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Two-phase flow instabilities which may occur at low and high heat loads were studied for a thermosy-
phon loop with R134a as refrigerant. The heat transfer surface of the evaporator was enhanced with
a copper nano- and micro-porous structure. The heat transfer of the enhanced evaporator was compared
to a smooth surface evaporator. Finally, the influence of the liquid level and the inside diameter of the
riser on the instability of the system have been investigated.

It was found that the enhanced structure surface decreased the oscillations at the entire range of heat
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flow at high heat fluxes.

fluxes and enhanced the heat transfer coefficient. Three flow regimes were observed: Bubbly flow with
nucleate boiling heat transfer mechanism, confined bubbly/churn flow with backflow and finally churn
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1. Introduction

In order to meet the growing cooling demand of electronic
components, due to increasing heat fluxes and size constraints,
different liquid cooling technologies have been proposed, such as
heat pipe, thermosyphon, spray and jet impingement. Thermosy-
phon cooling as a passive system is able to dissipate high heat
fluxes at relatively small temperature differences between the
evaporator and condenser. As a heat removal system, a thermosy-
phon loop enhances passive safety by eliminating the need for
a recirculation pump that is normally present in conventional
cooling systems. The key parameters which influence the perfor-
mance of the system, such as system pressure, pressure drop at
different part of the thermosyphon, choice of working fluid and the
various thermal resistances at different part of the system have
been investigated by the author and co-authors [1—4].

Methods for producing efficient boiling surfaces have been
investigated by wusing micro- and nano-structured surfaces.
Formation of these structures may provide both surface enlarge-
ment and additional artificial nucleation sites which improve the
heat transfer coefficient, and in many cases, improve the CHF.
Enhanced surfaces such as herringbone, micro-fin and cross-
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grooved structures have been investigated by many researches and
have been found to enhance the heat transfer. Bergles [5] has
identified more than thirteen enhancement techniques which can
be used for different applications. Honda et al. [6] presented the
effects of micro-pin-fins and submicron-scale roughness on the
boiling heat transfer using FC-72 as the working fluid and found
that the micro-pin-fin chips enhanced heat transfer, boiling incip-
ience and CHF and also the submicron-scale roughness improved
the heat transfer for both plain and pin-fin chips. The advantage of
cylindrical copper micro-structure surfaces in heat pipes was
investigated by Akapiev et al. [7]. Ramaswamy et al. [8,9], Ghiu and
Joshi [10,11] studied micro-channels with various channel widths,
pitches, and heights. The new surfaces showed improvement of the
heat transfer coefficient, incipience of the boiling point and CHF.
Theofanous [12,13] studied the thermal patterns on nanoscopically
smooth surfaces and found that nano-scale imperfections and
defects present on the heater were sufficient to initiate the
heterogeneous nucleation. Vemuri and Kim [14] investigated the
advantages of nano-sized surface structure in pool boiling of
working fluid FC-72, while Kang [15] studied effects of surface
roughness on pool boiling heat transfer.

The thermal performance of a thermosyphon was improved
with the use of fabricated surface structure in the evaporator, as
shown by Khodabandeh and Palm [16] Nakayama et al. [17] and
Ramaswamy et al. [18].
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Nomenclature

A heat transfer area

CHF critical heat flux

Dp hydraulic diameter

DC Direct current

DR Diameter riser

fps Frame per second

H channel height

h heat transfer coefficient (W/cm? K)

L channel length

LL liquid level

Q heat load (W)

q heat flux (W/cm?)

T temperature (°C)

Tevap_avg average evaporator surface temperature

Tsat refrigerant saturation temperature

w channel width

AT Temperature difference between average
evaporator temperature and the saturation
temperature of test fluid

One of the main challenges with the use of thermosyphons for
electronic cooling is to predict and control the oscillations during
different heat loads. The aim of this study is to investigate the
oscillating behavior during unstable operation of an experimental
two-phase closed thermosyphon loop with an evaporator
enhanced with a nano- and micro-porous surface structure.

