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A LOOP THERMOSYPHON FOR LIQUID COOLED MINICHANNELS HEAT SINK
WITH PULSATE SURFACE HEAT FLUX
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ABSTRACT

The period operation of power electronic acts as switching element, where the power dissipated consists of
pulses at certain duty cycle, the semiconductor temperature oscillates and varies as a waveform. In the present study,
an experimental investigation was carried out for a loop thermosyphon order to evaluate the effect of pulsate surface
heat flux on the single-phase buoyancy driven convection of ethylene glycol flow through a minichannels heat sink
with hydraulic diameter 1.5 mm. An electric heater block is used to supply the heat flux to minichannels heat sink in
a rectangle waveform. The study is done at different heat flux frequencies of 2.777x10 Hz, 8.333x10** Hz,
5.555x10* Hz and 4.166x10™* Hz, while the heat flux amplitude (2 watt), Rayleigh number (1864) and duty cycle
(50 %) are kept constant. The results revealed that for a range of the measured frequency for the complete power
cycle and due to unsteady state operation conditions, the pulse heat flux pattern is close to a rectangle-wave, this
generates the fluid outlet temperature pattern close to a triangle-wave. The fluid outlet temperature increases with the
decreases of heat flux frequency and tends to reach to the fluid outlet temperature for a constant and continuous heat
flux case. Due to closed-loop of thermosyphon, the fluid inlet temperature is changed in pattern like that the fluid
outlet temperature change.

Keywords: Loop Thermosyphon, Natural Convection, Minichannels Heat Sink, Pulse Heat Flux, Single-
Phase Flow, Ethylene Glycol

INTRODUCTION

Natural convection is an important mechanism for heat transfer equipment used in various cooling systems
for electronic devices. The heat flux dissipated from the microprocessor die is mostly non-uniform with concentrated
regions of high values and the temperature distribution corresponding to this non-uniformity heat flux. The
performance of the microprocessor depends on the temperature (junction temperature), at which it operates; hence
the operating temperature of the microprocessor die is always maintained at or less than a maximum design
temperature [1]. However, the operation of most electronic devices is strongly influenced by their temperature and
their surrounding thermal environment. In some applications, the period operation of semiconductors or power
electronic acts as switching element (on-off: switch) or switching frequency, i.e. they are either fully conducting or
fully blocking, where the power dissipated (heat generation) in the semiconductor consists of pulses at certain duty
cycle, the semiconductors temperature oscillates and varies as a waveform. This temperature oscillation causes
additional mechanical stress to the soldering and welding joints inside a semiconductor module and may cause a
thermal shock. This leads to an even large temperature oscillation causing thermal shock and fatigue, finally the
device fails. Hence, the junction temperature is the limiting condition, and the maximum junction temperature is not
excessive [2, 3]. The electronic components are continuously producing heat when they are running with load or no-
load operation conditions, but the heat produced with load condition is greater than that produced with no-load
condition, so the temperature of electronic components with load condition is greater than at no-load condition [4].
The electronic components undergo with a cyclic change in temperature with time [5]. Many previous researchers
studied the cooling systems topic for electronic devices at continuous and constant heat flux (power dissipated),
where the effect of power cycle and thermal cycle phenomena is neglected. [4] Experimentally studied the effect of
the load operation conditions of 2.8 GHz CPU chips on the temperature and pressure drop of water flow through
rectangular parallel minichannels heat sink with hydraulic diameter 1.6667 mm and found that the temperature and
pressure drop at load are higher than at no-load conditions. [6] Investigated experimentally the cooling system of a
loop thermosyphon type. The study consisted of heat transfer testing for four surfaces in the evaporator which were
copper-plated, finned, and smooth and blasted. Moreover, four types of working fluids were used in testing process
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which was ethanol, R1234ze (Z), R1234ze (E) and R123a. R1234ze (E) performed a better cooling compared with
the other working fluids. While, the lowest thermal resistance of boiling was recorded up to 116 W/cm? by a blasted
surface with the observation of increasing this value drastically with increasing of the heat flux up to 116 W/cm? .
[7] Investigated and compared experimentally two types of squared minichannel heat sinks with the same size
projection area and cross section. The first type was straight and sharp 90° bends at each end, while the second type
was spiral. Also, four low viscosities of silicon oils here used in this study in addition to water which were 0.65, 1, 3
and 10 cSt, for both types as a coolant. As a result, no enhancement in the heat transfer was shown when the
viscosity increased, but it was observed that the pumping cost and pressure drop increased. An experimental study
was performed by [8] for the effect of the geometry of thermal microsystem (simulating a computer chip) on the flow
of water and forced convection heat transfer. A thermal micro system consisted of a heater, parallel microchannels,
and inlet and outlet plenum.

