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Abstract

A simultaneous visualization and measurement experiment was carried out to investigate condensation flow patterns
of steam flowing through an array of trapezoidal silicon microchannels, having a hydraulic diameter of 82.8 um and a
length of 30 mm. The degassed and deionized water steam flowing in the microchannels was cooled by flowing water of
8 °C from the bottom. The silicon microchannels were covered with a thin transparent pyrex glass from the top which
enabled the visualization of flow patterns. Experiments were performed at different inlet pressures ranging from
4.15 % 10° Pa to 1.25 x 10° Pa (with corresponding mass fluxes decreasing from 47.5 g/em? s to 19.3 g/em?® s) while the
outlet pressure was maintained at a value of 10° Pa. Different condensation flow patterns such as fully droplet flow,
droplet/annular/injection/slug-bubbly flow, annular/injection/slug-bubbly flow, and fully slug-bubbly flow were
observed in the microchannels. At a given inlet pressure and mass flux, the flow pattern depended on both the location
and time. Of particular interest is that the vapor injection flow, consisting of a series of bubble growth and detachment
activities, appeared and disappeared periodically. During the disappearance period of injection flow, the slug-bubbly
flow at downstream changed to the single-phase liquid flow due to the reversed flow of outlet condensate, while the
annular flow at upstream changed to the vapor flow due to the effect of incoming vapor. Therefore, two-phase flow
and single-phase flow appeared alternatively in the microchannels, causing large fluctuations of wall temperatures as
well as other measurements. It was also found that the occurrence of vapor injection flow moved from the outlet toward
the inlet as the mass flux was decreased. The vapor injection flow and its induced condensation instabilities in micro-
channels are reported here for the first time.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Condensation in minichannels has important appli-
cations in various compact heat exchangers. Most of
the analyses on condensation heat transfer in minichan-
nels are based on the annular flow model. Begg et al. [1]
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developed a physical and mathematical model of annu-
lar film condensation to predict the shape of the
liquid-vapor interface along a miniature tube leading
to the complete condensation phenomena in small dia-
meter tubes. Using the annular model consisting of three
zones, Zhao and Liao [2] analyzed film condensation
heat transfer inside vertical mini triangular channels.
Their analyses showed that the condensation heat trans-
fer coefficient in a triangular tube is much higher than
that of a round tube. Baird et al. [3] used a simple
shear-driven annular flow model to predict the
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condensation heat transfer coefficient, and found that
this model agreed better with their experimental data
than other models.

Recent experimental work [4,5], however, show that
the annular flow is not the only condensation flow pat-
tern in minichannels. In round and rectangular tubes
with hydraulic diameters in the range of 1-5 mm and
mass flux of 150-750 kg/m?s, Garimella [4] reported
four major condensation flow patterns: the annular,
intermittent flow, wavy flow and dispersed flow. The
intermittent regime became larger as the tube diameter
was decreased. Recently, Mederic et al. [5] performed
an experiment on flow condensation in circular tubes
having inside diameters of 560 pm and 1100 um respec-
tively. They observed that slug and bubbly flows, in
addition to the annular and annular-wavy flows, existed
in these minitubes. They also mentioned that interfacial
instabilities existed in their experiment although no mea-
surements of such instabilities were given.

Other experimental data [6,7] suggested that the con-
densation phenomena in minichannels may be different
from those in macrochannels. Wang et al. [6] found that
existing correlations over-predicted the heat transfer in a
horizontal rectangular multi-port aluminum condenser
tube of 1.46 mm hydraulic diameter. Kim et al. [7]
carried out an experimental investigation of R134a con-
densing inside a single round tube with an inner diame-
ter of 0.691 mm. They found that the existing heat
transfer correlations failed to predict their data, and
the discrepancies became more obvious especially at
low mass flux.

Very few experimental work has been carried out for
condensation heat transfer in tubes and channels having
a hydraulic diameter less than 100 um, which have
important applications to MEMS devices, micro heat
pipes and micro fuel cells. The only published paper
on condensation in microchannels is given by Chen
and Cheng [8], who reported their preliminary experi-
mental results on condensation of steam in silicon
microchannels having a hydraulic diameter of 75 um
with a length of 80 mm. They observed intermittent
flow patterns existed in these microchannels, which
confirmed the findings of Garimella [4] that the intermit-
tent regime became larger as the tube diameter is
decreased.