Within reactor cooling technology several studies have been
conducted to address two-phase flow stability for both low and
high heat loads. Griffith [19], in the early 1960s, described the
geysering. Aritomi et al. [20] and Chiang et al. [21] described three
types of instabilities, geysering, natural circulation oscillations and
density wave oscillations. Prasad et al. [22] classified the instabil-
ities in two-phase flow with natural circulation as dynamic and
static. Static instabilities referred to steady state characteristics of
the system like boiling crises, flow pattern transition and excursion,
whereas the dynamic stabilities were caused by feedback mecha-
nisms such as density wave oscillations which were generated
when the flow rate, vapor generation rate and pressure drop in
boiling channel interact at a specific condition. Tadrist [23] classi-
fied the thermal oscillations, pressure drop oscillations and parallel
channel instabilities as dynamic instabilities. Nayak et al. [24,25]
investigated instabilities of an advanced heavy water reactor and
found, among other, that type I instability occurs at channel exit
quality less than 10% and as sub-cooling increases the instability
also increases.

It has been shown by Furuya et al. [26,27] that flashing occur-
rence during boiling is of importance for type I instability.

Van der Hagen et al. [28] reported characteristics of type I and
type II instabilities based on experimental results and simulation
codes.

Kruijf et al. [29] found that the stability of the natural circulation
improves as the heat power is increase for low sub-cooling values.

Jiang et al. [30] and Yang et al. [31] discussed flow excursion
phenomenon and its mechanism in a wide range of sub-cooling at
different flow modes for a natural circulation loop.

Yun et al. [32] used homogeneous model simulation to inves-
tigate the instability of a natural circulation loop and found an
instability region at low pressure and quality.

Chang and Lahey [33] developed an analytical model for analysis
of chaotic instabilities in boiling system.

Prasad et al. [22] developed a numerical model of boiling-water
reactor for simulation of instabilities and found that increasing the
mass flow rate or decreasing the power input does not necessarily
stabilize the boiling at low Froud number.

Chiang et al. [34] investigated the transient behavior of natural
circulation. They found that if the condensation rate was higher
than the circulation rate then reversal flow and geysering were
induced. By increasing the system pressure, geysering was sup-
pressed and the region where the oscillation occurs became
narrower.

2. Experimental setup

The thermosyphon loop consisted of an evaporator and
a condenser connected by two tubes: a riser and a down-comer.
Fig. 1 shows a schematic drawing of the thermosyphon and some of
its important dimensions. The general layout of the evaporator can
be found in Fig. 2. The evaporator was made of a small copper block
in which a single rectangular channel was milled. In order to
facilitate the visualization of flow regime in the evaporator channel
a transparent polycarbonate window was attached to the evapo-
rator. Two different evaporators channel were tested: one with
a nano- and micro-porous structure (n-u-p) and the other one with
smooth surface. Channel dimensions of the tested evaporator,
calculated hydraulic diameter, Dy, and the heat transfer surface
area, A, can be find in Table 1. As it is shown in Fig. 2 the evaporator
wall temperature was measured at three different locations. The
thermocouples, with a diameter of 0.6 mm, were first coated with
a high conductivity silver epoxy before being inserted in the 5 mm
deep holes.

The average channel temperature was used for the analysis of
the evaporator. The evaporator holder, which was made of steel,
held the evaporator section by four screws and bolts. The evapo-
rator was separated from the holder by two layers of rubber and
a Teflon gasket to insulate the evaporator from the holder. The
condenser was designed as a water cooled coaxial tube where, by
adjusting the cooling water temperature and flow rate, the system
pressure was controlled. The coaxial tube condenser was 1 m long
with a 16 mm diameter water tube and 9.5 mm refrigerant tube.
The cooling water was supplied by an adjustable cooling machine
with a DC pump to control the flow rate of the water and to achieve
desirable water temperature. In order to investigate the influence of
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Fig. 1. A schematic drawing of experimental setup. All distances are in mm.
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Fig. 2. A general layout of evaporator with polycarbonate window.

liquid level on the performance and instability of the thermosy-
phon system, the liquid level of 330, 530 and 730 mm were used. To
further understand the instability, the tests were run with three
different glass tube risers of 10, 7.7 and 4 mm. The heater was
constructed from a coiled Ni—Chrome wire, which was attached at
the backside of the evaporator by using a thin layer of high resistant
cement to insulate the wire from the copper evaporator. Moreover
to decrease the loss of heat from wire to the outside, the heater and
the evaporator backside were heavily insulated. The heat load was
obtained from the electric current and voltage as measured by the
power supplier (TTi, EX752M MULTI-MODE PSU). Type T thermo-
couples were used for the temperature measurements.

