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Abstract

In this paper, a series of experiments have been carried out to study different boiling instability modes of water

flowing in microchannels at various heat flux and mass flux with the outlet of the channels at atmospheric pressure.

Eight parallel silicon microchannels, with an identical trapezoidal cross-section having a hydraulic diameter of 186 lm
and a length of 30 mm, were used in this experiment. When the wall heat flux was increased from 13.5 to 22.6 W/cm2

and the time average mass flux of water was decreased from 14.6 to 11.2 g/cm2 s, three kinds of unstable boiling modes

were observed in the microchannels. These were (1) the liquid/two-phase alternating flow (LTAF) at low heat flux and

high mass flux, (2) the continuous two-phase flow (CTF) at medium heat flux and medium mass flux, and (3) the liquid/

two-phase/vapor alternating flow (LTVAF) at high heat flux and low mass flux. Simultaneously, periodic oscillations of

wall temperature, inlet and outlet water temperatures and pressures, and instantaneous mass flux were measured.

Among the three unstable boiling modes, oscillation amplitudes in LTVAF were the largest with oscillations of

pressures and mass flux nearly out of phase. Oscillation amplitudes in CTF were the smallest with oscillations of

pressures and mass flux nearly in phase. Oscillation amplitudes in LTAF lied in between LTVAF and CTF with

oscillations of pressures and mass flux nearly out of phase. Also, the oscillation period (including two-phase period,

liquid period and vapor period) depends greatly on the amounts of heat flux and mass flux. Bubbly flow and some

peculiar two-phase flow patterns were observed in the microchannels during two-phase flow periods.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that boiling instabilities occur in

macrosystems and many mechanisms can lead to such

unstable behaviors. Depending on the mechanism, var-

ious types of static and dynamic instabilities (such as

nucleation instabilities, flow pattern instabilities,

Ledinegg instabilities, thermal oscillations, density-wave

type oscillations, pressure-drop type oscillations) may

arise [1–6]. Early works on boiling in microchannels and

minichannels, however, were focused on the stable mode
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of boiling heat transfer process [7–10]. Recently, some

investigators [11–13] observed boiling instability in

smaller silicon microchannels. Most recently, Wu and

Cheng [14] reported large-amplitude oscillations of

temperature and pressures in silicon microchannels

when the wall heat flux was increased beyond the

incipient boiling point. They also observed that two-

phase flow and single-phase liquid flow appeared alter-

natively with time in the microchannel at this heat

flux.

In this paper, we have carried out further experi-

mental investigations on boiling instability modes at

higher heat flux in microchannels by simultaneous

measurements of temporal variations of temperatures,

pressures and mass flux. Flow visualization techniques
ed.
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Nomenclature

a top width of microchannel

Ac cross-sectional area of microchannel

Aw heating area

b bottom width of microchannel

Dh hydraulic diameter of microchannel

h depth of microchannel

L length of microchannel

m mass flux

N total number of microchannels

q heat flux

I electric current of heater

V electric voltage of heater

P pressure

t time

T temperature

Greek symbol

u heat transfer ratio

Subscripts

i inlet

o outlet

w wall
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were used to observe flow patterns during the boiling

process. Eight parallel silicon microchannels with iden-

tical trapezoidal cross-sections, having a hydraulic

diameter of 186 lm, were used in this experiment. In

addition to the liquid/two-phase alternating flow

(LTAF) that was observed in our previous work [14],

two more boiling modes are observed in this work.

These are: the continuous two-phase flow (CTF), and

the liquid/two-phase/vapor alternating flow (LTVAF).

Periods and amplitudes of temperatures, pressures, and

instantaneous mass flux variations during these boiling

modes were recorded. It is found that oscillation

amplitudes and oscillation periods in these unstable

boiling modes are very much different. With the aid of a

microscope and a high-speed video recording system,

some peculiar flow patterns are observed during the two-

phase flow periods at higher heat flux and lower mass

flux. Preliminary versions of the present work were

presented in [15–17].
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2. Description of the experiment

2.1. Experimental setup

Fig. 1 shows the experimental setup which consisted

of a constant-pressure tank, a valve regulator, a filter, a

flowmeter, a test section, and a collecting container. The

deionized and degassed water in the pressure tank, being

pushed by the compressed nitrogen gas, flowed succes-

sively through a valve, a filter, a flowmeter, and then to

the test section which was heated by a film heater. After

the water was heated beyond the saturated temperature

in the test section, it was collected in a container with a

small hole vented to the atmosphere. The container was

placed on a precision electronic balance, and the average

mass flux of water was determined by calculating the

mass increment per unit time.

