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Abstract

The present work aims at the development and characterization a custom air-cooled condenser
to be implemented on a thermosyphon cooling system based on pool boiling and condensation of a
dielectric fluid - HFE-7000. This gravity-assisted cooler is designed to be applied on a commercially
available desktop CPU, to be capable of dissipating heat loads up to 250W. A numerical simulation
was performed to define the design of the condenser, its main characteristics, dimensions and set
of the most relevant geometric and working parameters. In line with this, the numerical simulation
further addresses a parametric sensible study on the fin geometry of the condenser, to infer on the fin
characteristics leading to the best performance in terms of heat transfer and fluid dynamics. The air-side
heat transfer performance was evaluated based on the Colburn factor (j) and the Fanning friction factor
(f ) was determined to analyze the pressure drops. An experimental study was also performed on a
viable benchmark, examining the condenser effectiveness and its effect on the overall cooling system
thermal resistance. A multi-louvered fin heat exchanger with core’s size of 110x120x22mm, which
was the outcome of the numerical study, was manufactured and tested in the experimental study. The
condenser was characterized both in reflux and circulation, under steady-state and transient regimes.
In this experimental characterization of the condenser, other parameters such as the tilt angle, effect of
microstructuring the surface on the evaporator and the effect of surface orientation were also addressed
to evaluate their impact in the overall performance of the cooling system, incorporating the designed new
condenser.
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Acronyms

CLTPT Closed Loop Two-Phase Termosyphon
CPU Central Processing Unit
CTPT Closed Two-Phase Termosyphon
HTC Heat transfer coefficient
PFHE Plate Fin Heat Exchanger
Ao Total air-side surface area [mm2]
Af Frontal area of the heat exchanger [mm2]
f Fanning friction factor [-]
h Heat transfer coefficient [W/m2.K]
j Colburn factor [-]
p Pressure [mbar]
q Heat rate [W]
q′′ Heat flux [W/cm2]
R Absolute thermal resistance [K/W]
T Temperature [◦C]
ε Effectiveness [-]
δf Fin thickness [mm]
ηf Fin efficiency [-]
η0 Extended surface efficiency [-]
a air-side
cond condenser
evap evaporator
j junction
o overall

sat saturation
sys system
w wall

1. Introduction

The continued scaling of Internal Circuit technol-
ogy together with the resultant ever-increasing
power density and operating temperature poses
significant challenges to engineers worldwide. Un-
der high operating temperatures (above 80◦C) the
microelectronics performance is truly affected, hav-
ing significant negative impacts on performance,
power consumption and reliability [1, 2]. Hence,
the junction temperature has become a major con-
cern for high performance microprocessors, as
more devices are integrated on a chip.

In order to solve the Thermal Power Manage-
ment issue and keep with the improvement of
microprocessors’ performance, effective cooling
techniques should be developed to dissipate the
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increasingly large amount of heat from succes-
sively smaller areas. In this context, the tech-
nology of electronics cooling has become a key
factor for further improvement of the performance
of various electronic devices, especially micro-
processors. Looking for higher dissipation heat
fluxes, cooling with nucleate boiling is promising,
as it removes dissipated heat within a wide range
of fluxes and at relatively small surface tempera-
ture superheat. This technology benefits from the
phase change latent heat of vaporization, being
addressed as two-phase cooling technology.