As it is shown in Fig. 1, temperatures were measured at the inlet
and the outlet of condenser and evaporator, along the channel as
well as the inlet and outlet water. Tests were conducted with R134a
as the working fluid at reduced pressure of 0.16, corresponding to
6.5 bar, and a saturation temperature of approximately 24.2 °C. The
system pressure inside the thermosyphon was measured at the
outlet of the condenser by an electronic pressure transducer (Druck
PDCR 960, 10 bar). The evaporator channel was filmed with a high
speed video camera (Redlake, MotionXtra, HG-LE) with a Navitar
12x macro zoom lens. Two 250 W tungsten lamps (Dedocool
dedolight) were used as light sources. Most films were taken with
a frame rate of 1000—2000 fps and with a length of about 0.5—1 s.

3. Data acquisition

A data logger was used to record the temperature and pressure
measurements. For each heat load, the thermosyphon was allowed
to run until all measurements were stable, where in the case of
instabilities, with a certain periodic fluctuations. When steady state
was reached, the temperatures and pressure were recorded each
second until 40 separate measurements had been taken. The
averages of these values were used to calculate the heat transfer
coefficient. The evaporator wall temperatures were measured at
three different locations and an average of these values was used as
the temperature of the evaporator. Degree of fluctuation (Figs. 7, 12
and 14, 16) was calculated as maximum deviation (+) between the
average of 40 values and the local one. The heat transfer coefficient
was calculated according to equation (1).

Table 1

Channel dimensions of the tested evaporators.
Evaporator L (mm) H (mm) W (mm) Dy, (mm) A (cm?)
H-1.6 30.0 1.6 5.1 24 249

n-u-p-H-1.7 30.0 1.7 5.1 25 2.50

. Q
T AAT (1)
where Q is the heat load measured from voltage and current from
the power supplier unit, A is the apparent heat transfer channel
area, which was calculated according to equation (2).

h

A= (QH+w)el (2)

The dimensions of the channel were measured with computer
imaging software, by analyzing close-up pictures of the channel
with a micrometer reference in the picture. The temperature
difference, AT, was defined as the difference between the average
evaporator temperature, Teyap_avg, and the saturation temperature
from the measured saturation pressure, calculated by the software
EES (Engineering Equation Solver). Degree of sub-cooling at the
inlet of the evaporator was presented in Table 2. In order to ensure
quality of the measured values, the estimated uncertainty and the
expected uncertainty and the overall uncertainty were calculated.
The uncertainty of the heat transfer coefficient was affected by
errors in the measurement and fluctuation of the wall temperature,
the liquid bulk temperature, the heated surface area and the heat
dissipation. Estimated uncertainties are characterized by the
concept of standard deviation. The expected uncertainty for the
temperature difference was considered as 0.1 °C. Table 3 presented
the uncertainty of each variable and also the heat transfer coeffi-
cient as combined uncertainty. The value for the temperature
difference was based on estimated and expected uncertainties.

The uncertainty of the temperature difference and the surface
area contributed mostly to the overall uncertainty of the heat
transfer coefficient. It should be noted that, for the most heat fluxes
the uncertainty of the temperature difference was much lower
which result in lower overall uncertainty than the maximum value
presented in the table.

4. Nano- and micro-porous structure surface

The nano- and micro-porous structure was manufactured on the
entire surface of the evaporator channel. The manufacturing tech-
nique was shown by Furberg [35], where electrodeposition was
used to build up these novel three-dimensional structures. As it is
shown in Fig. 3 the channel evaporator was used as the cathode and
a copper plate was used as the anode. The two electrode surfaces
were fixed in the electrolyte and supplied by a constant DC current.
During the deposition dendritic copper structure grows shown by

Table 2
Degree of sub-cooling (At = Ts — Ty).

q(W/cm?) Smooth Nano LL-33; LL-53; LL-73; LL-33; LL-53;
DR-10 DR-10 DR-10 DR-4 DR-4