The test section, consisting of the eight parallel

microchannels etched on a <1 0 0> silicon wafer, is
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Fig. 2. Test section.
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shown in Fig. 2a. The microchannels were sealed from

the top by a thin pyrex glass plate which allowed visu-

alization of the boiling phenomena occurring inside the

microchannels. A microscope and a high-speed video

recording system, located above the microchannels, were

used for the visualization study. Two type-T thermo-

couples having a diameter of 0.25 mm and a response

time of 0.2 s were used to measure water temperatures at

the inlet and outlet of the microchannels (Ti, To). The
wall temperatures (Tw1, Tw2, Tw3, Tw4, Tw5) were measured

by five type-T thermocouples, having a diameter of 0.1

mm and a response time of 0.1 s. The longitudinal

locations of these thermocouples are shown in Fig. 2b.

The detailed experimental procedure was discussed in

our previous paper [14] and will not be repeated here.

Fig. 3 shows the geometry and dimensions of the

eight parallel microchannels having the same trapezoidal

cross-sectional area on a silicon substrate. The top

width, bottom width, and depth of these trapezoidal

microchannels were 427, 208 and 146 lm, respectively.

These microchannels had a hydraulic diameter of 186

lm and a length of 30 mm. The distance between two
q
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Fig. 3. Arrangement of parallel mi
neighboring microchannels was 281 lm. Using an

atomic force microscope (AFM), the channel surface

roughness was measured to be 48 �A. Since this rough-

ness is very small in comparison with the hydraulic

diameter of 186 lm, the surfaces of these microchannels

can be regarded as smooth ones. The transverse location

of wall thermocouples is also shown in Fig. 3.

2.2. Determination of heat flux and mass flux

The heat flux, q, is computed from q ¼ uVI=Aw,

where V and I are the input voltage and current to

the film heater, Aw is the area of heated wall, and u is the

ratio of the heat absorbed by the working fluid to the

total power input to the film heater. The value of u was

determined by a method similar to that used by Hetsroni

et al. [13], which was also used in our previous paper

[14]. The average mass flux of water is given by

m ¼ DM=ðDt � N � AcÞ, where DM is the total mass

increment in the container measured by the electronic

balance during the time interval Dt, N is the total

number of microchannels, and Ac is the cross-sectional
q
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area of the microchannel. The instantaneous mass flux

measured by the flowmeter was previously calibrated by

the weighing method. Therefore, it has the same accu-

racy as the measurement of average mass flux. As indi-

cated in the previous paper [14], the uncertainties in

determining the heat flux and mass flux were 6.52% and

4.98%, respectively.
3. Experimental results and discussions

As pointed out in the previous paper [14], when the

heat flux was at a relatively low level and the flow

everywhere in the microchannels was still in single-

phase, all of temperature, pressure, and mass flux data

remained constant with time. However, as the heat flux

was gradually increased (with corresponding decrease in
Fig. 4. Unstable boiling modes at different heat flux and mass flux. (a)

m ¼ 14:6 g/cm2 s, (b) liquid/two-phase alternating flow (LTAF): q ¼ 1

(CTF): q ¼ 18:8 W/cm2 and m ¼ 11:9 g/cm2 s, (d) liquid/two-phase/va

cm2 s.
mass flux while all other conditions remained un-

changed) and the water temperature near the outlet of

the channel reached the saturated condition, some

bubbles began to appear near channel outlets, and this

state is usually referred to as the incipient boiling. At the

incipient boiling condition, small temporal variations of

temperatures, pressures, and mass flux were observed.