1.1. Two-Phase Thermosyphon

The two-phase closed thermosyphon cooling is
a gravity-assisted system composed by an evap-
orator, a condenser and connecting pipes. In the
evaporator the microprocessor heat is absorbed
into the system due to the nucleate boiling mecha-
nism, while at the condenser the heat is dissipated
to the ambient due to the condensation of the work-
ing fluid. A fan promotes the air force heat transfer
convection in the condenser. The high heat loads
which can be dissipated at low superheat temper-
atures, may lead to high heat transfer rates of con-
densation and boiling. The vapour generated at
the evaporator rises due to buoyancy heading to
the condenser. The condensate, in turn, returns
into the evaporator due to a favorable gravitational
head. Though this technology has been widely
studied in the past for several high power dissipa-
tion applications, only recently attention was given
to the application of this technique to microelec-
tronics cooling. Hence, in the context of CPU cool-
ing, fewer studies were conducted [3, 4] although
its applicability has been proven effective and re-
liable. Beyond that, the existent two-phase ther-
mosyphons studies are only focused on the evap-
orator and boiling heat transfer as well as on the
overall system efficiency, being the work on eval-
uating the condensation and the condenser im-
pact scarcely reported. It is known that the heat
transfer processes in this kind of devices are sig-
nificantly affected by the geometry, the inclination
angle, the vapor temperature, operating pressure,
the filling ratio and the thermophysical properties of
the working fluid [5]. In most of the cases, the in-
put working fluid is overfilled so that the liquid pool
remains during the thermosyphon operation. How-
ever, excessive liquid charge is not appropriate. On
the other hand, when there is not sufficient amount
of working fluid to assure a stable operation of the
device for a given heat input - underfilled case may
lead to burnout [6]. The most significant criterion to
evaluate thermosyphon performance is the thermal
resistance [7].

A two-phase thermosyphon may be designed

as a single pipe CTPT or as a loop CLTPT. In
the first case, the liquid and vapor flow in oppo-
site directions (counter-current), also known as re-
flux. Under high heat fluxes, the interaction be-
tween these counter-current liquid and vapor flow
and the viscous shear forces occurring at the liq-
uid/vapor interface may inhibit the return of liquid
to the evaporator (entrainment effect [8]). This re-
sults in a decrease in the amount of liquid returning
to the evaporator and its eventual, while the liquid
droplets are held in the condenser which becomes
flooded [9]. If the evaporator section is not wet
by returning fluid, the wall temperature significantly
increases and the thermosyphon and/or the CPU
may be permanently damaged. Furthermore, this
two-phase flow in reflux mode introduces signifi-
cant pressure fluctuations [10] which vary the sat-
uration temperature and trigger temperature fluctu-
ations. These instabilities may cause problems in
maintaining steady and safe operating conditions
at phase-change heat transfer devices. These op-
erating limits are overcome in a loop, CLTPT, where
the liquid and vapor flows are separated and the
flow is unidirectional. So, a CLTPT generally de-
picts higher heat transfer coefficients than a CTPT.
A conventional CLTPT is composed of an evapo-
rator, a condenser and two connecting tubes - a
rising (two-phase mixture from evaporator to the
condenser) and a falling tube (condensed liquid
back into the evaporator). In a CLTPT, the phase
change processes take place at different tempera-
tures in the evaporator and condenser. The satura-
tion pressure in the evaporator is generally higher
than that in the condenser counterpart. This dif-
ferential saturation pressure assists to drive the
coolant circulation within the loop. To ensure the
required circulation rate to fulfill the cooling duty
at the prescribed source-to-sink temperature differ-
ence for a CLTPT, the net driving pressure head is
required to counteract the friction and form drags
as well as the pressure drops attributed from flow
acceleration/deceleration, bends, contractions and
enlargements through the flow pathway. Note that
the saturation temperature varies with pressure,
which in turn affects the temperature differences for
heat transfer. The heat transfer performance of the
system is interdependentfrom its pressure drop.

Since the counter-current flow limitation seems
to be a performance limitation at high heat fluxes,
the use of thermosyphon loops with extended con-
denser surfaces has been suggested. In this study
both arrangements are considered, namely the
CLTPT with a single-pass condenser in circulation
mode and the CTPT with counter-current flow, us-
ing the condenser in reflux mode. In line with this,
the present work aims to develop and test a custom
air-cooled condenser to be implemented on close
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two-phase thermosyphon. This cooler is designed
to be included in a commercially available desktop
CPU and should be able to dissipate heat loads up
to 250W .

