasing the heat load is usually higher than the superheat 
registered when the heat load is reduced, since the nucleation 
sites, for the latter situation are already active. This 
temperature increase prior to the onset of boiling is commonly 
argued to be one of the main limitations affecting the 
performance of pool boiling as a cooling technology for 
electronics. For this reason, a detailed study under transient 
conditions was addressed, following the analysis methodology 
presented in Figure 10.  

Under natural convection regime, the junction temperature 
raises with a sharp steep until eventually the onset of nucleate 
boiling occurs. Due to the sudden increase in the heat transfer 
coefficient, the temperature declines abruptly, afterwards. This 
behaviour is identified in Figure 10 as overshoot. Then, 
continuous operation leads to pressure increase up to the 
equilibrium conditions. 
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Due to the natural convection regime prior the onset of 
boiling, the response time is smaller with increasing applied 
power step intensity. The transition to boiling regime always 
occurs earlier for the structured surfaces. This may be so, 
since the cavity crevices promote the entrapment of vapour 
nuclei, thus requiring smaller surface superheat to promote the 
heterogeneous nucleate boiling regime. Furthermore, at small 
power steps, one may conclude that the higher the cavity 
density, the shorter is the peak time (Fig. 11). 

 
Fig. 10 Illustrative example of a typical junction temperature step 

response. 

 
Fig.11 Average peak time at the onset of nucleate boiling regime for 

the five surfaces under investigation. 

Figure 12 illustrates the junction temperature at which the 
boiling begins, TjONB, as function of applied power step, for all 
the surfaces under investigation. In order to better frame the 
magnitude of these results, they are compared with the settled 
junction temperature achieved at the equilibrium pressure, 
which is higher than the initial pressure at which the step is 
initially applied (recall Figure 7). The settled junction 
temperature, for the same dissipated power is represented by 
the dashed lines. 

Following the reasoning presented in the previous 
paragraphs, one may conclude that the higher the applied 
power step, the higher the onset of boiling temperature. This 
may be due to the transient heat conduction from the CPU die 
to the solid-liquid interface, through the heat spreader and 
contact resistances. In fact, at higher heat loads, the relative 
magnitude of this peak temperature decreases significantly, 
especially for the surfaces with smaller distances between 

cavities. At 150W, the temperature at which boiling begins is 
always lower than the settled temperature in steady state 
conditions, for the structured surfaces. In addition, the 
temperature at the onset of nucleate boiling is clearly lower for 
the surfaces with smaller distance between cavities. Hence, 
one may only argue that, for the surfaces with smaller distance 
between cavities, the density of cavities per surface area is 
higher and therefore the onset of boiling is probabilistically 
more likely to begin at lower wall superheat. However, deeper 
research is still required to accurately describe the governing 
processes and consider all possible nucleation sites 
interactions that may affect the nucleation and bubble dynamic 
mechanisms. 

 
Fig. 12 Average junction temperature at the onset of nucleate boiling. 

Dashed lines indicate steady-state settled temperature for the same 

dissipated power. 

Concerning the temperature overshoot, i.e., the sharp 
decrease in temperature due to incipience boiling regime 
transition, averaged results are presented in Table 3. 

Table 3 Average temperature overshoot at the onset of nucleate 

boiling under sudden power step. 

 40W 60W 80W 100W 125W 150W 
Smooth 0.7 1.9 2.4 5.4 4.6 7.9 

S=800µm 5.0 5.5 4.3 4.5 4.0 4.8 
S=600µm 4.4 4.0 4.1 3.1 4.1 2.1 
S=400µm 1.7 2.2 3.8 2.2 1.0 1.0 
S=300µm 1.5 2.5 3.4 3.8 1.7 0.3 

 

The absolute value of temperature decrease is dictated by 
the number of nucleation sites that became suddenly active, 
which is not a reproducible condition, given the stochastic 
nature of the onset of boiling. Nevertheless and despite the 
fact that one cannot extract relevant qualitative trends, a global 
evaluation suggests that the overshoot caused by sudden 
power steps is always lower than 4ºC for the surfaces with 
S=400 and 300µm between cavities, for the system devised 
here, thus assuring safe working conditions for the CPU. 

It may be worth noticing that a sudden surge in pressure 
was recorded at the onset of boiling. Although the magnitude 
of these bursts could not be studied due to the acquisition 
chain, these could represent an issue in future works 
considering the direct immersion of the CPU die. 

The abovementioned transient analysis, together with the 
steady-state analysis, further suggests that the surface with 
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smaller distance between cavities provides, for the conditions 
tested here, the best results concerning the design of the 
cooling system aiming at real working conditions. 

Following this, other several parameters require 
optimization, namely the condenser tilt angle, the dimensions 
and the orientation of the evaporator, as described in the 
subsequent subheadings.  