In this paper, we have carried out further visualiza-
tion and measurement experiments on condensation
flow of steam in silicon microchannels under different in-
let pressures from 4.15x 10° Pa to 1.25x 10° Pa (with
corresponding mass fluxes decreasing from 47.5 glem?® s
to 19.3 g/em? s), and with outlet at the atmospheric pres-
sure. It is found that condensation flow patterns in
microchannels depend not only on the inlet pressure
and mass flux, but also on the time and location in
microchannels. Of particular interest is the observation
of some new periodically alternating condensation flow

patterns at low mass flux in these microchannels. These
alternating condensation flow patterns are akin to the
alternating boiling flow patterns in microchannels,
which also occur at low mass flux [9-11].

2. Experimental setup

Fig. 1 shows the experimental setup, which consisted
of a water tank, a water pump, an electric boiler, a dis-
charge valve, a steam valve, a filter, a test section, and a
condensate collecting container. The deionized water in
the water tank was pumped into the electric boiler,
where the water was vaporized at a pressure of
5x 10° Pa. The saturated steam from the boiler flowed
successively through the valve, filter, test section, and
was finally collected by a container with a hole vented
to the atmosphere. Fig. 2 shows the test section, consist-
ing of 10 parallel silicon microchannels, was cooled by a
circulation of cooling water of 8 °C from the bottom of
the wafer. The microchannels, having a trapezoidal cross
section with a top width of 251.5 um, bottom width of
155.7 um, depth of 56.5 pm (with a hydraulic diameter
of 82.8 um), and length of 30 mm, were fabricated on
a (100) silicon wafer (having a thickness of 0.525 mm)
using the photolithography method. These microchan-
nels were then covered with a thin transparent pyrex
glass from the top. For the visualization of flow patterns
in the microchannels, a high-speed video recording sys-
tem connecting with a microscope, was located above
the microchannels. To investigate the effect of condensa-
tion flow patterns on wall temperatures, five T-type ther-
mocouples with a diameter of 0.1 mm and a response
time of 0.1 s were embedded in the wafer directly below
the middle microchannel. Also, at the inlet and outlet of
the microchannels, two T-type thermocouples with a
diameter of 0.1 mm and a response time of 0.1 s as well
as two pressure transducers with a response time of 0.2 s
were installed to measure the fluid inlet/outlet tempera-
tures and pressures.

3. Experimental procedures

Before the experiment, the steam from the boiler was
discharged by a discharge valve, thereby, evacuating the
uncondensable gas in the steam. The experiment was
performed by regulating different inlet pressures while
keeping the outlet pressure at the atmospheric pressure
(10° Pa). When the inlet pressure was decreased from
the value of 4.15x 10° Pa to 1.25x 10° Pa with corre-
sponding mass fluxes decreasing from 47.5 g/cm’s to
19.3 g/em? s, different condensation flow patterns as well
as different temperature and pressure variations were
observed. These experimental results will be discussed
in the next section.
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4. Results and discussion
4.1. Case I: fully droplet flow

When the inlet pressure was 4.15x 10° Pa and the
corresponding mass flux was 47.5 g/cm? s, droplet flow
existed everywhere on the wall of the microchannels,
which is sketched in Fig. 3a. Note that the flow direction
in this figure was from right to left. We call this flow pat-
tern as the “fully droplet flow”. With the aids of a
microscope and a high-speed video system, it was ob-
served that water droplets were formed everywhere on
the surface of the microchannel. The condensation drop-
lets near the inlet were smaller than those near the outlet
because of the gradual aggregation and coalescence of
droplets along the microchannels. Figs. 3b and ¢ show
the temporal variations of temperature and pressure of
the fluid at the inlet and the outlet. From these two
graphs, it was found that the steam at the inlet was at
saturated condition and was slightly subcooled at the

outlet. However, the temporal variations of inlet and
outlet temperatures and pressures were small.

Fig. 3d gives wall temperature measurements at the
bottom of the silicon wafer at five different longitudinal
locations at x/L =0,0.25,0.5,0.75, and 1 (where x/L =0
and 1 represent the inlet and outlet location respec-
tively). It was found that the temperature at the silicon
wafer decreased from nearly 120 °C at the inlet to
87 °C at the outlet with the largest temperature drop be-
tween x/L =0.75 to x/L =1 due to the aggregation of
droplets at the outlet (x/L = 1) as well as the side heat
loss in the silicon wafer. It was also found that the tem-
poral variations of wall temperatures for this case were
small. Therefore, the fully droplet flow in the microchan-
nels can be regarded as a steady condensation flow.

