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A visualization study on flow condensation in hydrophobic rectangular silicon microchannels with hydraulic diameter of
approximately 150 um is conducted. Thin Au film with thickness of 200 nm is sputtered on channel surfaces to create a
hydrophobic surface with an equilibrium contact angle of approximately 96°. In addition to traditional droplet flow,
droplet-annular compound flow, droplet-injection compound flow, and droplet-bubble/slug compound flow are also
observed. The results indicate that injection location is postponed, and injection frequency increases with increasing
inlet vapor Reynolds number and condensate Weber number. An empirical correlation of the injection location and
injection frequency are presented and discussed. In particular, for a larger inlet vapor Reynolds number, the injection
flow is closer to the channel outlet and the condensation heat transfer is enhanced. © 2014 American Institute of Chem-

ical Engineers AIChE J, 60: 1182-1192, 2014
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Introduction

Because of potential impact of MEMS thermal devices,
such as micro heat pipes, chip-based laboratories, micro fuel
cells, microreactors, micro thermal control systems, and for-
mation of single-walled carbon-nanotube networks,l_3 flow
condensation in microchannels has received considerable
attention. Many early experimental results indicate that the
flow condensation in microchannels is quite different from
that occurs in larger channels.*® So far as the gas—liquid
two-phase flow in confined microspace, the surface tension
becomes the dominating force and effectively replaces nor-
mal body forces found in conventional macrochannels."*

Transition of condensation flow patterns is an important
index of condensation heat transfer. Médéric et al.* per-
formed a visualization study on condensation flow patterns
in tubes with diameters of 0.56, 1.1, and 10 mm and found
that capillary force is the dominating factor in channels with
diameters less than 1 mm. Coleman and Garimella,6 Agarwal
et al,”® and Bandhauer et al.’ studied condensation of
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Refrigerant R134a in circular microchannels with hydraulic
diameters ranging from 0.506 to 1.524 mm and noncircular
microchannels with hydraulic diameters ranging from 0.1 to
0.839 mm for different mass fluxes.

Chen et al.'®"* conducted several experiments on the con-
densation of steam in triangular, trapezoidal, and rectangular
microchannels, with characteristic dimensions in the range of
dozens micrometers. Of particular interest is the observation
of injection flow, which has been identified as the eigen pat-
tern of microscale flow condensation. In addition, Wu
et al.">' and Quan et al.">'7 also studied the influence of
condition parameters on injection flow, condensation pressure
drop, and heat transfer during flow condensation in trapezoidal
microchannels. Ma et al.'® investigated the influence of cross-
sectional geometry on the steam flow condensation in trape-
zoidal microchannels, indicating that the nonuniform surface
tension at liquid—vapor interface causes Marangoni convec-
tion. Subsequently, they evaluated the effect of surface free
energy on flow condensation.'® Zhang et al2%?! studied the
bubble emissions in microchannels with a hydraulic diameter
of 58 um and observed different bubble sizes and bubble
detachment frequencies for different cooling rates.

By comparing the condensation behaviors in microchan-
nels with different cross-sectional shapes, Kuo and Pan*?
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Figure 1. Schematic of the silicon microchannels chip.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

found that, for condensation in the mist/annular flow
regimes, microchannels with uniform cross-sections had
higher heat transfer coefficients than those with converging
cross-sections. Fang et al.> reconstructed three-dimensional
liquid film profiles based on measurements using optical
interferometery and studied the influence of the film thick-
ness on condensation in hydrophilic microchannels. Fang
et al.?® also observed three different flow transition modes in
microchannels with different aspect ratios.

It is well documented that the flow condensation is signifi-
cantly influenced by surface wettability. In general, a hydro-
phobic surface has a contact angle larger than 90° on which
a droplet can grow. For droplet condensation, the steam
helps to maintain contact with coolant surface. In this case,
heat released from the steam transfers to coolant surface
directly without thermal resistance of the condensate film.
Therefore, when compared with film condensation, droplet
condensation has the potential to deliver an order of magni-
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tude increase in the heat transfer capability. It is clear that
by combining twos of these enhancements, microscale and
droplet, a greater overall enhancement in the condensation
heat transfer could be realized.