Condenser tilt angle 
Enhancing the condenser inner convective heat transfer 

coefficient leads to a reduced equilibrium working pressure 
required to condense the mass flow rate of vapour at a given 
heat load. According to Lips & Meyer [29] a hydraulic 
gradient imposed to a gravity assisted condenser improves the 
heat transfer due to the decrease in liquid film thickness 
thermal resistance. Within this scope, the effect of the 
condenser tilt angle was investigated in terms of overall 
thermal resistance, for various heat loads, as depicted in 
Figure 13. 

 
Fig. 13 Overall thermal resistance as function of tilt angle and 

dissipated power. 

The results clearly show the existence of an optimum 
angle, which is particularly evident with increasing heat load. 
Hence, at 150W, a 10º downward facing angle reduces the 
overall thermal resistance in 5% when compared to the 
horizontal position. Moreover, the resulting optimum angle 
also benefits the implementation inside the highly restricted 
space available inside a modern desktop. 

Evaporator dimensions and orientation 
The effect of the evaporator orientation on the overall 

performance of the cooling system was also investigated. Most 
of the literature concerning pool boiling with enhanced 
surfaces in thermosyphons only reports results obtained for 
evaporators working in horizontal orientation. However, it is 
of utmost importance to develop these systems aiming at a real 
case application, where the CPU is usually mounted vertically. 
In this context, the effect of a vertically oriented evaporator 
was addressed and compared to the reference horizontal 
position. Additionally and following the design process 
aiming at a real case application, further geometries with 
different evaporator dimensions were investigated. Figure 14 
identifies the various evaporator base diameters tested, while 
Figure 15 summarizes the 4 final test configurations, varying 
the evaporator diameter, height and orientation. The optimum 

configuration is taken from Figure 16, which depicts the 
resulting overall thermal resistance for the various 
configurations tested, as a function of the heat load. 

 
Fig. 14 CPU Integrated Heat Spreader and evaporator inner 

structured diameter. 

  
D=42mm, H=40mm, Horizontal D=42mm, H=40mm, Vertical 

  
D=32mm, H=40mm, Vertical D=32mm, H=18mm, Vertical 

Fig. 15 Evaporator configuration and dimensions. 

 
Fig. 16 Overall thermal resistance for the different evaporator 

geometry and orientation. 

For the same evaporator’s dimensions, focusing on the 
orientation effect, one can conclude that at very low heat 
fluxes, the natural convection regime obviously benefits from 
the change of orientation, from the horizontal to the vertical 
position. In nucleate boiling regime, up until 50W of power, 
the thermal resistance is still lower for the vertical oriented 
evaporator. This may be so since two extra heat removal 



mechanisms coexist in vertically oriented boiling surfaces, 
namely the sensible heat transport by compulsory removal of 
the thermal boundary layer by each raising bubble along the 
surface and the enhanced latent heat transfer by evaporation 
from the micro-layer of liquid film squeezed underneath the 
rising bubbles. However, due to the absence of buoyancy 
forces moving the bubbles away from the surface, they 
eventually coalesce, inhibiting the liquid flow motion near the 
surface and consequently decreasing the cooling performance 
at high thermal power. Nevertheless, at 150W this small 
decrease in performance is outweighed by the benefit of 
implementing the devised system in a vertically oriented CPU, 
which is the working position of most of the current CPUs. 

Concerning feasibility constrains inside the restricted space 
available in the desktop computer, the dimensions of the 
evaporator base diameter and of the evaporator height were 
systematically decreased, being the result of changing each of 
these dimensions evaluated separately. The results, 
highlighted in the small plot shown inside the graph of Figure 
16 show that although the smaller diameter evaporator covers 
most of the CPU IHS, thermal resistance increases for smaller 
evaporator diameters. This is due to the decrease in the solid-
liquid contact area, as well as in the number of nucleation sites 
(even using the micro-structured surface with S=300µm that 
maximizes the system’s performance), but also due to the 
absence of heat spreading on the aluminum surface. The 
decrease in height benefits heat transfer at small dissipated 
power due to improved fluid mixing, but the thermal 
resistance slightly increases at high power due to the 
impingement of subcooled liquid from the condenser into the 
surface, which suppresses the activation of nucleation sites. 
This configuration promotes the best implementation inside a 
desktop computer. 

 
Fig. 17 Thermal resistance and equilibrium absolute pressure as 

function of initial working fluid fill charge. 

It is worth mentioning that due to the inherent inner 
volume change of the thermosyphon with each geometry 
tested here, the working fluid fill charge varied. However, it 
was optimized for every configuration. Hence, Figure 17 
shows the experimental campaign and results of this 
optimization process, for the vertical evaporator, with 
D=42mm and H=40mm. Similar results were obtained for the 
remaining geometries. 