Two ways of connecting the parallel microchannels to the inlet and outlet plenum were used; one is
perpendicular to the flow direction in the microchannels, and one is same to flow direction in the microchannels. At
the range of heat flux, a significant enhancement of heat transfer was found due to flow boiling in microchannels
which caused hydraulic instabilities. It was predicted that if the heat flux of heater is uniform (constant), the
hydraulic instabilities cause irregularity of electrically heated wall (chip) temperature distribution but at the non-
uniform heat flux, the irregularity increased drastically. Hence, in case of hydraulic instability, the two-phase
microchannel heat sink loses the heat sink temperature uniformity.

Single-phase forced convection heat transfer through a circular minichannel was experimentally studied at a
range of Reynolds numbers 500 — 4000 with compressed air as the cooling fluid by [9]. A minichannel tube was
made from aluminum with 2 mm and 3 mm for the internal and external diameters, respectively. The outcomes
showed that the current measurements for the coefficient of heat transfer did not perform very well; therefore
additional evaluation devices should be supplied to provide accurate results. [10], experimentally investigated the
effect of the imposed pulsations flow rate on the convection heat transfer during the internal single-phase laminar
flow through square minichannel under constant heat flux condition and constant average Reynolds number. Cross
section size of minichannel is 3 mm x 3 mm. Pulsate frequencies for the flow rate are like a squared and
unidirectional waveform is 0.05 Hz, 1 Hz and 3 Hz, but the minimum flow is zero. For laminar pulsating flow case,
the improvement in heat transfer was not well if it compared at the same time-average of Reynolds number with
steady flow case. As a results, it was concluded that the using of pulsate flow to the enhancement of heat transfer is
questionable.

An experimental measured heat transfer performance of a loop thermosyphon using a porous structure on
the evaporator surface and a microgroove structure on the condenser surface was evaluated by [11]. The working
fluid in the thermosyphon was degassed water. It was concluded that the use of porous and microgroove structure
enhanced the heat transfer surfaces performance of that using flat surface.

The effect of reducing fin spacing for minichannels heat sink with water as working fluid on the cooling of
microprocessor was investigated by [12]. Five heat sink geometries were tested; four minichannels heat sinks had a
varying fin spacing of 0.2 mm, 0.5 mm, 1.0 mm and 1.5 mm, while the fifth heat sink had a flat surface for
comparison. The fin thickness and height were kept constant at 1.0 mm and 3 mm, respectively. It was found that the
base temperature and thermal resistance of the heat sinks dropped by decreasing the fin spacing and by increasing the
volumetric flow rate of water circulating through the heat sink. Also, it was concluded to use nanofluids for
enhancement heat transfer capabilities [13], analyzed numerically a three-dimensional minichannel to optimize the
thermal and flow characteristic of minichannels heat sink. The flow of water through minichannel is assumed steady-
state, single-phase laminar and incompressible. They results indicated that a narrow and deep channel with thin
bottom thickness and relatively thin channel wall thickness results in improved heat transfer performance with a
relatively high but acceptable pressure drop, and the minichannels heat sink can cool a chip with a heat flux of 256
W/em?2 at the pumping power of 0.205 W. Three-dimensional single-phase buoyancy driven convection of water and
water based nanofluids was numerically studied in a minichannel heat sink with hydraulic diameter 3.0 mm was
reported by [14]. It was conclude that the buoyancy driven convection of water in minichannel can be employed as
reliable cooling method for thermally loaded miniature electronic devices. An experimental investigation was carried
out by [15] to find the effect of four shapes of minichannel heat sink which were rectangular, circular, trapezoidal,
and square shaped with water as working fluid on the forced convection heat transfer characteristics under steady
state condition and constant heat flux. A hydraulic diameter of 2 mm for all the four types was used. It was found that
circular shape of minichannel heat sink gives more rate of heat transfer compared to the other shapes. A pumping
power requires for circular shape and rectangular shape of minichannel is maximum and minimum, respectively.
Hydrodynamic studies were made by [16] on the topic of flow maldistribution in multiple minichannels heat
exchanger. The pressure drops were measured in plate heat exchanger which contains 51 parallel minichannels with a
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rectangular cross section of four hydraulic diameters is 461 pum, 574 um, 667 pm, and 750 pm connected by
trapezoidal inlet and outlet manifold. The authors observed by visualization the flow maldistribution and the
channels blockage phenomenon of water single phase flow, and they noticed that the model geometries can work
optimally at a range of mass flow rate of 5 — 8.33 g/sec with a range of pressure drops of 600 — 1250 Pa.
Numerically analysis for heat transfer and single-phase fluid flow was done by [17] for the performance evaluation
of the effect of nanofluids types in diverging-converging minichannel heat sink. Three types of nanofluids, namely
AlO3-H>0, Cu-H0, and SiO»-H,O were used. It was found that the nanofluid increased the heat transfer coefficient
and is higher in Al,03-H,O followed by SiO,-H,O and Cu-H,O.