Many early investigations have been carried out on droplet
condensation on hydrophobic surfaces.”*?° In open space,
surface wettability and surface microstructure influence con-
densation behaviors. However, the available study on con-
densation in a confined hydrophobic space, especially in
microchannels, is very limited. Fang et al.*® experimentally
investigated the steam condensation in silicon microchannels
with three different wall hydrophobicities. The heat transfer
rates and pressure drops were measured in hydrophobic
microchannels and compared with hydrophilic channels. The
investigation indicates that, due to the slug instabilities, flow
pattern transition from dropwise/slugwise flow to plug flow
is observed in hydrophobic channels. However, in this inves-
tigation, flow characteristics were not quantified or analyzed.
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Figure 2. Schematic of experimental setup of condensation in hydrophobic microchannels.

To provide a more detailed understanding of the underly-
ing physics of hydrophobicity on microcondensation, a visu-
alization study for steam condensation in hydrophobic
rectangular microchannels with hydraulic diameters of 150
um and a liquid equilibrium contact angle of 96° is con-
ducted to capture the condensation flow patterns. In addition,
the injection parameters and heat transfer characteristics of
flow condensation in hydrophobic rectangular microchannels
are investigated and discussed.

Experimental Descriptions
Fabrication of microchannels

The samples fabricated in the current investigation, having
10 parallel rectangular microchannels with an effective length,
L, of 56 mm, a hydraulic diameter of 150 pum and aspect ratio
of 3, is etched on <100> silicon wafers through deep reactive
ion etching. The center distance between the two adjacent
channels is 1 mm. To seal the channel, a Pyrex glass is anodi-
cally bonded on the top of the wafer. Figure 1 illustrates a
schematic of the chip. A thin Au film with a thickness of 200
nm is sputtered on the silicon wafer surface to create a hydro-
phobic surface. Equilibrium contact angle of the treated sili-
con wafer surface is 96°, as shown in Figure 1(d). Static
sessile drop method®! is applied to measure the contact angle.
It should be noted that the Pyrex glass surface (i.e., the upper
part of the microchannel) is not treated and is hydrophilic.**

Cheng and Wu® recommended to classify the micro-,
meso- (or mini-), and marcochannels in terms of the bond
number, Bo, which is defined as

_glp—py)Dn’
o

Bo (D

where g, p1, pv, Dy, and ¢ are gravity, liquid density, vapor
density, hydraulic diameter of microchannel, and surface ten-

Table 1. Uncertainties of Parameters

sion, respectively. Based on the theoretic analysis of Li and
Wang,** the channel can be regarded as a microchannel if
Bo <0.05, where the gravity effect can be neglected. In our
experiment, the used channels are microchannels as Bo is
approximately 0.004.

Experimental setup

The experimental setup is illustrated in Figure 2. The satu-
rated steam, generated by the boiler, flows through the filter
and then arrives at the microchannels in which vapor con-
denses and releases heat to cooling water in the cooler. To
reduce the thermal resistance, high-temperature thermally
conductive grease is coated on contact surface between chip
and cooler. The entire experimental section, with the excep-
tion of the place for photography, is covered by thermal
insulation materials to reduce the heat loss.

In the current investigation, T type thermocouples (accu-
racy: =0.1 K) are used to measure the temperature at inlet
and outlet of both microchannel and cooler. Due to the
uncertainty in measurements of channel surface tempera-
ture via thermocouples, the surface temperature is meas-
ured through a noncontact measurement method. The
infrared radiation (IR) imaging (NEC TH9260 Thermo
Tracer, accuracy: =2%) is used to measure the temperature
of silicon channel surface. The channel wall temperature
measured by IR has been verified using single phase flow-
ing in chip without cooler. There are five IR probe holes
(diameter 1 mm) are manufactured on the cooler for the
tracer to identify the chip wall temperature. The volume
flow rate of the cooling water is measured and adjusted via
a glass rotor flow meter (accuracy: *£0.1 mL/s). The con-
densate is collected by the container on an electronic bal-
ance (accuracy: *£0.01 g). Weighing the condensate at the
outlet is utilized to measure the steam mass flow rate in
the experiment. Another approach, measuring the conden-
sation heat transfer based on the thermal balance, is
applied to verify the steam mass flow rate. For these two
approaches, the deviation of steam mass flow rate is found
to range between 0.7 and 17.6% and with an average of

Maximum Maximum 9.5%. The flow patterns are recorded using a microscope

Parameters ~ Uncertainties (%)  Parameters  Uncertainties (%) (Zoom 160 optical system) and a high-speed video camera

X,/L 2.21 h 8.51 (Photron SA4). Different experiment conditions are

fo 3.04 Re, 4.86 acquired by regulating inlet saturated steam pressure and
Y 8.24 Wey 6.78 flow rate of the cooling water.
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Figure 3. Schematic of flow patterns in microchannels with and without treatment.

