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Abstract Flow patterns and heat transfer in an air-cooled square cross-section micro condenser were
investigated. The test section consisted of a borosilicate square micro channel, of inner and outer hydraulic
diameters of 0.49 mm and 0.6 mm respectively, and a length of 100 mm. The transparent material of the
micro channel allowed the visualization of the different condensation flow patterns. The imposed mass
velocities were ranging between 1 and 10 kg m™ s™. In this range of mass fluxes, three main flow regimes
were identified: Annular regime, intermittent regime, and spherical bubbles regime. Then, the isolated
bubbles zone (the end of the intermittent zone + the spherical bubbles zone) was particularly studied. A
specific experimental procedure was developed, basing on bubble tracking, in order to determine accurately
the hydraulic and thermal parameters profiles in this zone according to the axial position in the micro
channel, such as the vapour quality profile x(z). Thanks to energy balance, the liquid temperature profile
Ti(z) in the isolated bubbles zone was determined for different initial values. A thermal non-equilibrium
between the liquid and vapour phases was identified. Therefore, the latent heat flux was then quantified and
compared to the total heat flux in this zone.
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several tens of kg m > s '), very few studies
have been conducted. Three main flow
regimes were identified for various diameters
of the micro channel, channel shape and
working fluids: the annular regime, the
intermittent regime, and the spherical bubbles
regime [2-8]. In previous works conducted in
our laboratory, thermo-hydraulic
characterization and modeling of the annular

1. Introduction

The increase in the power dissipated in
telecommunication satellites has gradually led
to thermal control problems, which become
now critical. In a long-term perspective and to
anticipate on the future challenges, one
solution is to increase the radiation
temperature by the use of a cooling cycle of

evaporation, compression, condensation, and
expansion. The conditions under which
operate  condensers affect significantly
performance and stability of these two-phase
systems.

The gravitational field greatly influences the
distribution of liquid and vapor in the
condensers. In a space application context, it is
important to operate in condition of low
impact of the gravity. A possible solution is to
reduce the size of the channels [1, 2].
Investigations available in literature are widely
concentrated on flows with high mass
velocities, of several hundreds of kg m 2 s~
and particularly concerned condensation flow
regimes, heat transfer, and pressure drops. For
much lower range of mass velocities (i.e.

regime and of the spherical bubbles regime in
a circular cross-section micro- condenser were
performed [2, 8, 9, 10, 11].

The purpose of this paper is to propose a
specific procedure to characterize the heat
transfers in the isolated bubble zone,
considering a square cross-section micro-
condenser working at low mass fluxes. The
procedure developed for this aim is first
presented in details. Latent heat flux is then
determined and compared to sensible heat flux
for a mass velocity of 6.65 kg m™ s™'. Such a
mass velocity is in the same order of
magnitude than those encountered in thermal
management systems such as loop heat pipes
and capillary pumped loops.



2. Experiments

2.1 Experimental set-up

The main components of the experimental
bench are an entrance tank, a temperature-
controlled enclosure, a micrometric valve, the
test section, a precision balance, a high-speed
camera, an air-conditioning system, an exit
tank and a data acquisition system (Fig. 1).
Details of the setup are available in [11].

The entrance tank consisted of two coaxial
cylinders. The internal one contained the n
pentane as a working fluid (saturation
temperature of 36 °C at atmospheric pressure)
in both liquid and vapour phases. The
saturation temperature is imposed thanks to
thermostated water flowing in the annular
space inside the tank. Hence, the inlet pressure
was maintained constant throughout the
experiments. The vapour was superheated in
the temperature-controlled enclosure, which
was set and maintained at sufficiently high
temperature compared to the saturation
temperature of the fluid, in order to prevent the
condensation of the vapour upstream of the
test section (in particular in the micrometric
valve).

Figure 1: Schematic diagram of the experimental
bench

Then, the vapour flowed in the test section,
which consisted of a single borosilicate square
micro channel, of 0.49 mm and 0.6 mm inner
and outer hydraulic diameters respectively,
and of 100 mm length, allowing the
visualization of the condensation process
through its transparent walls. To cool the
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external walls of the channel, a spot cooling
air conditioning system was mounted
perpendicularly to the test section in order to
thermostated the air in the range 7 °C to 30 °C
with an accuracy of 0.5 °C.

The mass flow rates of the n-pentane
throughout the experiments were measured by
weighing the condensates in the exit tank
exposed to the ambient air (i.e. atmospheric
pressure). Calibrated thermocouples allowed
the temperatures measurements at several
points of the working fluid circuits, with an
accuracy of 0.2 °C, particularly in the inlet and
outlet manifolds.

2.2 Experimental procedure

The outward heat transfer between the
working fluid and the coolant mainly controls
the condensation rate. Therefore, global heat
transfer coefficient must be determined. The
channel walls thickness was small enough to
neglect the thermal conduction resistance. As
the convective heat transfer between the air
and the external walls of the channel was small
compared to that within the channel, the global
heat transfer coefficient can be identified as
the external heat transfer coefficient.
In a previous study [11], a specific procedure
using laser-induced fluorescence (LIF) was
developed in order to determine this external
convective heat transfer coefficient profile by
measuring the temperature profile of liquid
water when the test section was used as a
liquid/air cross-flow heat exchanger. The same
procedure was used again here.