4.2. Case IIA: dropletlannularlinjection/slug-bubbly flow

As the inlet pressure was decreased to 2.15 x 10° Pa
and the corresponding mass flux was decreased to
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Fig. 3. Visualization and measurement results for Case 1.
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30.4 g/lem? s, a vapor injection flow, consisting of a series
of bubble growth and detachment activities, occurred in
the microchannels. Fig. 4a is a sketch of this flow pattern
in the microchannel, where the upstream of the injection
flow was occupied by the droplet flow and annular flow
successively, and the downstream was occupied by the
slug-bubbly flow. Figs. 4b—e give typical photos of the
droplet flow (0 < x/L <0.3), annular flow (0.3 < x/L <
0.55), injection flow (0.55 < x/L < 0.75), and slug-bubbly
flow (0.75 < x/L < 1) that appeared in different zones of
the microchannel at certain instant of time. From the
visualization study, it could be seen that the slug-bubbly

flow near the outlet was actually the detached product of
the vapor injection flow. It was also found that the injec-
tion flow disappeared periodically, inducing the periodic
disappearance of slug-bubbly flow at downstream and
the periodic disappearance of droplet/annular flow at
upstream.

Figs. 5a and b show the temporal variations of tem-
perature and pressure measurements at inlet and outlet
of the microchannels for Case IIA, where the injection
flow occurred downstream of the microchannel. From
these measurements, it is known that the steam at the
inlet was at saturated condition and the condensate at
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Fig. 5. Measurement results for Case IIA.

the outlet had a subcooling of 25-50 °C. It was also
found that both the inlet temperature and pressure
measurements had little variations with respect to time,

which shows that the inlet fluid had not been affected
by the periodic injection flow at downstream (0.55 <
x/L <0.75) and its induced condensation instability.
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However, because the periodic slug-bubbly flow existed
near the outlet, the outlet water temperature showed
periodic fluctuations with time. Note that the outlet
pressure still remained unchanged at 10° Pa since the
outlet of the microchannels was vented to the
atmosphere.

Fig. 5c shows the wall temperature decreased from
98 °C at the inlet to a time-average value of 48 °C at
the outlet. It can be seen that the wall temperatures vari-
ations at the regions x/L < 0.55 and x/L > 0.75 are out
of phase with each other. In particular, whenever there
was a temperature decrease at x/L <0.55, there was a
temperature increase at x/L > 0.75. The wall tempera-
tures being out of phase confirm that an injection flow
occurred between these two regions because different
alternation flow patterns existed at these regions. As
soon as the injection flow disappeared near the middle
of the microchannel, the flow alternated from droplet/
annular flow to vapor flow at upstream of the injection
flow (x/L <0.55) while the flow alternated from
slug-bubbly flow to liquid flow at downstream of the
injection flow (x/L > 0.75). It can be seen that wall
temperatures in the upstream droplet zone (0 < x/
L <0.3) showed small variance with time. However, wall
temperatures in the slug-bubbly flow in downstream
(0.75 < x/L < 1) show large fluctuations with time, with
the maximum fluctuation amplitude of about 20 °C.
These large fluctuations are owing to the reversed con-
densate flow after the disappearance of the injection
flow. The average periods of these temperature fluctua-
tions were about 7 s, which is consistent with the visual-

ization result for the periodic injection flow in the
microchannel.

4.3. Case IIB: annularlinjection/slug-bubbly flow

When the inlet pressure was further decreased to
1.45 % 10° Pa and the corresponding mass flux was de-
creased to 23.6 g/em’ s, the visualization study showed
that the injection flow occurred earlier at upstream
(0.25 < x/L < 0.5). Because the injection flow occurred
further upstream, the length of the droplet zone near
the inlet was reduced, and upstream of the injection flow
was found to be almost occupied by the annular flow,
while downstream was still occupied by a slug-bubbly
flow. Fig. 6a is a sketch of the flow pattern in the micro-
channel for this case, where the annular flow (0<
x/L < 0.25), injection flow (0.25 < x/L <0.5) and slug-
bubbly flow (0.5 < x/L < 1) occupied in different parts
of the microchannel. Similar to Case IIA, the injection
flow appeared periodically also. Since the disappearance
period of the injection flow was prolonged in this case
(about 6s) versus about 3s in Case IIA, the periodic
phenomena of injection flow in Case I1IB was more obvi-
ous than in Case ITA.