Data analysis

The frequency of the injection flow is acquired from the
image number for injection flow period recorded by video
recording system. If f'is the exposure frequency and M is the
number of injection periods recorded by N photographs, the
injection frequency f, can be calculated as

h=~ 2

The average heat transfer coefficient is

<Z——1 Flow direction

Droplet  0.05s

0.068s
Figure 4. Droplet flow (Re, =

0.069s
456, Q = 26.8 W, X/L = 0.04).
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where ¢ is the average heat flux, f; is the average tempera-
ture of condensation flow, ¢, is the average temperature of
channel wall. The average heat flux in whole channel is

_9Q
- @)

in which n and A are channel number and heat transfer area,
respectively, including two-sided areas and the bottom area

Coalesced droplet
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Figure 5. Coalescence of two droplets.

a. Droplet on the glass captured through glass
b. Droplets on the silicon surface in channels

Figure 6. Comparison of droplet on glass and silicon

surface.
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Figure 7. Critical size for droplet detaching from the
wall versus Re,.

in one single-channel (with the adiabatic glass top area
exclude). The heat flow rate Q can be calculated by

Q=Cppey Gew (tcw,oul “lew,in ) )

where Zew outs Zew,ine Gews Cps and pe, are outlet temperature,
inlet temperature, volume flow rate, specific heat, and den-
sity of the cooling water, respectively.

Based on the pressure drop model of two-phase water-
steam,” in this work, the pressure drop upstream the injection
flow point is estimated to be in the range between 0.2 and 2.1
kPa. The measured overall pressure drop between the chip
inlet and outlet ranges between 32.9 and 132.9 kPa. In the
comparison, it can be seen that the pressure drop of two-phase
water-steam flow in the upstream “steam” portion is much
smaller than the measured overall pressure drop between the
chip inlet and outlet. On this basis, condensing temperature
before the injection point is assumed to be the inlet steam tem-
perature. And linear distribution of condensing temperature is
assumed to be after the injection point. Therefore, the average
condensing temperature, f, can be computed by

fo= tf,upo+tf,down (L_Xp) _ tin Ttout + ﬁtin —lout
! L 2 L 2

where f;,,, is the average temperature upstream the injection
flow and assumed to be equal to inlet saturated steam
temperature (fi,). frdown 1S the average temperature down-
stream the injection flow and approximately equal to the

(6)
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Figure 9. Droplet-injection compound flow (Condition 1)
(Re, =471, @ =29.2 W, X, /L = 0.16).

average of the saturated steam temperature (#;,,) and the
outlet condensation temperature (,,). The average tempera-
ture of the channel wall, t,, is the algebraic average of
measured temperature on wall surface.

The inlet vapor Reynolds number Re, and condensation
Weber number We, are derived by

mlD
v 7
¢ noypAc 7
D 2
We = nt (ﬂ) 8)
s \npA.

where my is the condensation flow rate, D is the hydraulic
diameter of channel, v, and ¢ are the saturated vapor viscos-
ity and surface tension, respectively, p, and p, are saturated
vapor density and condensate, and A, is cross-sectional area
of channel.

In about 5 min, chip surface temperature, inlet and outlet
temperature of channel and cooler as well as mass flow
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Figure 8. Droplet-annular compound flow (Re, =906, Q = 54.2 W, X/L = 0.94).
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Figure 10. Droplet-injection compound flow (Condition
2) (Re, =637, Q =39.7 W, X,/L = 0.43).

rate of vapor and cooling water are recorded in every 10 s
under steady state for one experimental case. Experimental
cases with the inlet vapor Reynolds numbers ranging from
408 to 1042 are taken into account in this study. And the
average values of these measurements are taken for the
experimental results. Due to the high thermal conductivity
of silicon and thin silicon wafer, the thermal resistance of
silicon wafer is very small, that is, the temperature differ-
ence between channel surface and silicon wafer outer sur-
face can be considered negligible. In the experiment, the
channel wall temperature is measured on the backside of
silicon channel. The heat loss mainly includes the released
heat through outer surface of experimental section (i.e.,
insulation layer of cooler and chip) in a fashion of natural
convection.

Based on the data error analysis, the uncertainties of vari-
ous parameters in this article are listed in Table 1.