Analytically analysis for free convection flow occurring about a heated permeable vertically stretching
surface placed in a porous medium by [18] under the influence of a temperature dependent internal heat generation
or absorption flux. The analysis is conducted in the presence of radiative heat sources in the fluid while the system is
permeated by a uniform magnetic field. The exact solutions are found, in the presence of a heat sink absorbing the
temperature from the medium increases the rate of heat transfer from the wall, whereas a heat source will surely heat
up the system under consideration, resulting in poorer heat transfer rates.

From the above literature review, it is revealed that researchers have used minichannels heat sink with
constant heat flux at the bottom surface to reduce the electronic devices temperature to design temperature. No
attempt has been made to investigate the heat flux in the electronic devices consisting of pulses at certain duty cycle,
where the semiconductors heat generation oscillates and varies as a waveform. In the present study, an attempt has
been made to investigate the effect of heat flux oscillation on the single-phase buoyancy driven convection of
ethylene glycol flow through a minichannel heat sink with hydraulic diameter 1.5 mm. An electric heater block will
be used to supply the heat flux to minichannels in a rectangle waveform, where the heat flux is 2.0 watt or 0.0 watt,
to simulate the heat generating by electronic devices. The maximum power supply by electric heater is 2 watt for a
safe operating value of single-phase temperature

EXPERIMENTAL SETUP
MINICHANNELS HEAT SINK

The minichannels heat sink as shown in Figure 1(a) was manufactured from copper 360 alloy, with

dimensions 34 mm X 33 mm and 5 mm thickness. A minichannels heat sink includes the uniform arrays of 17 fins
and 16 channels, a channel design of rectangular cross section with hydraulic diameter 1.5 mm. A channel width,
height and thickness, and all other dimensions are shown in Figure 1(b) and given in Table 1.
The minichannels heat sink is centered inside Plexiglas enclosure with one inlet and outlet manifolds for distribution
and collection of ethylene glycol liquid that entering and leaving to and from minichannels, respectively. One
cartridge heater inserted in the heating block generates the heat load to the minichannels and then transfers that heat
to the ethylene glycol (Pr = 150) flow through the channels of minichannels. A heater is providing 2 W of total
power. The heat is providing by a variable power supply monitored by a digital watt meter. An electric heater block
is attached upward to the bottom of the evaporator through thermal grease to minimize the interface resistance. The
thermal grease used is silicon paste type AOS Silicone XT white paste.

fin

channel

a) b)
Figure 1. a) Minichannels heat sink component, b) schematic view of the minichannel geometry for heat flux
cooling application (not drawn in actual scale or proportions)
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Table 1. Dimensions of minichannels heat sink