1.2. Compact Heat Exchangers

Plate Fin Heat Exchangers (PFHE) are recog-
nized as one of the most efficient, standard, and
compact type of heat transfer devices. Hence, a
PFHE was considered to be designed in this case
study. High efficiency, small size, light weight and
low cost are the desirable and relevant criteria in
the fabrication of these types of compact heat ex-
changers. Heat transfer and hydrodynamic pro-
cesses of the PFHE are strongly influenced by the
configuration and geometrical parameters of ex-
tended surfaces. Plate fins are categorized as (1)
plain, such as plain triangular and rectangular fins),
(2) plain but wavy fins, and (3) interrupted fins,
such as offset strip, louver, perforated, and pin fins.

In this work, a compact cross-flow PFHE was
considered as air-cooled condenser. Corrugated
multi-louver fins were used on the external air-side,
forming the individual air-flow passages, while the
flat tubes are responsible for the two fluid streams
separation (air and coolant), as illustrated in figure
1.

Figure 1: Schematic draw of a corrugated multi-louver fin and
flat tubes.

The compact heat exchanger selected in the
present work - a corrugated multi-louver fin and
flat tube heat exchanger is widely used for sys-
tems, where high efficiency, low cost, small volume
and light weight are vital requirements to fulfill. The
main concept of the louvers is interrupt the air-flow
and create a series of thin boundary layers that
have lower thermal resistance and consequently
higher heat fluxes. Besides that, the finned struc-
ture increases the surface contact area due to high
level of compactness, resulting in heat transfer im-
provements. This configuration also provides lower
drop pressures, when compared with conventional
round tubes, due to smaller projected frontal area
(flat tubes) causing less profile drag.

To understand if this type of finned plate heat ex-
changer would be efficiently applied as condenser

into this two-phase system, and if the air-flow
speed (imposed by the fan’s RPM) was enough to
effectively improve the heat transfer processes, a
numerical CFD simulation was performed.

2. Numerical Simulation - Condenser Design
and Sizing

2.1. Computational Domain

A rectangular Cartesian coordinates system was
used, with x representing streamwise direction,
y wall normal direction and z spanwise direction.
The periodic geometry along the flat tube, y direc-
tion and the symmetry along the air flow direction
x, allow for simplification of the model geometry.
A 3D model was divided into three main domains:
the air flow domain, the flat tube domain and the fin
domain. To fulfill the boundary conditions, the fluid

Figure 2: 3D computational domain.

domain was extended at the inlet (upstream), to al-
low a uniform air flow and especially at the outlet
(downstream), in order to have a developed flow in
the streamwise direction.

2.2. Governing Equations

A steady-state laminar flow analysis was per-
formed considering the fact that flow has been
proven to be laminar in the compact heat exchang-
ers up to Reynolds number based on the louver
pitch (ReLp) of 1200 [11]. The flow is considered
to be incompressible, since the air velocity is much
lower than the speed of sound. The mass, mo-
mentum and energy conservation equations used
in the analysis are shown in equations 1, 2, 3 re-
spectively as follows:

∇.~u = 0 (1)

~u.∇~u = −∇p
ρ

+ ν∇2~u (2)

ρcp~u.∇T = ∇.(k∇T ) +Q (3)

The temperature distribution inside the solid re-
gions of the model, such as the tube walls and fin,
was obtained by solving the Fourier’s law.
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2.3. Boundary conditions

The boundary conditions used for the present
domain are detailed below, where ⊥ and ‖ means
perpendicular and parallel to the surface.

• Inlet face: ~u⊥ = uin, ~u‖ = 0, T = T∞;

• Outlet face: p = patm, ∂T∂n = 0;

• x-y faces of the fluid domain (lateral): ∂ ~u‖
∂n = 0,

~u⊥ = 0 ∂T
∂n = 0 (symmetric B.C.);

• x-z faces of the fluid domain (bottom and top):
~ubot = ~utop, pbot = ptop, Tbot = Ttop (periodic);

• Fluid-solid interface: ~u = 0 (no slip);

• Inner flat tubes surface: q′′ = h(Tsat − Tw)
(convective).

Figure 3 depicts exactly which faces were de-
tailed and their respective boundary condition.

Figure 3: Boundary conditions of the computational domain.

A conjugate heat transfer 3D model was com-
puted in COMSOL Multiphysics R© v5.2, coupling
the conduction of heat through solids with convec-
tive heat transfer in fluids.