Experimental Results and Discussion
Flow pattern visualization

In nontreated silicon microchanel, the droplet, annular,
injection, and slug-bubbly flow are the dominant flow patterns
along the silicon microchannels, as shown in Figure 3(a). Dif-
fering from conventional silicon microchannels, droplet flow
is always accompanied in the whole condensation process for
hydrophobic microchannel. The droplet-slug/bubble compound
flow, droplet-injection compound flow, droplet-annular

AIChE Journal March 2014 Vol. 60, No. 3
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compound flow, and droplet flow are observed in our current
work, as described in Figures 3(b) and (c).

Droplet flow is observed at the channel inlet. Figure 4 (0—
0.065 s) shows the growth and coalescence process of drop-
lets. As shown in the figure, droplets coalesce while contact-
ing with each other and the coalesced droplet is bigger than
the previous ones. Then, droplets detach and slid on the
channel surface after reaching a critical size. Synchronously,
detached droplets sweep other droplets on their way down-
stream (as shown in Figure 4 [0.066-0.068 s]). A more
detailed coalescence process of droplets is presented in Fig-
ure 5. Droplet A and Droplet B coalesce into one, and then
the coalesced big droplet coalesces with another small drop-
let as shown in Figure 5 (0.007 s).

Although the flow pattern can only be observed from the
chip top to obtain 2D image, we can roughly and qualita-
tively justify the effect of depth dimension through the dis-
tinction of droplet size and brightness. The droplet height is
mainly dependent on the droplet size and the contact angle.
Due to reflected light, the droplet top in 2D image is brighter
than the droplet edge. According to droplet size, the droplet
height as shown in 0.003 s of Figure 5 is larger than that in
0 s of Figure 5, which means that the droplet grows along
with the condensation process.

Thermal conductivity of silicon [105 W/(m K)36] is much
larger than that of Pyrex glass [1.25 W/(m K)*’], and the
upper Pyrex glass is covered by thermal insulation material
except the view region for capturing flow patterns during the
experiment. The upper side of Pyrex glass can be regarded

<——— Flow direction

0.019s

Very short
vapor ligament

Mergence 0.022s

0.024s
Figure 11. Droplet-injection compound flow (Condition
3) (Re, = 1004, Q =60.4 W, X,,/L = 0.91).
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as adiabatic. Therefore, in the experiment, almost all the
heat releases to the cooler through silicon wafer and no
vapor condense on the Pyrex glass. To confirm such a point,
we conduct an experiment to compare droplet images (Fig-
ure 6) observed on the Pyrex glass and silicon wafer. As
seen from the figure, if Pyrex glass is covered with droplet,
the brightness of droplet on glass surface is weaker than that
in microchannel chip. Therefore, the droplets obtained in this
work are located on the bottom silicon wafer but not on the
upper Pyrex glass. The effect of Pyrex glass on the conden-
sation can be considered as negligible in the experiment.

i Experiment data
0.8+ Correlation data
= 0.6+
N 0.4
0.2-
601 o Experiment data "
. 451 Correlation data "
T 30/
\,_\Q- 15 ot
07 T T
0.004 0.008 0.012 0.016 0.020
We

I
Figure 13. Injection location and frequency versus We,.
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

If the drag force 3840 acting on the droplet overcomes the
retentive force,*' the droplet on the hydrophobic surface
slides along the flow direction. Thus, once the droplet coa-
lesces and increases to a critical size (the maximum droplet
diameter when detachment occurs), the steam drag force on
the droplet is large enough to overcome the force holding
the droplet on the solid surface and then the coalesced drop-
let detaches. To provide a further insight into the condensate
droplet at hydrophobic surface in steam flow, Figure 7
presents the dependence of critical diameter on the inlet
vapor Reynolds number. In the inset, the droplets enclosed
by ellipses tend to detach from the wall. As expected, the
critical size of droplet diameter when detachment occurs
decreases with inlet vapor Reynolds number.

As channel height is much smaller than channel width, the
condensate may entirely cover the short sidewalls (height)
while droplet still exists on the wide sidewall (width) sur-
face. In this work, as shown in Figure 8, droplet-annular
compound flow is observed in the hydrophobic microchan-
nels. The capture point of Figure 8 is about 1 mm upstream
of the injection flow.

Due to the hydrophobic surface, a new flow pattern,
droplet-injection compound flow is found at the end of the
droplet-annular compound flow. In this type of injection
flow, droplets still exist, which are quite different from that
in silicon microchannels without surface treatment.'®"?
Figures 9-11 shows three vapor slug/bubble breakup modes
of droplet-injection compound flow under different experi-
mental conditions.