Description Symbol Value

Width of channel Wen I mm
Length of channel Lecn 34 mm
Height of channel Hen 3 mm
Thickness of fins Wt I mm
Un-finned length of heat sink; inlet manifold Lin 3 mm
Un-finned length of heat sink; outlet manifold Lout 3 mm
Thickness of heat sink base plat Hy 2 mm
Width of finned section on heat sink W 33 mm
Hydraulic diameter Dy 1.5 mm
Number of channels Nen 16
Number of fins N 17

EXPEREMNTAL TEST RIG

A schematic diagram of experimental device is shown in Figure 2(a). This closed — loop system composed
mainly of a vertical minichannels heat sink component as illustrated in Figure 2(b), a rising tube, a reservoir with
injection tube, air cooled condenser and a falling tube. The operating principle is as follows: the liquid of the
ethylene glycol is heated in the minichannels by the heat load that is generating by the electrical heater. After that,
the heated liquid of the ethylene glycol rises along a vertical tube or a rising tube and enters a reservoir. A small tube
attaches to the reservoir, called the injection tube, and is used to inject ethylene glycol liquid. Then, the ethylene
glycol liquid leaves the reservoir to the condenser. At the condenser, the temperature of liquid decrease by losing heat
to the cooling air flow into the condenser. Then, the liquid from the condenser returns to the minichannels
component by the falling tube due to gravity.

Air cooled

Injection tube

Reservoir

condenser “y

Falling
tube

Rising
T tube

a)

heater assembly

Rising
tube \bl

—

—

Outlet Minichannels
— temperature heat sink S
Minichannels Plexiglas —)
heat sink
Falling tube
Inlet \4 |
temperature

b)

Figure 2. a) The overall schematic of experimental arrangement, b) minichannels heat sink with

Heater wall
temperature

Heater

The working fluid charging into the experimental apparatus is through injection tube. Temperature of
heating block, inlet and outlet ethylene glycol to and from the minichannels heat sink component, respectively and
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ambient air were measured using calibrated type T thermocouples, as illustrated in Figure 2.The power consumption
of heater was measured by using the input electric voltage and current (V: 10 — 0 volt and I: 0.2 — 0 amp) and took
this as the amount of input heating at constant heat flux thermal boundary condition. The imposed heat flux
pulsations are created by electronically controlled power supply on-off switch of electric heater. The pulsed heat flux
(q: 2 — 0 watt) is generated by alternately opening the power supply switch, i.e. there will be a power supply (V =10
volt, | = 0.2 amp, and q = 2 watt) in the electrical heater for a half of time period and no power supply (V =0 volt, |
= 0 amp, and q = 0 watt) in the next half of the time period. Thus, the heat flux supply by the electrical heater to
minichannels will result in a rectangle waveform. In this research, four imposed surface heat flux frequencies were
used as illustrated in Table 2, and in all the experiments, the maximum and minimum surface heat flux amplitude is 2
watt and 0 watt, respectively. The average Rayleigh number of the natural convection, at all the imposed frequencies,
was fixed at 1864.
Table 2. properties of pulse repetition surface heat flux

time periodic for pulse repetition surface heat flux . pulse

case pulsation duty
on-cycle ; q =2.0 watt off-cycle ; q = 0.0 watt frequency Hz cycle

b 3 min 3 min 2.777%107 50 %
c 10 min 10 min 8.333x10* 50 %
d 15 min 15 min 5.555x10* 50 %
e 20 min 20 min 4.166x10* 50 %

RESULTS AND DISCUSSION

The present study is done at four different pulsating heat flux frequencies and compares these with a
constant and continuous heat flux, case (a), as illustrated in Table 2 and Figure 3. A single-phase ethylene glycol flow
in parallel minichannels is period oscillating according to the imposed heat flux pulsated.