2.4. Parametric Analysis to Improve Con-
denser’s Performance

A sensitivity analysis evaluated the effect of sev-
eral parameters, including fin pitch Fp, louver pitch
Lp, louver angle Lα, louver length Ll, redirection
length S2 and louver number Nl. In figure 4 is
shown the plain view and section cut of the study
3D model, evidencing all the parameters that influ-
ence the performance of the finned heat exchanger
which are analyzed in this numerical study.

Within this scope, these geometric parameters
were varied once at a time to obtain the best heat
transfer performance possible, which was evalu-
ated based on the Colburn and Fanning factors,
as well as on the goodness factor which infers a
valuable thermal-hydraulic performance quantifica-
tion. This is still a basic analysis, only valid for
ReLp = 20–250 corresponding to the maximum air-
flow speed of 3m/s.

Figure 4: Definitions of geometric parameters for a multi-
louvered fin and flat tube heat exchanger.

3. Data Reduction and Experimental Setup

3.1. Data Reduction

Thermal Circuit

The overall thermal resistance of the heat ex-
changer is considered to be composed by three
components in series: (1) air-side thermal re-
sistance Ra, including the extended surface effi-
ciency, (2) wall thermal resistance Rw and (3) con-
densation thermal resistance Ri. Here the sub-
scripts a and i denote the tube air-side and inside
(coolant side) respectively. No fouling or scale re-
sistance is considered on either side, so the corre-
sponding resistance is not included in the calcula-
tions.

1

Uo
=

Aa
Aihi

+
Aaδw
Awkw

+
1

ηo,aha
(4)

The wall thermal resistance is constant and the
condensation heat transfer coefficients should be
known a priori in order to calculate the overall ther-
mal resistance. The term ηo,a in equation 4 is
extended surface efficiency of the air-side surface
and is related to the fin efficiency of the extended
surface as follows:

ηo,a = 1− Af
Ao

(1− ηf ) (5)

ηf =
tanh(ml)

ml
, l =

Fd
2
− δf (6)

Effectiveness-Number of Transfer Units

The effectiveness-NTU method is used to evalu-
ate the condenser effectiveness and to determine
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the overall heat transfer coefficient used to validate
the numerical results.

The heat exchanger effectiveness ε can be
shown that in general it is dependent on the num-
ber of transfer units NTU, on the heat capacity rate
ratio C∗ and the flow arrangement for a heat ex-
changer:

ε = φ(NTU,C∗, f low arrangement) (7)

ε =
q

qmax
, C∗ =

Cmin
Cmax

=
(ṁcp)min
(ṁcp)max

(8)

NTU =
1

Cmin

∫
A

UdA (9)

NTU, number of transfer units, designates the
nondimensional heat transfer size or thermal size
of the heat exchanger and therefore it is a design
parameter.

For the specific case of the condenser C∗ = 0,
so the exchanger effectiveness expression 7 re-
duces to 10, valid for all flow arrangements.

ε = 1− exp(−NTU) (10)

Thermal-Hydraulic Evaluation

The heat transfer and pressure drop character-
istics were evaluated in terms of Colburn j fac-
tor and Fanning f factor [12] as a function of the
Reynolds number based on louver pitch ReLp

, cal-
culated from:

ReLp
=
ρucLp
µ

(11)

j =
Nu

ReLp
Pr1/3

= St.Pr2/3 (12)

f =
2∆p

ρu2c

Ac
Af

(13)

where Lp is louver pitch, uc is the critical air ve-
locity at the minimum free flow area, ρ and µ are
the air density and dynamic viscosity respectively.
In equation 13, ∆p is the pressure drop and Af , Ac
are the frontal air-side surface area and minimum
free flow cross area respectively. The results were
also evaluated using the volume goodness factor
j/f1/3 [13].