With a low inlet vapor Reynolds number of 471 at the
heat flow rate of 29.16 W, there is a long vapor ligament (as
shown in the rectangle in Figure 9 [0.38 s]) between vapor
column and vapor slug. Droplets obviously exist in both the
injection flow and the emitted vapor slug. With the increas-
ing Re,, vapor ligament gets shorter, as shown in Figure 10.
Figure 11 illustrates vapor bubble breakup mode with very
short vapor ligament at the condition of inlet vapor Reynolds
number of 1004 and heat flow rate of 60.4 W. The vapor
bubble, which does not completely divorce from the liga-
ment, impacts the previous emitted bubble (Figure 11
[0.019-0.022 s]), and then they merge into one bigger slug
and flow downstream rapidly.

Figure 12 presents the variation of dimensionless injection
location, Xp/L, and injection frequency, f,, versus the inlet

March 2014 Vol. 60, No. 3 AIChE Journal
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Figure 15. Droplet-slug/bubble compound flow (Re, =
687, Q =42.6 W, X/L = 0.48).

vapor Reynolds number, Re,, in a hydrophobic microchan-
nel. As shown in this figure, the location of injection flow
increases with increasing Re, and the injection frequency
increases with the increase of inlet vapor Reynolds number,
which is similar to the experiment data in wide rectangular'’
and triangular]2 silicon microchannels without surface treat-
ment. However, benefiting from the hydrophobicity, droplet
condensation occupies more area on channel surface than

AIChE Journal March 2014 Vol. 60, No. 3
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that in conventional silicon microchannels, a higher conden-
sation heat transfer coefficient is realized in hydrophobic
microchannels and the vapor can be condensed in a shorter
distance. Therefore, compared with the conventional wide
rectangular silicon microchannels, the location of droplet-
injection compound flow in hydrophobic microchannels is
closer to the inlet at the same inlet vapor Reynolds number.

The surface tension is another important factor affecting
the location and frequency of injection flow. Figure 13
presents relations of X, /L and f, with condensate Weber
number, which indicates the ratio of inertia force and surface
tension in the condensate. Both the X /L and f, increase with
the increasing We,.

The location and frequency of injection flow are both
related to the inlet vapor Reynolds number and the conden-
sate Weber number. Therefore, based on experimental data,
the correlations of Xp/L and f, are presented, respectively, as

X,/L=0.257x10"% Re,"'** We 4" 408 < Re, < 1042,
0.0025 < We; < 0.0212  (9)

=0.483x107° Re >!3 We 292, 408 < Re, < 1042,
P
0.0025 < We; < 0.0212 (10)

Correlation values of injection dimensionless location, X,/L,
and frequency, f;,, are compared with the experimental data.
The average deviations of Egs. (9) and (10) from the experi-
mental data are 8.2 and 20.6%, respectively.

Despite that droplet-injection compound flow is an unsta-
ble characteristic flow pattern in hydrophobic microchannels,
the location and the frequency of this flow are unaltered
when the experimental condition is not changed. In addition,
it is observed that the injection point is almost at the same
location among the parallel channels, as shown in Figure 14.

Droplet-slug/bubble compound flow is observed after the
droplet-injection compound flow. As shown in Figure 15,
after injection, the emitted bubbles merge to form vapor
slug. While flowing to the outlet of the channel, the slug is
gradually condensed and shrank until being submerged in

< —— Flow direction

Os Droplets

0.01s

=
Bubble 1 0.025s

0.05s

Bubble 2
Figure 16. Droplet-slug/bubble compound flow (Re, =
918, Q =56 W, X/L = 0.68).
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the condensate or flowing out the microchannel. At the
downstream of the injection flow, the bubbles in the figures
are observed, and at this position the channel is still mainly
occupied by vapor. As shown in Figure 16, the droplets on
the hydrophobic surface are observed inside Bubble 1 (see O s
in Figure 16), indicating that the wide hydrophobic wall is
not completely covered by the condensate. In this case, the
bubbles shown in Figure 16 are actually cylinders. As the
bubble flowing downstream, the length of bubble gets shorter
owning to the condensation, and finally the channel surface
is totally covered by condensate when no droplets inside the
bubble (Bubble 1, 0.05 s in Figure 16).