The waveform of instantaneous heat flux and the corresponding variation of ethylene glycol temperature at
inlet and outlet of the minichannels are shown in Figure 3 and Figure 4, respectively, for the applied constant and
period heat flux at frequencies of f=2.777x107 Hz, 8.333x10* Hz, 5.555x10"* Hz and 4.166x10"* Hz, respectively.
It can be observed that the waveform pattern of the heat flux and temperature is close to a rectangle- and triangle-
wave, respectively. For the complete power cycle, heat flux or heat generation takes place for a half of the cycle, on-
cycle, and no heat generation occurs in the other half of cycle, off-cycle. Due to such type of imposed heat flux
pulsations, the ethylene glycol temperature at any location in minichannels oscillates in a periodic manner, increasing
in the on-cycle and decreasing in the off-cycle. The time duration, and hence the heat flux frequency of the on-cycle
and the off-cycle are controlled by on-off power electric supply switch arrangement.

During the on-cycle of power cycle, the flow induced through the channels by buoyancy force. The
buoyancy driven convection dominates and exists through the complete power cycle due to the temperature
difference between inlet fluid and heat flux of heater wall.

For the complete power cycle, and at high operation frequency, less time is available for heating the fluid
during the on-cycle time, as seen from Table 2. This is clearly seen in Figure 3(b) and Figure 4(b), where, as the half-
time of period of oscillation is 180 sec, there is insufficient time when the on-cycle conditions exist in the channel
and hence, insignificant amount of heat is conducted to the fluid by the heat flux heater wall which eventually
increases its temperature.

At low operation frequency, the oscillating amplitude of the local inlet and outlet temperature of the fluid
and the heater wall temperature increases due to its higher residence time of power supply during on-cycle, and the
oscillating of outlet fluid temperature causes oscillating in the inlet fluid temperature due to the fixed air temperature
(approximately 30° C) used to cool the fluid flow through the condenser of loop thermosyphon as can be seen in
Figure 4(b), (c) and (d).
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Figure 3. Variation of surface heat flux with time
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The fluid outlet temperature increases with the decrease of heat flux frequency and tends to reach to fluid
outlet temperature for a constant and continuous heat flux case, Figure 4(a). When the imposed frequency increases,
the periodic for heating the heater wall and fluid decreases as can be seen in Figure 5(a) and (b), respectively. Hence,
the heat flux pulses didn't cause the temperature of heater (or chip) to become equal or over the maximum design
temperature, but the temperature oscillations due to the heat flux pulsates cause a mechanical stress to the bond-wire
welding of silicon chip and then increase the voltage drop, this leads to large temperature oscillation and finally the
device fails [2]. The structured fluctuation patterns of inlet, outlet and heater wall temperature for the same case are
approximated similar to each other and appeared the characteristic frequency due to the disturbances created by the
imposed pulsation which effect actually on the buoyancy force that driven the convection of fluid.
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Figure 5. Comparison between maximum temperatures of ethylene glycol for different
cases of surface heat flux; a) heater wall temperature: b) outlet temperature

SUMMARY AND CONCLUSIONS

The loop thermosyphon type cooling system was investigated experimentally in order to evaluate the effect
of pulsating heat flux on the buoyancy driven laminar single-phase flow and convection heat transfer of ethylene
glycol (Pr = 150) through a minichannels heat sink. Four different heat flux frequencies of 2.777x103 Hz, 8.333x
10* Hz, 5.555x10* Hz and 4.166x10* Hz with a constant and continuous heat flux case were used. The heat flux
amplitude (2 watt), Rayleigh number (1864) and duty cycle (50 %) are kept constant. The major conclusions of the
study are as follows:

e The experimental data predicted that the case of a constant and continuous heat flux has a maximum heater
wall temperature (simulated to chip) and fluid outlet temperature.

e For the complete power cycle and due to unsteady state operation conditions, the pulse heat flux pattern is
close to a rectangle-wave and this made the fluid outlet temperature pattern close to a triangle-wave.

e At high operation frequency, less time is available for heating the fluid during the on-cycle time, and then
insignificant amount of heat is conducted to the fluid by the heat flux heater wall. But at low operation
frequency, the oscillating amplitude of the local outlet temperature of the fluid and the heater wall
temperature increases due to it is higher residence time of power supply during on-cycle.

e Due to the closed-loop of thermosyphon, the fluid inlet temperature was changing in pattern like that the
fluid outlet temperature change.

e In general, the fluid outlet temperature increases with the decreases of heat flux frequency and tends to
reach to the fluid outlet temperature for a constant and continuous heat flux case.
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