3.2. Experimental Setup

A custom heating device developed by Moura
and Abreu [14, 15] was built to replicate the thermal
behaviour of a real CPU, both in steady-state and
transient conditions. The evaporator is an acrylic
tube with 32mm inner diameter, 40mm height and
4mm thick. The evaporator section is electrically
heated by a IRFP450 transistor with a contact area
of 300mm2 which is connected to a 60V power

source and controlled by the CPU and an elec-
tric board. This heating element is insulated by a
teflon base. The condenser is assembled above
the evaporator and mounted on a pivot joint with
locking clamping lever support that enables to set
the desirable inclination angle. The condenser’s in-
clination angles are measured from the horizontal
plane, where 0◦ corresponds to the horizontal posi-
tion, positive values to upward and negative angles
to downward flow.

Two condensers with multi-louver fins and flat
tubes were experimentally tested at different con-
figurations, circulation and reflux, as illustrated in
figure 5. Hence, a standard 120x120mm con-
denser was used in reflux mode and the custom
made 110x120mm single-passe condenser was
implemented in circulation (closed loop). Both
cross-flow heat exchangers are constituted by cop-
per on the fins and brass on the flat tubes. Ini-

Figure 5: Horizontal experimental setup in circulation and reflux
mode (left and right respectively). 1 - condenser; 2 - evaporator;
3 - fan; 4 - vapor line 5 - liquid line; 6 - two-phase line.

tially the condenser in circulation mode was po-
sitioned with a -30o tilt angle in order to enhance
hydraulic drainage of the liquid film condensed, as
suggested by Lip and Meyer [16, 17]. On the other
hand, the condenser in reflux flow mode was posi-
tioned with a +40o tilt angle [18].

Seven K-type thermocouples manufactured by
OMEGA were used to measure different sites. The
junction temperature inside the transistor and the
saturation temperature of the liquid in the evapo-
rator are controlled variables and for this reason
very important to acquire in this work. The ambi-
ent air temperature downstream and upstream to
the condenser’s fan forced convection air flow are
also measured to infer on the condenser study.

3.3. Methodology

A manual working fluid degassing procedure is
conducted at the beginning of each test. The ex-
periments were performed under (1) steady-state
and (2) transient conditions.
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1. Steady-state experimental procedure consists
on decreasing the dissipated power from the
CHF, with small successive steps. Each ex-
periment performed for a different imposed
heat load was repeated five times. This
study was performed under controlled pres-
sure working conditions, via a PID controller
implemented on LabVIEW. The evaporation
pressure and consequently the boiling satura-
tion temperature were controlled by the con-
denser’s fan rotational speed.

2. Transient analysis procedure consisted on ap-
plying a cyclic heat load under Real Work-
ing Conditions. This means that the fan was
set at constant RPM, with uair = 3m/s mea-
sured by an anemometer to keep the air-flow
speed. Temperature and pressure values are
monitored for 140 seconds, being each test re-
peated three times.

4. Results & Discussion

4.1. Numerical Simulation

Numerical results have shown that the final opti-
mized geometry enhances the air-side heat trans-
fer coefficient when compared with corrugated
plain fin heat exchanger for the same core’s size
and evaluated at the maximum air-flow speed
(3m/s). The HTC increases around 55%, which re-
sults in approximately 14.8% of heat flux enhance-
ment. This results, in turn in a heat rate enhance-
ment of 23.4% against the plain heat exchanger.

Table 1: Final thermal-hydraulic enhancement results com-
pared with plain fin heat exchanger.

Enhancement

Model h(%) q′′(%) j/f1/3(%)

Manufacture +22.8 +7.8 +8.8
Optimized +55.0 +14.8 +18.9

However, due to manufacture restrictions, these
optimized proposed dimensions were not possi-
ble to be applied in practice. Nevertheless, a lo-
cal manufacturer - Construção de radiadores Lda.
company, was able to manufacture and work on
this type of louver fins after providing us their man-
ufacturing limitations. So, an additional numeri-
cal simulation was performed to size and quan-
tify the real gains of the condenser which could
be actually manufactured and that was used in
the following experimental activity, as detailed in
the subsequent chapters. The final core’s size of
110x120x22mm was obtained with a TDP of 250W
(the maximum TDP value that is usually defined for
modern CPU’s). However, in a future work, pro-
viding that the current manufacture restrictions can

be overcome, the ”optimum” geometry values ob-
tained here will allow a reduction in the heat ex-
changer’s transversal area of nearly 12% for the
same heat dissipation of 250W.