2 -03 -02 09 -04 1.7 0.0 -04

5 0.1 -01 08 2.0 1.8 -04 2.0

10 0.0 00 0.7 3.1 2.2 0.0 3.1

15 0.2 01 07 35 1.7 1.6 35

16 2.8

17 0.5

18 34

20 0.3 0.1 3.7 1.6 3.5 3.7

22 4.1

25 0.3 0.0 3.8 1.8 3.8

30 0.3 0.1 4.0 2.0 4.0

35 03 0.1 4.0 1.9 4.0

40 0.4 0.2

45 0.2 0.3

46 0.4

48 0.2

50 0.3
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Table 3
Uncertainty of heat transfer coefficient, h, based on different variables.
Smooth Nano [LL-33; LL-53; LL-73; LL-33; LL-53;
DR-10 DR-10 DR-10 DR-4 DR-4
U 0.30% 030% 030% 030% 030% 0.30% 0.30%
I 0.60% 0.60% 0.60% 0.60% 0.60% 0.60% 0.60%
(DT)max 5.90% 3.50% 3.40% 3.30% 3.3% 4.2% 3.5%
L 0.30% 030% 030% 030% 030% 0.30% 0.30%
H 2.90% 2.90% 2.90% 290% 290% 290% 2.90%
w 1.50% 1.50% 1.50% 1.50% 1.50% 1.50% 1.50%
Combined 6.8 48 48 4.7 47 54 48

uncertainty%

Fig. 5 as hydrogen bubbles interact on the copper particles. The
‘pores’ size of the deposited copper structure increases when the
hydrogen bubbles depart from the copper surface and merge into
bigger bubbles. In order to produce the desired structure, the main
parameters, current density, time, temperature, and pressure were
controlled during the deposition process. SEM (scanning electron
microscope) pictures of the tested surface are shown in Figs. 4
and'5.

As seen in Fig. 4, the micro-sized pores had an average top layer
pore diameter of about 110 pm with an approximate pore density of
30 pores/mm?. The thickness of the surface layer measured about
250 pum. The dendritic wall structure featured numerous small
cavities in the size of only a few hundred nanometers. In this study,
the submicron particles were grown and stabilized to about 2 pm
(Fig. 5), to ensure good thermal conductivity through the structure
and robust mechanical stability.

5. Experimental results and discussion
5.1. Instability

According to Niro and Beretta [36], fully developed boiling
occurs when waiting time for bubble is much shorter than the
growth time. With intermittent boiling the waiting time for new
bubbles is much longer than the growth time. With long waiting
time for bubbles the liquid superheats and cause sudden explosive
nucleation and formation of large bubbles. Bubbles collapse as sub-
cooled liquid flows into the inlet of evaporator or in the unheated
riser. The temperature of the evaporator wall gradually increases
during waiting time and decreases during growth time of the
bubbles. During the waiting time for new bubbles, sub-cooled
liquid flows back into the evaporator which decreases the evapo-
rator wall temperature and pressure. Instead of continuous boiling,
boiling occurs in a certain period (intermittent boiling) with
a pulsation character.

Power leads
- + v Electrolyte level
Copper plate (anode) HiSOs+CuSOs
A
E o H: bubble evolution
&

Cu deposition

Copper block (Cathode)

Fig. 3. Fabrication of the nano- and micro-porous structure by deposition process.

100 ym EHT = 3.00 kV Signal A = InLens Mag= 151X
WD= 14 mm Signal B = SE2 Date :4 Dec 2007

Fig. 4. SEM picture of nano- and micro-porous structure surface.

As Vijayan and Nayak [37] discussed instabilities in the literature
are presented in different ways, i.e. based on analysis method where
the instability threshold can be predicted by using governing
equations, propagation method, nature of oscillations, geometry
and so on. Instabilities classified according to propagation method
are restricted to dynamic instabilities where the mechanism asso-
ciates with the propagation or transport of disturbances in the
system. In a two-phase thermosyphon loop the disturbances can be
transported by density (or void) waves. With a given geometry,
increase of a heat flux causes higher void fraction which leads to
increasing driving force and flow rate. The enlarged flow rate
reduces the exit enthalpy and the void fraction which gives higher
density of the mixture at the outlet of the evaporator. This increase
and decrease of mixture density in the loop with an appropriate
time delay and magnitude is described as density wave oscillation
which may occurs in both low (type I) and high (type II) heat fluxes.
Additional description of the instability is associated with boiling
inception at low heat flux where the boiling inception causes
disturbance that can bring changes in the density and the driving
force in a natural circulation loop. Flashing instability and geysering

Mag = 10.08 K X
Date :4 Dec 2007

Fig. 5. SEM picture of nano-porous structure contrast with lengths of 2 pm.

