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1. Introduction

Facing the escalation of anticipated heat dissipation requirements on the high-power
electronic devices such as insulated gate bipolar transistor (IGBT) module onboard ship that
is due to large implementation of electric propulsion drive (EPD) system and fully electric
ship (FES) system, the improvements and also developments of new and reliable cooling
techniques are highly required. Cooling the high-power electronic devices with heat
dissipating more than 300 W/m? at the die is beyond the capability of the most conventional
cooling by natural and forced air-cooling. The above motivation led to the series of
investigations by experimental study on the high heat flux boiling heatvtransfer processes in
terms of employing boiling for cooling. The investigations include the pool boiling and the
fundamental two-phase flow boiling studies through the development of closed loop
thermosyphon as a cooling device. About 2700 known data were derived and analyzed to
observe the pool boiling phenomena and measure the critical heat fluxes by transient heating
on horizontal heaters. Correct understanding of boiling heat transfer processes including
two-phase flow boiling and its mechanisms in narrow channels and specified cooling systems

can help engineers to design and evaluate heat generation systems.

2. Transient pool boiling heat transfer in highly wetting liquid FC-72

In this research, study of pool boiling heat transfer is focused on the.investigation of
critical heat flux (CHF) and its mechanisms in the transition to film boiling from nucleate
boiling and also non-boiling convection and conduction processes in a pool of highly wetting
liquid FC-72. The pool boiling was measured on the horizontal heater due to transient
heating (exponentially increasing of heat rates ranging from quasi-steady to rapidly
increasing ones), @Qe”", under a wide range of pressures ranged from sub-atmospheric to
1.082 MPa. The test heater was mounted horizontally inside boiling vessel and the
controlled exponentially heat generation rate was given to the heater.

From the observations on steady-state heat transfer at periods above 10 s, it was
observed that the steady-state CHFs are lower than the corresponding values of CHFs based
on hydrodynamic instability (HI) model. The phenomenon exists from both measurements
on horizontal cylinders and ribbon and was assumed due to HSN process in originally flooded
cavities on solid surface without contribution of active cavities. However, the horizontal
vertically oriented ribbon was reported to have a lower of increasing rate of CHFs than ones
from horizontal cylinders (Sutopo, 2008). It was confirmed also that the transient CHFs
due to exponentially increasing heat input remain a typical of CHF for period, and were
separated into the first, second, and third groups for long, short, and intermediate period
respectively. It was found that the CHFs from platinum and gold horizontal cylinder agree
each other and higher than ones from ribbon in whole range of periods (Sutopo, 2008).
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Fig. 1 Direct transition processes at periods of 100 Fig. 2 AT, vs reduced pressure
ms and 10 s

Investigations on the transition boiling process from non-boiling to film boiling include
the observations on the three kinds of transition processes. One of the important
mechanisms is the transition from heat conduction to film boiling induced by an
explosive-like incipient boiling and then directly followed by critical heat flux involving a
significant formation of film boiling through the dominance of the vapor film and surface
contact. ‘Direct Transition’ was named to this kind of process due to the directly process of
heat transfer to the transition boiling after boiling incipience without nucleate boiling
occurrences (Sakurai, 2000). Other authors have observed also this kind of tranmsition in
various liquid and heater configurations. (Sakurai et al., 2000)(Fukuda et al, 2000,
2004)(Kasakawa, 1999)(Ohya, 2001).

However, by quasi-steady-state heat transfer, it was observed that the direct transition
also occurs from single phase natural convection at around atmospheric pressure and by the
hydrostatic pressure, namely the pre-pressure, which is given to the heater surface prior to
each experimental running. The typical direct transition processes either by conduction or
natural convection on the horizontal cylinder heater in a pool of FC-72 due to transient heat
inputs are shown in Fig. 1 for the log-log graphs of heat flux, g, versus surface superheat,

T, Both graphs were measured for short and long periods, 100 ms and 10 s, respectively.
The direct transition was confirmed to exist due to the explosive-like heterogeneous
spontaneous nucleation (HSN) during incipient boiling process in originally flooded cavities
on surface. It was observed also that the direct transition from natural convection by
quasi-steady-state increasing heat input at atmospheric pressure, gave the values of CHF
T7% lower than ones in the case without pre-pressure from a fully developed nucleate boiling