As the heat flux was increased further, while other

conditions in the experimental system remained un-

changed, boiling occurred rapidly everywhere in all eight

microchannels, and three unstable boiling modes were

observed. These unstable boiling modes were (1) liquid/

two-phase alternating flow (LTAF), (2) continuous two-

phase flow (CTF), and (3) liquid/two-phase/vapor

alternating flow (LTVAF). Simultaneously, periodic

oscillations of wall and water temperatures, pressures,

and mass flux, were measured. Fig. 4 shows the photos
Liquid/two-phase alternating flow (LTAF): q ¼ 13:5 W/cm2 and

6:6 W/cm2 and m ¼ 12:7 g/cm2 s, (c) continuous two-phase flow

por alternating flow (LTVAF): q ¼ 22:6 W/cm2 and m ¼ 11:2 g/
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Fig. 5. Oscillation of various measurements at q ¼ 13:5 W/cm2,

m ¼ 14:6 g/cm2 s.
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of typical flow patterns during three kinds of unstable

boiling modes at different heat flux and mass flux. These

photos were enlarged by a microscope and recorded by a

high-speed video recording system located above the

mid-section of the microchannels (see Fig. 1).

Figs. 5–8 show temporal variations of temperatures,

pressures and mass flux at different heat flux with the

corresponding mass flux. Here, the term ‘‘corresponding

mass flux’’ is used because it is a heat flux-dependent

quantity when other experimental conditions in the

system remain the same. As the heat flux was increased

while other conditions remained unchanged, the time-

average mass flux was decreased due to the variance of

fluid properties and phase change in the test section [14].

It should be noted from Figs. 5–8 that (1) since the

outlet of the microchannels was connected to the

atmosphere, the oscillation of the outlet pressure was

smaller than that of the inlet pressure for all cases; and

(2) due to the existence of side heat loss, the highest wall

temperature may appear near the middle location (Tw3
or Tw4) instead of at the outlet location (Tw5) for some

cases.

To compare different instability modes, oscillation

amplitudes and oscillation periods of all measurements

under different heat flux and mass flux conditions are

presented in Table 1. Note that time-average values of

these quantities and their oscillation amplitudes were

obtained based on a 10-min data acquisition sample. In

the following sections, we will discuss in details the

appearance of different boiling instability modes when

the heat flux was increased beyond the incipient boiling

point.

3.1. Case 1A: LTAF at q ¼ 13:5 W/cm2 and m ¼ 14:6 g/
cm2 s

Fig. 4a shows the photos of the liquid/two-phase

alternating flow (LTAF) in the microchannel when the

heat flux was increased to 13.5 W/cm2 and the corre-

sponding mass flux was 14.6 g/cm2 s. In this unstable

LTAF mode with a period of 15.4 s, it began with a

single phase that lasted for 5.4 s, and it changed to

bubbly flow for 10 s before it suddenly changed back to

the liquid phase again. During this period, about 35% of

time (5.4 s) was occupied by the liquid-phase flow while

about 65% of time (10.0 s) was occupied by the two-

phase flow. As the experiment continued, this alterna-

tion from single-phase liquid flow to two-phase flow

repeated itself. The visualization study also showed that

bubbly flow was the dominant flow pattern during the

two-phase flow period at this heat flux and mass flux.

Fig. 5a shows that the outlet water temperature in

Case 1A was almost constant at the saturation temper-

ature of 100 �C with occasional subcooling while the

time-average inlet water temperature was 43.2 �C
(varying from the lowest 30 �C to the highest 91.1 �C).
Other measurements including temporal variations of

wall temperatures, pressures, and instantaneous mass
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Fig. 6. Oscillation of various measurements at q ¼ 16:6 W/cm2,

m ¼ 12:7 g/cm2 s.
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Fig. 7. Oscillation of various measurements at q ¼ 18:8 W/cm2,

m ¼ 11:9 g/cm2 s.
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flux with different oscillation amplitudes are also pre-

sented in Fig. 5. It can be seen that (1) the oscillation
amplitude of inlet water temperature was largest (about