Signal B = InLens
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Flow stagnation.
Bubbles become bigger
and fewer

Fig. 6. Flow stagnation,

is described in this category. Flow excursion (static instability) is
known as Ledinegg instability which a sudden decrease in flow rate
induces the occurrence of CHF. Distinctive feature of this instability
is the occurrence of multiple steady state solutions. In transition
boiling regime the wetting and drying of the heating surface gives
oscillation of surface temperature which is known as boiling crisis
instability. Flow pattern transition instability refers to differences in
pressure drop in different flow regime. In slug flow which has higher
pressure drop than annular flow, with increased heat flux the vapor
fraction increases and the flow regime is shifted to annular flow. Due
to the lower pressure drop in the annular flow the flow rate
increases resulting in lower exit enthalpy and decreasing of the
vapor fraction and the change of flow pattern to slug flow.

As discussed above various bases are used for classification of
the instabilities. The same instability can be explained with
different classification. In this study propagation method based on
density wave oscillation was used to describe the instabilities in the
thermosyphon system. Two types of instabilities, type I and type II
instability, were observed from the video recordings and the
temperature measurements. Both instabilities occurred due to an
inefficient heat transfer, but for different reasons. Type I occurred at
start up, as expected at relatively low heat fluxes. This was caused
mainly by backflow of liquid from riser and also condensed vapor in
the evaporator with flow stagnation in evaporator in the first step
and totally collapse of vapor in the second step which gave single
phase flow in evaporator with much lower heat transfer. In the
third step, the bubbles initiated, grew and departed from the
surface and thereby cooled down the evaporator wall (Fig. 6).
Periodic fluctuations of the wall temperature due to the flow
instability, referred to type I where the system was not in steady
state with periodic changing of increasing and decreasing of the
wall temperature at a certain frequency. Fig. 6 shows typical
behavior of backflow, flow stagnation and upward flow which
cause type I instability. Type II instability occurred at high heat
fluxes at relatively high friction two-phase flow pressure drop at
slug/churn flow regime with convective heat transfer mechanism.
This instability with high heat fluxes was related to disturbed
nucleate boiling and occurrence of hot dry spots and also convec-
tive mechanism of the heat transfer. As the vapor quality increased
and the boiling suppressed, dry patches form locally and the wall
temperature increased. Temperature measurements in three
different locations in the evaporator channel showed that the heat
transfer at the inlet was more efficient with lower wall temperature
as compared to the middle and outlet of the evaporator where the
occurrence of dried hot spot were less feasible.

Furberg et al. [38] showed that the novel nano- and micro-
porous surfaces enhanced pool boiling heat transfer with over 10

Fluid flows backward from
top through channel sides.

As bouncy forces increases,
gas/liquid change direction to the
outlet of evaporator

backflow and upward flow.

times compared to a plain copper surface. Visualization with the aid
of the high speed camera showed that the number and the
frequency of the produced bubbles were apparently higher for the
novel nano- and micro-porous surfaces compared to the smooth
surface.

For the enhanced surfaces due to enhanced turbulence and
continuous boiling with high frequency generated enough bubbles
to cause sufficient density difference between riser and down-
comer to ensure the required mass flow for the smooth running of
the thermosyphon system. On the other hand it was suggested that
low nucleation frequencies bring intermittent boiling regime which
was the main reason for thermal instability. Intermittent boiling
was caused by backflow and backflow appeared due to condensa-
tion or collapse of bubbles.

Observations from this study, in terms of boiling delay and
instability was in accordance with results presented by Niro and
Beretta [36] for smooth surface channel.

As it presented in Table 1, the channel dimensions of the smooth
and nano- and micro-porous surfaces were essentially the same.
The fluctuations presented in Fig. 7 were maximum deviation from
average measured temperatures in the wall channel of the evapo-
rator. As seen in Fig. 7, the enhancement structure surface
decreased the oscillations at around 10 and 45 W/cm? Up to

& Nano-porous|
= Smooth

o
-
.
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g

-

*-

Fluctuation (°C)

-4

-6 -

-8

0 5 10 15 20 25 30 35 40 45 50 55
q (W/cmz)
Fig. 7. Fluctuation of evaporator wall temperature based on maximum deviation from

the average at different heat fluxes with 7.7 mm diameter riser for nano—micro-porous
and smooth surfaces.
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Fig. 8. Heat transfer coefficient versus heat flux for the smooth and nano- and micro-
porous evaporator with diameter riser of 7.7 mm.