4.2. Experimental

With the increase of the heat load, the vaporiza-
tion mass flow rate tends to increase, being unbal-
anced by the mass flow rate that is condensed. A
way to improve condensation is therefore required
to avoid this unbalancing. There are two alterna-
tives, namely by spontaneously increasing the gov-
erning pressure within the closed loop - Real Work
Conditions (RWC) - or forcing the raising of con-
densation rate by increasing fan RPM - Controlled
Working Conditions (CWC). It is worth noting that
along this work, the CWC was exclusively used for
steady-state analysis. This condition was imple-
mented for scientific purposes, in order to compare
the experimental data obtained here with those re-
ported in the literature, which are mostly obtained
under controlled pressure conditions. The RWC
was implemented only for transient-state analysis
due to the implemented controller’s insufficient re-
sponse time to control the inner system pressure
in a real CPU heat load demand.

The steady-state and unsteady-state experimen-
tal results discussed on the next paragraphs were
obtained for 30ml of HFE-7000 fill charge.

4.2.1 Steady-State

Effect of Microstructering the Evaporator Sur-
face on System Overall Performance

The loop thermosyphon’s overall thermal resis-
tance (junction-to-ambient) Rsys is the sum of each
component thermal resistance, more properly the
solid heat conduction, the contact resistance and
especially the boiling and condensation equivalent
thermal resistances, Revap and Rcond respectively.
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Figure 6: Thermosyphon loop’s absolute thermal resistances
under controlled pressure with different surfaces mounted on
the evaporator: effect of surface microstructuring.
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Figure 6 displays the relevant thermal resistance
variables in a logarithmic scale, characterizing the
thermosyphon loop performance with a smooth
surface microstructured surface, composed by a
regular pattern of microcavities with a fixed dis-
tance between them of S =100µm. Detailed de-
scription of the procedures followed in the fabrica-
tion, preparation and characterization of this sur-
face are reported in [14] and in [15].

The overall thermal resistance, Rsys, decreases
significantly with increasing heat power. The low-
est Rsys values were reached at maximum heat
loads, namely 0.361K/W for the smooth surface
and 0.276K/W for the microstructured surface.
Microstructuring the surface enhances the boil-
ing heat transfer in the evaporator, reducing the
evaporator thermal resistance and consequently
decreasing the overall resistance. Under maxi-
mum heat load demand, the junction temperature
is nearly 15◦C lower using the microstructured sur-
face with S =100µm, when compared to that ob-
tained using the smooth surface. This tempera-
ture difference results in approximately 23% lower
overall thermal resistance for the microstructured
surface, when compared to that obtained with the
smooth surface. This percentage tends to increase
for lower heat rates, because the enhancement in
the heat transfer coefficient obtained with the mi-
crostructured surface is larger for low heat fluxes,
where the effect of bubbles coalescence, as de-
scribed for instance by [19] is yet minimal. On
the other hand, as expected, the condenser ther-
mal resistance was not affected by the surface mi-
crostructuring in the evaporator.

Effect of Condenser Orientation

Enhancing the condenser inner convective heat
transfer coefficient leads to higher condensation
rate that improves the cooler working operation.
Besides that, lower temperatures and governing
pressures are reached and consequently the junc-
tion temperature tends to be lower. The heat trans-
fer coefficient - HTC inside tubes depends mainly
on the mass flux and vapor quality. However, since
it was not possible to determine precisely the mass
flux or the vapor quality in the system, the con-
denser was characterized taking into account the
heat load input. This experimental characterization
was carried out for two types of condenser flows,
namely (1) single-pass circulation and (2) reflux
mode.

(1) Looking into the condenser in circulation
mode, more precisely to the condensation inside
tubes, the experimental mean condensation heat
transfer coefficient was deduced from the Newton’s
Law of cooling. The effect of the condenser tilt an-
gle was investigated in terms of HTC, for various

heat loads under steady-state as shown on figure
7.
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Figure 7: Tilt angle effect on HTC for different heat loads under
controlled pressure conditions.