Fig. 6b gives an episode of a series of successive pho-
tos on flow patterns (in 0.25 < x/L < (.5) that were taken
at an interval of 0.04 s for Case IIB where the periodic
appearance of vapor injection flow in the microchannel
can be seen. After a series of bubble growth and detach-
ment activities ending at ¢ = 5.16 s, the vapor injection
flow suddenly disappeared, and a reversed condensate
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Fig. 6. Visualization results for Case 1IB.
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flow appeared due to the aggregation of condensates at
the outlet as well as the pumping effect by the disappear-
ance of the injection flow. After the reversed condensate
flow lasted for several seconds, a new cycle of vapor
injection flow appeared. According to the visualization
study, the periods of injection flow and the single-phase
flow during a cycle, were about 4 s and 6 s respectively.
If experiment continued, this alternation from the vapor
injection flow to single-phase liquid flow would repeat it-
self. At the same time, the upstream annular flow and
the downstream slug-bubbly flow appeared periodically
also. During the disappearance period of vapor injection
flow, the condensate at the outlet reversed back to
occupy the previous slug-bubbly zone, while the previ-
ous annular flow zone was filled with the vapor due to
the combined effects of the incoming vapor and the
reversing flow of the vapor core of previous injection
flow. Therefore, at upstream of the injection flow, the
flow alternated from the annular flow to the single-phase
vapor flow periodically, while at downstream of the
injection flow, the flow alternated from the slug-bubbly
flow to the single-phase liquid flow periodically. Accord-
ing to the visualization study, the alternation period
(consisting of appearance period and disappearance per-
iod) was about 10 s, longer than the alternation period
in Case IIA (7 s).

Figs. 7a and b show the temporal variations of tem-
perature and pressure measurements of the fluid at the
inlet and outlet of microchannels for Case IIB. From
these data, it can be found that the steam at the inlet
was at saturated condition while the condensate at the
outlet had a large degree of subcooling of 60-70 °C.
Due to the occurrence of the injection flow at further
upstream (at 0.25 < x/L <0.5), the fluctuation-ampli-
tude of outlet temperature was smaller than that in Case
ITA, while the fluctuation-amplitude of inlet temperature
was larger than that in Case ITA. As shown in Fig. 7b,
the outlet pressure in this case was still maintained at
the atmosphere value of 10° Pa, while the inlet pressure
showed fluctuations with time due to the occurrence of
injection flow nearer the inlet.

Fig. 7c presents the temporal variations of wall tem-
peratures for Case IIB. It is seen that all wall tempera-
tures show large fluctuations with time. Moreover, the
fluctuations of wall temperatures at the upstream of
the injection flow (x/L < 0.25) and those at the down-
stream (x/L > 0.5) of the injection flow are at same
frequency but are out of phase. A simultaneous visual-
ization exploration shows that this out-of-phase fluctu-
ations of wall temperatures was caused by the different
alternating flow patterns at these locations, that is, at
upstream of the injection flow, the flow alternated from
the annular flow to single-phase vapor flow periodi-
cally, while at the downstream of injection flow, the
flow alternated from the slug-bubbly flow to single-
phase liquid flow periodically as discussed -earlier.

Affected by the alternation from the annular flow to
the vapor flow, the wall temperatures at x =0 and
0.25 fluctuated from the lower value of the annular flow
to the higher value of the vapor flow, while affected by
the alternation from the slug-bubbly flow to the single-
phase liquid flow, the wall temperatures at x = 0.5, 0.75
and 1 fluctuated from the higher value of the slug-
bubbly flow to the lower value of the single-phase
liquid. Thus, the fluctuations of wall temperatures
at x =0 and 0.25 are in out-of-phase with the fluctua-
tions of wall temperatures at x =0.5,0.75 and 1. From
Fig. 7c, it is found that the fluctuation period of various
wall temperatures was about 10s, consistent with the
visualization results.

4.4. Case III: fully slug-bubbly flow

Fig. 8a is a sketch of flow pattern for Case III, when
the inlet pressure was further decreased to 1.25 x 10° Pa
with the corresponding low mass flux of 19.3 glem?s. In
this case, the vapor injection flow occurred at the inlet
and the annular flow disappeared totally from the
microchannel, while the slug-bubbly flow occupied
everywhere in the microchannels. We call this flow
pattern as the “fully slug-bubbly flow”. Under this
condition, the vapor bubble and liquid slug appeared
alternatively along the microchannels, which has been
referred to as the “intermittent flow” in the literature.
It is noted that due to the accumulation of the conden-
sate, the liquid slug became larger along the flow direc-
tion in the microchannels, while the vapor bubble
became smaller along the microchannels. With the aids
of a high-speed video system, it was also found that
the slug-bubbly flow appeared periodically. As soon as
the injection flow disappeared from the inlet, a reversed
condensate flow appeared and the slug-bubbly flow dis-
appeared. Therefore, the flow alternated from the inter-
mittent slug-bubbly to single-phase liquid flow in the
microchannel with an alternation period of about 20s
for this case with a low mass flux.