35 W/cm? the maximum deviations from the average value was less
than 1 °C, while at higher heat fluxes it was increased gradually.

Oscillations at low and high heat fluxes occurred with the
smooth surface. Low heat flux, the smooth surface produced low
vapor fraction which, in combination with intermittent boiling in
the evaporator, and backflow caused oscillations. Fig. 7 shows
thermal instability for the smooth surface which appeared in the
range of 5—10 W/cm? and also with heat fluxes above 35 W/cm?.
Type | instability was characteristic of low heat fluxes, while at
higher heat fluxes than 35 W/cm? type I instability was dominant,
due to the transition into convective heat transfer mechanism and
occurrence of dried hot spot.

At moderate heat fluxes (15—35 W/cm?), nucleation frequency
and vapor fraction increased and the buoyancy forces of the vapor
slugs suppressed the backflow and lifted the refrigerant into the
condenser. At higher heat fluxes than 35 W/cm?, the video analysis
did not show the backflow, but unsteady behavior was observed for
both smooth and nano- and micro-porous structure surfaces as
seen in Fig. 7. More nucleation sites with the high porosity for the
nano- and micro-structure surface wall gave less oscillation
compared to the smooth wall surface.

R. Khodabandeh, R. Furberg / International Journal of Thermal Sciences 49 (2010) 1183—1192

5.2. Heat transfer

The heat transfer coefficient results from smooth and nano- and
micro-porous structure surface were presented in Fig. 8. In accor-
dance with previous experiments, presented by Furberg et al. [39]
the heat transfer coefficient was significantly enhanced, up to 4
times by using nano- and micro-porous structure compared to the
smooth surface at a heat flux of 10 W/cm?. The maximum heat
transfer coefficient of about 4.8 (W/cm? K) for the nano- and micro-
porous surface was recorded at 25 W/cm?.

Three main characteristics of the structure of the enhanced
surfaces were discussed by Furberg et al. [38]. Firstly, due the
high density and shape of the channel the produced vapor during
evaporation inside the structure could be released with low
resistance from the dendritic structure. Secondly, the high
porosity of the structure trapped vapor and assisted the progress
of liquid transport and also promoted the communication
between active nucleation sites. Thirdly, the dendritically shaped,
with its large surface area, probably assisted the formation of thin
liquid films which promoted the evaporation rate and heat
transfer coefficient.

Decreasing the heat transfer coefficient and increasing the
thermal instability in higher heat fluxes than 30 W/cm? for nano-
and micro-porous structure (Figs. 7 and 8) can be explained either
by high liquid velocity which disturb and suppress the nucleation
sites or simply vapor patches trapped in the structure. At higher
heat fluxes, form a churn like flow with much lower heat transfer
coefficient expressed convective evaporation where alternate dry
patches and rewetting of the evaporator channel caused oscillation
of the temperature.

As seen in Fig. 8 the heat transfer coefficient increased with
increasing the heat flux up to 25—30 W/cm? (in the region of
bubbly flow regime) for nano- and micro-porous respectively
smooth surfaces which indicated nucleate boiling heat transfer
mechanism. The bubbly flow regime was dominated by nucleate
boiling whereas the slug/churn flow was controlled by convective
evaporation which was independent on the heat flux. In the range
of low heat flux oscillations for both surfaces the bubbly flow was
disturbed by backflow which lead to intermittent boiling with
confined bubbly- and slug flow with formation of the large bubble
which filled the channel and decreased the circulation rate as it
discussed earlier.
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flow 2 W/em?

Bubbly

surface;
Slug/churn flow 2 W/em?

Smooth surface; Collapse
of bubbles; 2 W/em®

.’- \\

s"'iz. ‘.,Mi
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Fig. 9. Images of flow regimes for a typical complete cycle for 2 W/cm? for smooth surface.
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Fig. 10. Video images of flow regimes for smooth surface at 5 W/cm? and 15 W/cm?.