Concerning specifically the effect of the tilt an-
gle, Lips and Meyer [17, 20], summarily refer that
the effect of inclination is more pronounced at low
mass fluxes, low vapour qualities and high satura-
tion temperature. Depending on these parameters,
[17] experimentally evidenced that there is an op-
timum inclination angle between -15◦C and -30◦C
that leads to the highest heat transfer coefficient.

In this study, although lower mass fluxes are ob-
served for low heat loads, the effect of inclination
is more pronounced at higher heat loads. This
result is not be entirely expected, looking at the
aforementioned trends reported [17, 20]. Nonethe-
less, one should take into account that the mass
fluxes in this system are lower when compared to
those of Lips and Meyer. Furthermore, increasing
the heat load, the mean vapor quality along the
flat tubes of the condenser decreases due to the
higher HTC, and the saturation temperature in the
condenser slightly increases. Therefore, these
results show that the optimum tilt angle for the
system studied here is around -25◦. This was
the tilt angle value that was implemented for the
next experiments with this condenser in circulation
mode. These conclusions are in agreement with
most of the studies reported in the literature in this
topic, suggesting that the impact of the tilt angle
is not much sensitive to differences in the channel
geometry.

(2) Reflux condensation refers to the condensa-
tion process that occurs in a vertical or an inclined
tube in which vapor and liquid have a counter-
current flow. The vapor flows upward driven by
buoyancy forces, while liquid is flowing downward
due to gravity. This gravity-controlled condensation
process has been increasingly applied to compact
plate heat exchangers, such as the case of the one
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used in present work. This configuration would re-
sult in a more compact geometry, with lower liq-
uid residence time and with less sub-cooling. Al-
though larger sub-cooling is not considered an ad-
verse effect, it should be avoided, since the sensi-
tive heat transfer term is much lower, when com-
pared to the that of the latent heat transfer. In this
context, the system devised in the present work,
accounted for the possibility of using a reflux con-
denser configuration. However, the operability of
reflux condensers is limited by the phenomenon
of flooding that appears at a critical vapor veloc-
ity at which the condensate starts to flow upward
rather than downward. Flooding deteriorates the
normal operation of the multiphase systems, which
inevitably results in an abrupt increase of pressure
drop. In the present configuration, it was concluded
that the condenser inclination has low impact on
the HTC enhancement under the reflux mode. For
this reason, the selected angle, +40◦, was chosen
taking into account the performed studies in this
topic [18].

In summary, the condenser inclination angles
used on the next experiments was 25◦ (downward)
for circulation and 40◦ (upward) for reflux mode.

Circulation vs Reflux

The effectiveness was determined for both con-
densers used in circulation and reflux mode, re-
spectively and it was used to evaluate the con-
denser’s performance. In this context, figure 8 de-
picts the heat exchanger performance along the
applied heat load at steady-state.
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Figure 8: Condenser performance at steady-state - Reflux and
Circulation.

The condenser’s performance is also evaluated
looking at the absolute thermal resistance (figure
9) for both reflux and single-pass flow configura-
tions. Overall, the results support that the single-
pass condenser in circulation mode has better ef-
fectiveness values and for this reason better perfor-
mance results for all the applied heat load’s range.

Furthermore, analyzing all the results one must
conclude that despite all the potential advantages
of using the reflux configuration, for the system de-
vised here the condensation in circulation mode is
preferred in steady-state working conditions as it
overall shows better effectiveness for similar heat
flux and thermal resistance, when compared to the
reflux configuration.
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Figure 9: Thermal resistance for different condensers - Reflux
and Circulation.

The overall thermal resistance for the maximum
achievable dissipated power, q = 200W and q =
170W respectively, is Rsys = 0.275K/W for the cir-
culation and Rsys = 0.303K/W with condenser in
reflux mode. This means that in the closed loop
thermosyphon at extreme power dissipation and
stationary conditions the mean absolute thermal
resistance is lower 7.5% than the reflux mode, re-
sulting in a mean junction-air temperature decreas-
ing of 4◦C for 170W.