61.1 �C) while the oscillation amplitude of outlet water

temperature was smallest (about 7.6 �C). The oscillation
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Fig. 8. Oscillation of various measurements at q ¼ 22:6 W/cm2,

m ¼ 11:2 g/cm2 s.
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amplitudes of various wall temperatures are between the

inlet and outlet water temperatures, decreasing from the
value of 36.7 �C near the inlet to the value of 20.9 �C
near the outlet; (2) the oscillation periods of various

measurements were about 15.4 s, which is in agreement

with that by the visualization study. This confirms that

the large oscillations of various measurements were

caused by the flow pattern alternation, that is, by the

liquid/two-phase alternating flow in the microchan-

nels; (3) oscillations of inlet water temperature (see

Fig. 5a) and inlet pressure (see Fig. 5b) were nearly in

phase, but oscillations of inlet pressure (Fig. 5b) and

instantaneous mass flux (Fig. 5c) were nearly out of

phase.

3.2. Case 1B: LTAF at q ¼ 16:6 W/cm2 and m ¼ 12:7 g/
cm2 s

Fig. 4b shows the snapshots of the boiling flow

pattern as the heat flux was further increased to 16.6 W/

cm2 and the corresponding average mass flux was de-

creased to 12.7 g/cm2 s. The boiling flow pattern is

similar to Case 1A, i.e., liquid/two-phase alternating

flow (LTAF) in which liquid phase and bubbly flow

appeared periodically. However, due to the increase in

heat flux and decrease in the corresponding mass flux,

the two-phase period for this case (at q ¼ 16:6 W/cm2

and m ¼ 12:7 g/cm2 s) was greatly prolonged when

compared with that of Case 1A (at q ¼ 13:5 W/cm2 and

m ¼ 14:6 g/cm2 s). Consequently, the period of Case 1B

is also much longer than Case 1A. According to visu-

alization results, the total period, the two-phase period,

and the liquid phase period of Case 1B, observed at the

mid-length of the test section, were approximately 202,

197 and 5 s, respectively (see Table 1). This means that,

during this LTAF cycle, about 97.5% of time was

occupied by the two-phase flow period whereas only

2.5% time was occupied by the single-phase liquid flow.

This case with a long two-phase period (197 s) and a

relatively short liquid-phase period (5 s) can be regarded

as a transition state between the LTAF mode of Case

1A and the next boiling mode of continuous two-phase

flow (CTF) to be discussed as Case 2 in the following

section. As in Case 1A, the bubbly flow was also the

dominant flow pattern during the two-phase flow period

in Case 1B.

Fig. 6 shows temporal variations of temperatures,

pressures, and instantaneous mass flux for Case 1B. It

can be seen that (1) the outlet water temperature was at

the saturation temperature with occasional subcooling,

which is represented as a horizontal line with a few dips

in Fig. 6a while the time-average inlet water temperature

was at 76.9 �C, which was much higher than that of Case

1A; (2) because of the much longer two-phase flow

period, all measurements including temperatures, pres-

sures, and instantaneous mass flux, show longer period

of oscillations than Case 1A. For example, the oscilla-

tion period of 202 s in this case as compared with 15.4 s



Table 1

Various quantities at different heat flux and mass fluxa

Case 1A Case 1B Case 2 Case 3

(LTAF) (LTAF) (CTF) (LTVAF)

q 13.5 W/cm2 16.6 W/cm2 18.8 W/cm2 22.6 W/cm2

m Average value 14.6 g/cm2 s 12.7 g/cm2 s 11.9 g/cm2 s 11.2 g/cm2 s

Oscillation amplitude 25.5 g/cm2 s 97.9 g/cm2 s 52.2 g/cm2 s 56.4 g/cm2 s

Ti Average value 43.2 �C 76.9 �C 90.6 �C 96.5 �C
Oscillation amplitude 61.1 �C 72.7 �C 43.8 �C 80.5 �C

To Average value 100.3 �C 100.7 �C 101.1 �C 177.9 �C
Oscillation amplitude 7.6 �C 14.6 �C 0.5 �C 176.0 �C