Overall, thermal resistance and equilibrium pressure as 
function of initial fill charge are depicted for 100W and 150W, 
to emphasize the findings. Above ~100ml of initial liquid, the 
evaporator is full and the bottom of the condenser starts to 
flood, which decreases the heat transfer condensation 
available area. Below this point, further reducing the fill 
charge decreases the amount of liquid in the return line and the 
pressure losses which, in turn reduces the equilibrium 
pressure. This benefits heat transfer due to lower liquid 
saturation temperature. However, a critical minimum is 
attained when surface dry-out occurs. 80ml of working fluid 
results is a good commitment between lower thermal 
resistance and lower temperature fluctuation due to the 
impelled fluid-vapour mixture above liquid free surface.  

Validation for a real case study 
Following the experimental campaign and optimization of 

the devised system, as presented and discussed in the previous 
subheadings, the devised cooling system was implemented 
inside a desktop case, to cool an Intel i7 2600K (3.4GHz, 
Thermal Design Power, TDP=95W). The configuration 
chosen for this validation experiment comprises the evaporator 
with smaller height and smaller inner diameter and a copper 
structured base with S=300µm. The evaporator is vertically 
oriented, with optimized liquid fill charge, which is 50ml 
according to the same reasoning of Figure 17. The condenser 
is mounted with a 10º downward facing angle. A CPU stress 
test was conducted (8 threads at 100%) and maximum core 
temperature registered for a period of one hour was 62ºC, 
while the ambient temperature was 23±1ºC. The power 
dissipated by this CPU is still far from the maximum cooling 
performance of the devised system, so higher thermal loads 
are expected to be dissipated in future tests. Nevertheless, the 
cooling system devised here allowed the maximum registered 
core temperature to be reduced in 26ºC more than that 
registered when using the original intel fin-fan cooler (part 
E97378), under the same experimental conditions. 

SUMMARY AND CONCLUSIONS 
A two-phase closed loop thermosyphon was developed and 

experimentally investigated aiming at modern CPU desktop 
cooling. 

A transistor based heating unit was found to accurately 
reproduce the thermal behaviour of a real CPU, both in steady-
state and transient conditions, so it was implemented in the 
experimental facility dissipating up to 150W. 

A dielectric fluid HFE-7000 was chosen as working fluid. 
Due to the poor heat transfer related properties of dielectrics, 
the evaporator bottom surface was micro-structured to 
enhance the pool boiling heat transfer mechanisms and 
minimize the overall thermal resistance. A systematic study 
was conducted to determine the best performing micro-
structure, in both steady-state and transient conditions. The 
basic micro-patterns comprise arrays of laser etched circular 
cavities, with 100µm in diameter and 15µm depth. The 
distance between cavities, S was systematically decreased 
from 800µm down to 300µm. In steady-state conditions, the 
surface with distance between cavities of 300µm was found to 
maximize heat transfer, reducing the overall thermal resistance 
between junction and ambient temperature in 21%, when 



compared to a smooth surface. Dielectric fluids are 
characterized by very low surface tension and thus very high 
wettability, which results on the delay of the onset of 
heterogeneous nucleate boiling regime and higher wall 
superheat temperature. This characteristic was identified as a 
critical parameter influencing the system performance for 
CPU cooling. Hence, under transient power conditions, 
structured surfaces promote the onset of boiling, thus 
decreasing the temperature overshoot. The results consistently 
show that the higher the number of cavities, the earlier is the 
onset of boiling and consequently lower is the temperature 
overshoot. The junction temperature overshoot was always 
lower than 4ºC for the worst case scenario, so safe working 
conditions for the CPU are always ensured with this cooling 
system. 

Besides the optimization of the evaporator’s micro-
structured surface, the condenser was found to be a key 
parameter for the thermosyphon performance. As the system is 
completely degassed, the condenser performance dictates the 
inner working pressure of the closed loop, as well as the liquid 
saturation temperature. In this context, a 10º downward facing 
angle reduces the overall thermal resistance in 5%, as the 
hydraulic gradient imposed minimizes the liquid film 
resistance inside the condenser tubes. 

A vertically oriented evaporator enhances heat transfer for 
low heat fluxes, but slightly increases the overall thermal 
resistance for high dissipated power. Still in the vertical 
position, the evaporator base diameter and height were further 
reduced in order to be implemented inside a computer 
desktop, which increased the thermal resistance in 7%. 
Nonetheless, the final configuration attained an overall 
junction to ambient thermal resistance of 0.29ºC/W. 

For validation purposes, the devised system was 
implemented inside a desktop, cooling an Intel i7 with 
TDP=95W. The maximum core temperature registered under a 
stress test was reduced in 26ºC when compared to the original 
Intel cooler. 
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