Figs. 8b and c show the temporal variations of fluid
temperatures and pressures at the inlet and outlet of
the microchannels for Case III. It is shown that the inlet
steam fluctuated from the saturated to subcooling peri-
odically while the condensate at the outlet was at room
temperature of 20 °C (i.e., a subcooling of 80 °C). Since
the injection flow occurred at the inlet, the fluctuations
in inlet temperature and pressure in this case were larger
than those in previous cases while the outlet tempera-
tures and pressure showed little variations with respect
to time. A further comparison of Fig. 8b and ¢ shows
that the fluctuations of inlet temperature and inlet pres-
sure were out of phase in this case. This out of phase
fluctuation is attributed to the fact that the reversed flow
of the condensate has reached the inlet, which will be
explained below. When the reversed condensate flow
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Fig. 7. Measurement results for Case IIB.

occurred, the incoming vapor at the inlet was facing a
large flow resistance. Therefore, the inlet pressure rose,
while the inlet steam temperature was decreased due to
the effect of condensate. When the reversed condensate
flow disappeared, the flow resistance decreased. Thus,

the inlet pressure dropped, while the inlet temperature
increased due to the reappearance of slug-bubbly in
the microchannel.

Fig. 8d shows the temporal variations of wall temper-
atures at different locations in the microchannel where a
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fully slug-bubbly flow (corresponding to the high-
temperature regime) and a fully liquid flow (correspond-
ing to the low temperature regime) appeared
alternatively, causing large fluctuations of wall tempera-
tures. It is found from this figure that although the fluc-
tuation period and phase were the same at different
locations, the fluctuation amplitudes of wall tempera-
tures were greatly different. Since the injection flow in
this case occurred at the inlet, the fluctuation amplitudes
of wall temperature near the inlet were larger than those
near the outlet (with the fluctuation amplitude of wall
temperature corresponding to the inlet can be up to
30 °C). Also, the fact that the vapor bubble became
smaller along the flow direction contributed to the
decreasing fluctuation amplitudes of wall temperatures
along the flow direction. According to the measure-
ments, the fluctuation period of wall temperatures was
about 20s, longer than those in Cases IIA (7s) and
IIB (10 s).

4.5. Effect of flow nonuniformity

As mentioned earlier, 10 parallel microchannels were
used in this experimental investigation. However, most
of the above discussion was focused on the middle
microchannel where the photos were taken from above
the channel, and the wall temperatures were measured
below the channel. According to our observations, flow
in these microchannels was actually not exactly the
same. Since the inlet and outlet ports were closer to
the middle microchannel, the flow rate in the middle
channel was larger than that in the other channels.
Therefore, the vapor injection flow in the middle micro-
channel appeared further downstream than in other
microchannels. Thus, the injection flow and its induced
condensation instabilities occurred earlier in the side
microchannels as compared with the middle
microchannel.

5. Concluding remarks

In this paper, a visualization and measurement exper-
iment has been carried out to investigate condensation
flow patterns in microchannels for different inlet
pressures but at the same outlet pressure. It is found
that:

1. The condensation flow pattern of steam in the micro-
channel depends greatly on the amount of condensa-
tion mass flux. The flow pattern also depends on the
location in microchannel and time.

2. With decreasing mass flux, different condensation
flow patterns appeared in the microchannels: a fully
droplet flow, a droplet/annular/injection/slug-bubbly

flow, an annular/injection/slug-bubbly flow, and a
fully slug-bubbly flow.

3. The periodic appearance of injection flow and its
induced periodic appearances of droplet/annular flow
at upstream and slug-bubbly flow at downstream
caused fluctuations of the wall temperatures.

4. The wall temperatures near the location, where the
vapor injection flow occurred, fluctuated more acutely.

5. Due to the different alternation flow patterns at
upstream and downstream of the injection flow, tem-
perature fluctuations in these two zones are out of
phase.

6. The fluctuation periods of wall temperatures and
other measurements increase with the decrease in
mass flux.

7. The injection flow and its induced condensation
instabilities appeared further upstream in the side
microchannels than in the middle microchannel.

8. Condensation instability and its induced fluctuations
of various measurements should be taken into
consideration in microchannels having hydraulic
diameters less than 100 um at low mass flux.
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