Tw1 Average value 94.5 �C 114.0 �C 120.5 �C 133.3 �C
Oscillation amplitude 36.7 �C 42.8 �C 7.7 �C 66.6 �C

Tw2 Average value 103.5 �C 118.8 �C 124.6 �C 168.3 �C
Oscillation amplitude 31.4 �C 44.0 �C 8.1 �C 136.9 �C

Tw3 Average value 115.1 �C 127.6 �C 133.6 �C 239.2 �C
Oscillation amplitude 21.5 �C 42.4 �C 13.7 �C 197.1 �C

Tw4 Average value 120.3 �C 123.8 �C 129.3 �C 270.3 �C
Oscillation amplitude 22.9 �C 43.2 �C 22.2 �C 229.3 �C

Tw5 Average value 118.7 �C 119.9 �C 124.1 �C 272.5 �C
Oscillation amplitude 20.9 �C 26.0 �C 22.4 �C 203.8 �C

Pi Average value 104.9 kPa 109.9 kPa 113.6 kPa 129.5 kPa

Oscillation amplitude 5.0 kPa 10.0 kPa 8.0 kPa 44.0 kPa

Po Average value 99.6 kPa 99.8 kPa 100.3 kPa 99.3 kPa

Oscillation amplitude 5.0 kPa 5.0 kPa 3.0 kPa 7.0 kPa

Oscillation periodb 15.4 s 202 s 32 s 53 s

Liquid periodb 5.4 s 5 s 0 4 s

Two-phase periodb 10.0 s 197 s 32 s 10 s/16 s

Vapor periodb 0 0 0 23 s

aAll data are based on the samples collected within 10 min.
bValues are based on the observation using a high-speed video located at the mid-length of the test section.
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of Case 1A (see Table 1); (3) the sudden drop and rise of

inlet water temperature and inlet pressure at the end of

the long two-phase period in this case was much more

obvious than that in Case 1A; (4) during the long two-

phase flow period, there existed small-amplitude and

short-period oscillations in inlet water temperature and

in instantaneous mass flux due to the bubble dynamic

instabilities during this period; (5) oscillations of pres-

sures and temperatures were in phase, but oscillations of

pressures and instantaneous mass flux were almost out

of phase which was more obvious than Case 1A; (6)

both the time-average values and the oscillation ampli-

tudes of temperature and pressure measurements for

Case 1B were larger than the corresponding values for

Case 1A as shown in Table 1; (7) a comparison of Cases

1A and 1B shows that oscillation periods, oscillation

amplitudes, and the average values of various measure-

ments at the LTAF boiling mode increase with the

increasing heat flux and decreasing mass flux.
3.3. Case 2: CTF at q ¼ 18:8 W/cm2 and m ¼ 11:9 g/
cm2 s

When the heat flux was further increased to 18.8

W/cm2 and the corresponding average mass flux was

decreased to 11.9 g/cm2 s, the liquid-phase period dis-

appeared completely, and a new boiling mode: the

continuous two-phase flow (CTF) was observed

throughout the parallel microchannels. As shown from

the photos in Fig. 4c, the two-phase flow pattern of this

case was much different from the bubbly flow appearing

in the LTAF boiling modes (Fig. 4a and b). In addition

to many bubbles generated from the bottom corners of

the microchannels, there appeared a bright vapor core

(due to the coalescence of large bubbles) moving in the

middle of microchannels. This peculiar two-phase flow

pattern was observed here for the first time.

It should be noted that the same two-phase flow

pattern exists in CTF boiling mode. For this reason,
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oscillation amplitudes of most measurements during

CTF modes (owing to bubble dynamic instabilities) were

generally smaller than those of LTAF. Fig. 7 shows

temporal variations of different measurements for this

case while Table 1 lists time-average values and oscilla-

tion amplitudes of these measurements. It can be seen

that (1) the water at the outlet was at saturation

temperature with practically no fluctuation, which is

represented by a horizontal line in Fig. 7a while the

time-average inlet water temperature was 90.6 �C which

was much higher than those of 43.2 and 76.9 �C in the

two LTAF modes; (2) the oscillation period was

approximately 32 s, of which nearly 100% time was

occupied by two-phase flow; (3) the oscillation ampli-

tudes of most temperature measurements (Ti, To, Tw1,
Tw2, Tw3, Tw4) of CTF were much smaller than those of

LTAF (Cases 1A and 1B); (4) time-average values of

various temperatures and inlet pressures of CTF were

larger than those of LTAF because of the higher heat

flux and lower mass flux; (5) oscillations of inlet pressure

and mass flux in this case were nearly in phase, which

was different from the out-of-phase oscillations in LTAF

boiling mode; (6) the oscillation shape of CTF was much

different from those of LTAF.