5.3. Flow regime

A complete cycle for 2 W/cm? may be divided into four steps
(Fig. 9). In the first step the bubbles were produced and during
production of bubbles the flow regime was bubbly flow (Fig. 9, video
image in the left). In second step the produced bubbles became
larger and coalescenced with other bubbles forming a large bubble
where the flow regime seemed to be slug flow (Fig. 9, video image in
the middle). In the third step large bubbles collapsed due to liquid
backflow into the evaporator and formed a thin liquid film (Fig. 9,
image in right). In the last step, the thin liquid film evaporated and
the channel was partly dried. During this step with increasing the
wall temperature, the superheated liquid which flowed from
the bottom of the evaporator, evaporated rapidly and cooled down
the evaporator channel and the cycle was completed. Despite the
transition of flow regime during a complete cycle the dominant flow
regime could be considered as bubbly flow. At 5 W/cm? the bubbles
grew, merged and collapsed at higher rate and the dominant flow
regime could be considered as confined bubbly/slug flow which was
shown in Fig. 10 (figures in the left and middle). The right video

image in Fig. 10 was displayed a typical flow regime (bubbly flow) in
the range of 15—35 W/cm?. The left image in Fig. 11 showed churn/
annular flow at heat flux ranges larger than 35 W/cm?. For the nano-
and micro-porous structure surface bubbly flow up to 35 W/cm?
(right image in Fig. 11) observed with the exception of 5 W/cm?
(middle video image at Fig. 11) where tendency to confined bubbly/
slug flow was displayed.

5.4. Influence of liquid level on the performance of the
thermosyphon system with nano-porous structure surface

As can be seen in Fig. 12 the oscillations at low heat fluxes
(2—5 W/cm?) for all three liquid levels were very low but increased
at 10—17 W/cm? for liquid level of 33 cm. Observations from high
speed video camera for this liquid level showed bubbly flow, coa-
lescence of bubble, building of slug and finally collapse of bubbles
and slugs at the top of liquid head which did not reach the inlet of
the condenser. Intermittent boiling by periodically flowing of
vapor/liquid and liquid to the outlet of the evaporator resulted in

Smooth surface Nano-micro
churn/annular flow; 35 confined R
W/em?® flow 5 W/ecm*™

surface;

bubbly/slug

Nano-micro surface;
bubbly flow 35 W/em®

Fig. 11. Video images of flow regimes for smooth and nano—micro-surfaces at different heat fluxes.
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Fig.12. Fluctuation of evaporator wall temperature based on maximum deviation from
the average at different heat fluxes for nano- and micro-porous surface at different
liquid level (LL) with a diameter riser (DR) of 10 mm.

thermal instability and instable heat transfer. Here the liquid head
was not enough to lift the gas/liquid to the condenser.

It should be noted that due to the high fluctuations and
increased wall temperature the tests for liquid level of 33 cm were
stopped at 17 W/cm?. Same figure showed higher fluctuations for
liquid levels of 53 cm than 73 cm. The higher liquid level delivered
higher mass flow rate and flowing force (mass flow multiplied by
gas/liquid velocity in the riser) which easier lifted up the liquid/gas
column from the riser to the condenser with lower backflow. Due to
the larger flowing force and undisturbed nucleation in the evapo-
rator the heat transfer coefficient was increased (Fig. 13) and the
fluctuations were suppressed. At the smallest liquid level (33 cm)
for low heat fluxes (2—10 W/cm?) the fluctuations were rather low.
Tests were interrupted at higher heat fluxes due to early occurrence
of type Il instability with churn flow with rapidly decreased heat
transfer coefficient. It should be pointed out that the 17 W/cm?
should not be considered as the CHF for this liquid level. In another
study with smooth surface it was found similar behavior in the heat
transfer and instability at same heat fluxes. With increased heat
fluxes the instabilities decreased and the heat transfer coefficient
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Fig. 13. Heat transfer coefficient at different heat fluxes for nano—micro-porous
surface at different liquid level (LL) with a diameter riser (DR) of 10 mm.
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Fig. 14. Fluctuation of evaporator wall temperature based on maximum deviation from
the average at different heat fluxes for nano—micro-porous surface at two different
liquid levels (LL) with a diameter riser (DR) of 4 mm.

increased, but at much lower degree than the liquid levels of 53 and
73 cm.

5.5. Influence of liquid level and diameter of riser
on oscillations and heat transfer

As the liquid level was reduced to 33 cm with riser diameter of
4 mm the fluctuation was increased as seen in Fig. 14. Temperature
measurements demonstrated the dominant of the type I instability
at 15 W/cm? while at 16 W/cm? the magnitude of both types were
almost the same. With higher heat fluxes than 16 W/cm? type I
instability suppressed while the type Il remained constant.