process.
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The mechanism of direct transition is significantly influenced by the incipient boiling
process and the CHF. In the current work, the incipient surface superheat required for
inducing the direct transition process to film boiling by heat conduction process due to rapid
increasing heat inputs was predicted by the empirical correlation in Eq. (1) based on
experimental data. Figure 2 shows the data of incipient boiling surface superheat AT} for
short periods of 20 ms and 100 ms, and the corresponding correlation in a black solid line to
express the non-linearly increase of the values that were measured for the reduced pressures,
P/Pgp,. The AT, for short periods increases non-linearly with the decrease in reduced
pressures and approaching the homogeneous nucleation temperature. These data were
accompanied also for comparison by other measured data with transient heating from
different horizontal geometries and materials of heaters. However, the incipient surface
superheats seem to have less dependence on the exponential periods, , at each pressure. As
seen in the figure, the corresponding curve almost agrees with the measured data, which are
lying within an error range of + 20%, with B=12.17. Other required models to predict the
incipient surface superheat were also plotted in the graphs by correlations in Egs. (2), (3), and
(4), as suggested by Lienhard (1982), Bar-Cohen and Simon (1988), and Sakurai et al. (1990),
respectively.

3. Performance of closed loop thermosyphon (CLT) .

The fundamental flow boiling study was conducted through the development and
application of two-phase closed loop thermosyphon for cooling high-power electronic semi
conductors such as IGBT module in the frequency converter of EPD system. The
experimental and analytical studies of the two-phase flow boiling cover several interest
parameters which are required to design thermal systems and important for correct
understanding the two-phase flow phenomena in a specified application. The current work
is focused on the examination and analysis of the thermal performance of CLT and low
pressure saturated water is considered as the working fluid.

Figure 3 shows the developed CLT set-up which mainly consists of evaporator,
condenser and connecting tubes. The CLT set-up is a closed loop system with 600 mm in

height, 2233 in length, and 220 ml total volume. Main loop is a copper pipe with inner
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diameter of 10.7 mm. Evaporator or heater is electrically heated and was made of a copper
block with 1.01 mm diameter nineteen vertical circular channels in length of 20 mm and was
drilled on the 12.6 mm diameter core body of the heater. Condenser is a simulated direct
hull cooling method. It serves as a water-cooled condenser made of 12 mm thickness of steel

plate with 300 mm x 250 mm surface area on the waterside.
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Fig. 3 Representation drawing of CLT set-up.
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Fig. 5 Heat transfer coefficient vs. heat flux

Measurements were performed on all required parameters in response to the heat input
from electrical heating by cartridge heaters. To calculate the experimental heat fluxes and

the heat transfer coefficient, the attributed heat flux parameters are given by:
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In Fig. 4, it is seen that the CLT loop reach the stable running with balance of
pressure to drive the flow. The fluctuations of temperature profile were suggested due to
the effect of pressure losses along evaporator channel and the riser. It is shown also that
system could reach the steady-state conditions as shown by steady temperature of
evaporators and hot copper block at about 10-15 minute of waiting period after starting.
Tilis phenomenon was observed also in all measurements in different pressures and filling
ratio. Figure 5 is the heat transfer coefficient measured for the process inside channels.
The heat flux and the heat transfer rate were considered as the mean values assuming a
uniform heat flux along channel and the axial distance of row channels. It is seen that the
heat transfer coefficient increase almost linearly as the heat input increase. The flow boiling
process in the channel could maintain the saturated condition and give heat dissipation
process through channels configuration. However, the fill charge rate of 100 ml gave lower
values than the 60 ml. It is considered due to the filling or flooding effect of top region of
the riser of CLT.

4. Conclusions
A series of investigations on high heat flux boiling heat transfer on pool and flow
boiling heat transfer have been performed. The results conclude several major items as

follows: .

(a) The transition of boiling heat transfer to film boiling in the pool boiling heat transfer in
wetting liquid of FC-72 can be categorized into three kinds of mechanisms. They are
mainly rfelated to the kind of initial boiling process and nucleation process, and the
transition to film boiling at CHFs.

(b) It was confirmed a new mechanism of boiling incipience in the pool boiling phenomena
due to the explosive-like HSN.

(c) There are three groups of CHF for periods observed in the transient pool boiling CHF in
FC-72. The CHF by direct transition in the quasi steady period were observed to exist
with lower value of CHF than ones by fully developed nucleate boiling.

(d) The direct transition process has been investigated and the predictions related to the
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incipient boiling and the CHF due to rapid increasing heat input were derived.

(e) The CLT provides an efficient of heat transfer process in higher heat inputs rather than
the lower ones. The subcooled inlet conditions and the back flow phenomena was
observed in the lower heat input below about 350 W.

(f) CLT is suited for thermal management which could give self adjustment of pressure
control and cooling process in response to the heat input to the heater.

(g) The flooding mechanism should be controlled to avoid the dryout or the CHF early on
the high heat dissipation. l

(h) Higher fill charge ratio might give lack of performance that was assumed due to flooding
limitation.

(i) Heat flux and heat transfer coefficient is increase as the heat load increase in the system.
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