4.2.2 Transient

In this sub-section the condenser’s impact on the
transient thermosyphon system is investigated un-
der a cyclic load called here as I&M. Figure 10 al-
low taking useful conclusions to be used on the
CPU cooling product development. The results,
discussed in detail in the following paragraphs al-
lowed concluding that the setup with condenser
in circulation mode depicts quicker response time
than that with reflux condensation, as shown on the
plot by the steeper junction temperature response
as well on pressure curves.

Despite the reflux mode’s facility used 2 pipes
instead of just one as in the circulation flow, an in-
crease in the condensate mass flow was expected,
which could cool down the working fluid tempera-
ture, decreasing the evaporator pressure and en-
hancing the overall cooler performance. However
the pressure and temperature reduction are al-
most negligible as a minimal 10mbar and 0.5◦C
decreasing of pressure and saturation temperature
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Figure 10: Thermal and pressure transient response for differ-
ent condensers - Reflux and Circulation.

were observed, respectively. By the system re-
sponse evolution previously discussed, it was pos-
sible to predict that the CLTPT system with con-
denser in circulation mode has better efficiency
than CTPT with condenser in reflux mode. To con-
firm this prediction, an evaluation focused only on
the condenser transient analysis was performed,
where the instantaneous effectiveness values are
depicted in figure 11.
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Figure 11: Condenser effectiveness at transient-state - Reflux
and Circulation.

The condenser in reflux mode shows indeed
lower effectiveness values than the circulation
mode, which is in agreement with the analysis per-
formed at steady-state. It is worth mentioning that
the difference in the effectiveness in the circulation
or in the reflux mode is much less prominent in
the transient-state than in steady-state conditions.
As also concluded in the steady-state study, it was
also noticeable that in counter-current (reflux) flow
condensation, the flow is much more unstable due
to the vapor and liquid flow passage in the same
tubes, promoting more fluctuations. This fact is

well visible in figure 11 by the condenser’s effec-
tiveness fluctuations, being also observed on the
junction temperature, when the frequency is high
enough (not in the presented graphics due to rep-
resentation reasons). These conclusions are in
agreement with many of the studies [10].

5. Conclusions

This study addresses the design and test of a con-
denser to be implemented in a thermosyphon cool-
ing system, applied to commercial CPUs, which
is able to dissipate up to 250W of heat power
loads. This goal was achieved combining a nu-
merical and an experimental approach. The first
allowed to design and dimension the condenser,
further allowing to perform a detailed analysis on
the relevant parameters affecting the heat trans-
fer and fluid dynamic processes in the condenser.
The outcome of this analysis was a condenser with
louvered fins and a core’s size of 110x120x22mm,
which was possible to build, under the current limi-
tations pointed by the manufacturers. However, the
analysis performed suggests that the condenser’s
transversal area could be reduced up to 12%.

The experimental approach addressed the test
of the condenser in both circulation and reflux
modes, in steady-state and in transient regimes.
The study performed here allowed setting the fol-
lowing main conclusions, towards the development
of a final functional cooling system:

• An optimum heat transfer was achieved with a
condenser inclination of 25◦ downward for the
circulation mode. The effect of the inclination
angle was found negligible for the condenser
working in the reflux mode.

• The condenser in circulation mode depicts
better effectiveness than in the reflux mode
(60% higher values than that of the condenser
in the reflux mode). In the transient regime,
the working mode of the condenser (circula-
tion or reflux) has no impact on the working
performance of the cooling system.

• The closed loop thermosyphon (circulation
mode) achieves 18% higher CHF and lower
7.5% thermal resistance than the system with
condenser in reflux mode. This results in
a mean junction-air temperature reduction of
4◦C for the same heat load of 170W.

• The closed loop two-phase termosyphon with
the condenser in circulation mode is more sta-
ble and leads to a better cooling performance
of the entire cooling system.
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Based on this analysis, the final closed loop
thermosyphon system devised here achieved a
R = 0.275K/W with q = 200W for horizontal
orientation. These values were obtained using
a microstructured surface with cavity distance of
100µm in the evaporator, following the obtained in
previous stages of development of the current sys-
tem, which were confirmed in the present work.
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