A comparison of Fig. 12 (DR = 10 mm) and 14 (DR = 4 mm)
showed a reduction of oscillation by introducing smaller diameter
of riser channel for liquid level of 53 cm, while the behavior of the
33 cm liquid level with few measured available data seemed to be
rather the opposite.

A comparison of Fig. 13 (DR = 10 mm) and Fig. 15 (DR = 4 mm)
for liquid level of 33 cm showed decreased heat transfer at higher
heat fluxes than 10 W/cm?. At higher heat fluxes than 20 W/cm? the
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Fig. 15. Heat transfer coefficient at different heat fluxes for nano—micro-porous
surface at two different liquid levels (LL) with a diameter riser (DR) of 4 mm.
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Fig. 16. Fluctuation of evaporator wall temperature based on maximum deviation from
the average at different heat fluxes for nano—micro-porous surface at same liquid level
(LL) and different diameter of the riser (DR).

behavior of the system was rather unclear due to interruption of the
experiment.

The larger the diameter of riser the more oscillation occurred in
the evaporator as can be seen in Fig. 16. Previously reported mass
flow simulation [2] of the thermosyphon system showed almost
constant mass flow at same liquid level. The reduction of cross-
section of the riser provided higher gas/liquid flow in the riser
which facilitated the lift of two-phase flow into condenser, pre-
venting backflow. From observing the two-phase flow mixture in
the riser, it was clear that the flowing force was too small to push all
liquid to the condenser at heat fluxes where large fluctuations
occurred. As a result, the fluctuations decreased with a reduction of
the cross-section of the riser and the oscillations were more
pronounced at 10 and 7.7 mm diameter of the riser.

Fig. 17 showed that the 7.7 mm diameter riser gave the highest
heat transfer performance at 10—30 W/cm?. However the heat
transfer for 10 mm was better than 4 mm in the range of 15—35 W/
cm?. Visualization from high speed video camera confirmed the
more occurrence of backflow which caused oscillations and lower
heat transfer with 10 mm riser compared to 7.7 mm diameter of the
riser. At the range of 10—30 W/cm? bubbly flow, with negligible
fluctuations, gave high heat transfer for 7.7 mm.
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Fig. 17. Heat transfer coefficient at different heat fluxes for nano—micro-porous
surface at same liquid level (LL) and different diameter of the riser (DR).

In spite of lowest oscillations for 4 mm diameter riser the heat
transfer was lower in the range of 15—30 W/cm? than two other
dimensions. The lower heat transfer was probably attributed to two
main reasons. Firstly, 4 mm diameter riser caused considerably
higher friction pressure drop than two other tested dimensions
which reduced the mass flux through the thermosyphon. Hence,
dryout occurred early in the evaporator. Secondly, the slope of
increasing heat transfer coefficient with increasing heat flux was
lower which indicated more convective evaporation than two other
cases with a lower heat transfer as the result. Probably an optimum
of the diameter riser gives best performance where the high
pressure drop should be avoided, and on the other hand the flowing
force should be enough large to lift up the liquid in the riser into the
condenser without bubble collapses and backflow.

6. Conclusion

It was found that the enhanced structure surface decreased the
oscillations at the entire range of heat fluxes and enhanced the heat
transfer coefficient due to higher nucleation density and bubble
frequency. Two different instabilities were observed. Both occurred
due to an inefficient heat transfer in boiling and evaporation but for
different reasons. Type I instability occurred at low heat fluxes
where the backflow was presented. Type II instability was showed
at high heat fluxes where the nucleate boiling mechanism was
suppressed, dry patches formed and the temperature of the evap-
orator fluctuated due to rewetting and dryout of evaporator wall
temperature.

Generally three flow regimes were observed: Bubbly flow with
nucleate boiling heat transfer mechanism whereas heat transfer
increased with increasing heat flux, confined bubbly/churn flow
with backflow and low heat transfer coefficient and finally churn
flow at high heat fluxes with convective evaporation.

Higher liquid level in the riser improved the performance of the
thermosyphone and suppressed fluctuations. It was found that, the
larger the cross-section of the riser the more oscillation occurred in
the evaporator which was due to lower flowing force to lift up the
liquid in the riser to the condenser. Generally at lower liquid level
and larger diameter of the riser at low heat fluxes, vapor/liquid in
the riser was not able to reach the condenser inlet, rather the
bubbles and slugs collapsed in the riser and build up a fluctuating
liquid column in the riser.
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