It is important to note that the flow pattern of slug insta-
bility, reported by Fang et al.,’* is quite different from the
injection flow in this work. In their work, the vapor entrain-
ment occurring at the transition point generates a queue of
vapor plugs, which splits the liquid phase into segments, and
the vapor slug coalesces with bubbles at microchannel corner
during flowing downstream. In our experiment, by contrast,
the vapor plugs shrink to bubbles or coalesce with other bub-
bles in the center of channels. The surface prepared by Fang
et al.’® is coated by a layer of self-assembled monolayers
with contact angle of 123°, however, in current study, a thin
Au film with thickness of 200 nm sputtered on the silicon
wafer surface is utilized to obtain a hydrophobic surface
with contact angle of 96°. In addition, the channel hydraulic
diameter in current experiment (150 pum) is smaller than that
of Fang’s (285.7 um).

Condensation heat transfer

Figure 17 presents the wall temperature distribution along
the channel. As seen from the figure, the chip wall tempera-
ture increases with the increasing inlet vapor Reynolds num-
ber. Along the flow direction, the wall temperature decreases.

injection flow location
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Figure 17. Wall temperature distribution along the

channel (t;w,in =289.8 K, G, =1.2mL s™").
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Figure 18. Average heat transfer coefficient (t.,i» = 289.8
K,Gy=12mLs™).

Furthermore, before the injection, high-temperature vapor can
directly contact with the channel wall and the wall tempera-
ture decrease mildly; however, after the injection flow, the
microchannels are mainly occupied by condensate, resulting
in distinct temperature drop on the wall after the injection
flow.

Figure 18 describes the average heat transfer coefficient,
h, as a function of inlet vapor Reynolds number. As shown
in the figure, the average heat transfer coefficient increases
with the increasing of inlet vapor Reynolds number, Re,.
For a larger Re,, the injection flow is closer to channel outlet
and hence enhance the heat transfer performance.

Conclusions

A visualization investigation has been conducted to inves-
tigate the flow condensation in hydrophobic, rectangular, sili-
con microchannels with hydraulic diameter of 150 um. The
hydrophobic surface has an equilibrium contact angle of 96°.
Differing from the flow patterns in silicon microchannels
without surface treatment, the droplet flow, droplet-annular
compound flow, droplet-injection compound flow, and drop-
let-bubble/slug compound flow are observed in sequence
along the flow direction in hydrophobic microchannels.

In droplet flow and droplet-annular compound flow region,
the droplet grows in size and coalesces until reaching a criti-
cal size, and it detaches due to the steam drag force and
sweeps other droplets on its way to the downstream. Three
vapor slug/bubble breakup modes of droplet-injection com-
pound flow, that is, long vapor ligament, short vapor liga-
ment, and very short vapor ligament, are observed. With the
increasing of inlet vapor Reynolds number and condensate
Weber number, the location of droplet-injection compound
flow is postponed, and the injection frequency is increased.
In the droplet-slug/bubbly compound flow region, the previ-
ous and latter bubbles emitted from the injection flow may
contact with each other and then bounce apart or merge into
one bubble and flow to downstream rapidly. In particular, if
the inlet vapor Reynolds number is large enough, injection
tip may also impact and merge with previous generated
bubble.

The chip wall temperature decreases mildly before the
injection flow, after which there is a distinct temperature
drop on the chip wall. In addition, for a larger inlet vapor

March 2014 Vol. 60, No. 3 AIChE Journal



Reynolds number, the injection flow is closer to the channel
outlet and hence the condensation heat transfer is enhanced.
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Notation

A = heat transfer area of single channel, m?
A. = cross-sectional area of single channel, m?
= specific heat of the cooling water, kJ kg ™' K™
d.; = droplet critical size, m
hydraulic diameter of channel, m
exposure frequency, Hz
fp = injection frequency, Hz

g = gravity, m s~ 2
volume flow rate of the cooling water, mL s~
heat transfer coefficient, W m 2K!
m; = condensation flow rate, kg st

L = length of channel, m
M = number of injection period

n = number of channel
N = number of photograph
q
o
mn

1

= heat flux, W m?>

heat flow rate, W

inlet saturated steam temperature, K

four = outlet condensation temperature, K

trup = the average temperature upstream the injection flow, K

trdown = the average temperature downstream the injection flow, K
fewin = inlet temperature of the cooling water, K
tewour = outlet temperature of the cooling water, K
ty = temperature of the condensation flow, K
t,, = temperature of the channel wall, K
Re, = inlet vapor Reynolds number
We, = condensation Weber number
X = distance between channel inlet and view point, m

X, = distance between channel inlet and injection flow, m

Greek letters

15 = dynamic viscosity of steam, kg m ™' s

v = viscosity, m>s !

3

py = density of vapour, kg m™
p1 = density of condensate, kg m >
pew = density of cooling water, kg m™>

o = surface tension, N m!
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