3.4. Case 3: LTVAV at q ¼ 22:6 W/cm2 and m ¼ 11:2 g/
cm2 s

As the heat flux was further increased to 22.6 W/cm2

and the corresponding mass flux was decreased to 11.2

g/cm2 s, another new boiling instability mode: liquid/

two-phase/vapor alternating flow (LTVAF), was ob-

served inside the parallel microchannels (see Fig. 4d).

This unstable boiling mode, observed at the mid-length

of the microchannels, can be described as follows: after a

4 s liquid phase period, it changed to the two-phase flow

that lasted about 10 s, and then it further changed to a

superheated vapor flow. The superheated vapor flow

lasted about 23 s, and was followed by another two-

phase flow period that lasted about 16 s. At the end of

this two-phase flow period, a new cycle starting from

liquid-phase flow began. The LTVAF period was

approximately 53 s, during which, about 7.5% of time

was occupied by the liquid-phase flow, about 49.1% of

time was occupied by the two-phase flow, and about

43.4% of time was occupied by the vapor flow. This

three-phase alternating flow in the microchannels has

never been reported in the literature.

During the two-phase period (see the middle photo of

Fig. 4d), the flow pattern looks similar to that in Fig. 4c

(the CTF boiling mode) except that the bright vapor

core moved more violently and changed directions more

rapidly. At the same time, many bubbles of various sizes

generated and then disappeared rapidly in the micro-

channels. It can be seen that this sputtering core flow

caused much more turbulence than two-phase flow
patterns shown in LTAF and CTF modes (Fig. 4a–c).

Therefore, it could transport higher heat flux at lower

mass flux. The peculiar two-phase flow pattern, shown

in the middle photo of Fig. 4d, was absent in the existing

investigations on macrochannel and microchannel boil-

ing.

Fig. 8 shows the temporal variations of various

measurements in the LTVAF mode. It can be seen that

(1) the outlet water temperature fluctuated from 81.2 �C
(slightly subcooled) to 257.2 �C (superheated), while the

time-average inlet water temperature was 96.5 �C (near

saturated temperature) which was much higher than

those in LTAF modes (Cases 1A and 1B) and the CTF

mode (Case 2); (2) the large-amplitude temperature

oscillation at the outlet of this case was much different

from the small-amplitude oscillation of outlet tempera-

tures around the saturated temperature during the

LTAF and CTF modes; (3) the oscillation of various

measurements had the same period of 53 s, which agrees

with the period observed from the visualization study.

This confirmed that large-amplitude oscillations of var-

ious measurements were caused by the liquid/two-phase/

vapor alternating flow (LTVAF); (4) while oscillations

of pressures and temperatures were in phase, the oscil-

lations of pressures and instantaneous mass flux were

almost out of phase; (5) both the time-average values

and the oscillation amplitudes of temperatures and inlet

pressure of LTVAF were much larger than those in

LTAF and CTF oscillations. The oscillation amplitudes

of wall temperatures, fluid temperatures, fluid pressures,

and fluid mass flux were as large as 229.3 �C, 176.0 �C,
44.0 kPa and 56.4 g/cm2 s respectively; (6) the oscillation

amplitude of inlet water temperature was smaller than

that of outlet water temperature because the inlet tem-

perature oscillated between the subcooled and satura-

tion state, while the outlet temperature oscillated from

subcooled to superheated.
4. Explanation of periodic boiling in microchannels

The reason for alternating appearance of the single-

phase liquid flow and two-phase flow in the LTAF

mode, and the alternating appearance of three phases in

the LTVAF mode, can be explained as follows: when

boiling occurred in the test section, the pressure drop

across the test section was suddenly increased due to

generation of vapor bubbles. This increase in pressure

drop caused the decrease in mass flux, which in turn

caused the decrease in pressure drop. Therefore, pres-

sure and mass flux oscillations occurred. During the

period of increasing mass flux, if the constant heat flux

was insufficient to boil the incoming mass flow of water,

the single-phase liquid flow appeared. During the period

of decreasing mass flux, if the constant heat flux was

sufficient to boil the incoming flow of water, the
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two-phase flow period appeared. Thus, the alternating

appearance of different flow patterns in the LTAF and

LTVAF boiling modes, cause large-amplitude/long-

period oscillations in water temperatures and wall tem-

peratures as shown in Figs. 5,6 and 8. According to the

analysis by Wang et al. [3], when the oscillation of

pressure and the induced oscillation of mass flux have

phase differences, large-amplitude oscillations of fluid

quantities can be sustained.
5. Concluding remarks

In this paper, simultaneous visualization and mea-

surements of temperature, pressure and mass flux vari-

ations have been carried out to investigate boiling

instabilities of water flowing through parallel silicon

microchannels at different heat flux. In addition to the

liquid/two-phase alternating flow (LTAF) that was re-

ported in our previous paper [14], two other boiling

modes (CTF and LTVAF) were observed in this work.

The following conclusions are obtained from the present

work:

1. When the wall heat flux was increased from 13.5 to

22.6 W/cm2 and the corresponding time-average mass

flux of water was decreased from 14.6 to 11.2 g/cm2 s

(with all other conditions being the same), three dif-

ferent unstable boiling modes were observed: liquid/

two-phase alternating flow (LTAF), continuous

two-phase flow (CTF), and liquid/two-phase/vapor

alternating flow (LTVAF). Generally, LTAF occur-

red at lower heat flux (from 13.5 to 16.6 W/cm2) with

higher average mass flux (from 14.6 to 12.7 g/m2 s);

CTF occurred at the medium heat flux (18.8 W/

cm2) and medium mass flux (11.9 g/cm2 s), and

LTVAF occurred at higher heat flux (22.6 W/cm2)

and lower mass flux (11.2 g/cm2 s).

2. The liquid/two-phase alternating flow occurs when

the fluid at the outlet reaches a saturated temperature

while inlet water is at a large subcooled temperature.

The continuous two-phase flow occurs when the fluid

at the outlet reaches a saturated temperature while

inlet water is slightly subcooled. The liquid/two-

phase/vapor alternating flow occurs when the water

at the outlet is superheated with occasional dips to

a subcooled temperature while the inlet water temper-

ature is slightly superheated with occasional dips of

subcooling.

3. Oscillation periods and oscillation amplitudes of tem-

perature, pressure, mass flux measurements are differ-

ent for the three different boiling modes. Generally,

oscillation amplitudes in LTVAF are largest while

oscillation amplitudes in CTF are smallest. Oscilla-

tion amplitudes in LTAF are between the LTVAF

and CTF modes.
4. In general, time-average values of wall temperatures,

water temperatures, and inlet pressures increase with

increasing heat flux and decreasing mass flux. How-

ever, time-average values and oscillation amplitudes

of outlet pressure, which was connected to the atmo-

sphere in this experiment, show small variance with

increasing heat flux and decreasing mass flux.

5. Oscillations of pressure and mass flux in the CTF

boiling mode are nearly in phase while oscillations

of pressures and mass flux in LTAF and LTVAF

boiling modes are nearly out of phase. Because of

the phase difference of pressures and mass flux,

large-amplitude oscillations of pressure and tempera-

ture can be sustained.

6. Bubbly flow is the dominant flow pattern during the

two-phase flow period in liquid/two-phase alternating

flow. At high heat flux and low mass flux, some pecu-

liar two-phase flow patterns (shown in Fig. 4c and d)

occur in the continuous two-phase flow and liquid/

two-phase/vapor alternating flow, which were re-

ported here for the first time.
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