2.3 Experimental campaigns

Before starting the experimental campaigns,
the impurities and non-condensable gases in
the n-pentane must be removed. In this aim, a
specific degassing procedure was applied [11].
A high mass flow rate was imposed for few
minutes in order to drive out the non-
condensable particles from the circuits and to
fill them with the working fluid. Then, a
suitable mass flow rate was imposed in the test
section by regulating the handle position of the
micrometric valve.

The study of the isolated bubbles zone
required the entire condensing process to occur



in the channel to be viewed. Therefore, the
experiments were limited to mass velocities of
1.4, 2.9, 49, 6.65, and 8.77 kg m > s '. This
low range of mass fluxes concerns several
applications such as capillary pumped loops,
loop heat pipes, or miniaturized loops.

For the results presented in this paper, the air
conditioning system maintained the velocity
and temperature of the airflow at
approximately 8 m s and 20 °C respectively
throughout all the experiments. When the
stability of the experimental conditions (e.g.
mass flow rate, inlet and outlet temperatures of
the test section, air temperature) was reached,
a series of videos for the isolated bubbles zone
was recorded, wusing the shadowgraph
technique, using a high-speed camera mounted
on a three dimensions adjustable trolley. The
frame rates were 250 and 500 frames par
second, chosen according to the bubbles
detachment frequencies, and allowing an
accurate detection of the bubbles kinetics. The
lens magnification of the camera was
determined as 99 pixel mm ' with an accuracy
of 1 pixel mm . The acquisition windows
consisted of 1024 columns of pixels
corresponding thus to a real length of 10.34
mm. To cover the isolated bubbles zone
length, the camera was moved along the axial
position of the channel. A displacement of 7
mm was enough to see the total isolated
bubbles zone length in two acquisition
windows, and to keep a sufficient recovery
zone.

3. Results and discussion

3.1 Flow patterns map

From a qualitative point of view, the flow
structures in the square tube were similar to
those obtained in previous studies conducted
with a circular channel condenser [2, 8, 11,
12]. The condensation flow can be divided into
three zones: the annular zone, the intermittent
zone and the spherical bubbles zone (Fig. 2).
The transition between annular zone and
intermittent zone may be attributed to
instabilities appearing in the annular zone.
Owing to the limiting heat transfer between
the air and the external walls of the channel
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(i.e. the heat flux is small), the boiling number
Bo (defined by the ratio of the outward heat
flux to the heat flux released by phase change
h(Tsa-Tair)/(G.ly)), representing almost the
inverse of the two-phase zone length, was very
small. Hence, the condensation zone length
was many times greater than the smallest
unstable wavelength A=4.Di, of the Rayleigh-
Plateau instability [9].

Intermittent
0ne

Annular
0ne
A

Spherical bubbles
zone

e

~—"~—"—
=000

!

Liquid bridge
formation
Figure 2: Condensation flow patterns

Two kinds of instability can be distinguished:
convective instability and absolute instability

[10]. The convective instability 1is
characterized by the oscillations of the
interface in the annular zone for a

condensation length slightly higher than the
unstable  wavelength  mentioned above.
However, when the condensation length is
widely greater than the unstable wavelength, a
liquid bridge formation occurs, leading to the
release of a bubble. This case corresponds to
absolute instability, which is the case of the
experiments presented in this  paper.
Consequently, for the conditions of cooling
considered, the three flow patterns were
always existed simultaneously.

3.2 Isolated bubbles zone

3.2.1 Treatment procedure

In order to determine the hydraulic and
thermal flow parameters in the isolated
bubbles zone, a specific procedure based on
the Lagrangian tracking of the bubbles was
developed. A specific Matlab program was
realized to process the images of videos
acquired using a high-speed camera.
In order to determine the real diameter of each
bubble, the vapour location must first be
determined. The developed program allows
determining whether a white zone detected
inside the channel corresponds to a liquid zone



(i.e. when it is close to the internal wall of the
channel), and colored it in blue, or corresponds
to a vapour zone and colored it in red (Fig. 3).
It should be noted that the white cavities that
belong to the walls were also colored in red
even if there is no vapour. This does not
modify the accuracy of the bubbles existence
detection. Then, a local curve was determined
for each image, indicating the presence or
absence of a bubble along the channel length.
This curve represented almost the void fraction
o(z,t) in each cross-section, with an
inaccuracy due to the under-estimated value of
the internal hydraulic diameter of the channel
determined by this procedure. A matrix can
then be obtained, filled with 0 or 1 when the
channel cross-section was totally or partially
filled with liquid respectively.
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Figure 3: Example of the vapour presence indicator
profile.
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The row and column numbers of this matrix
represented, respectively, the image number
(i.e. time) and the position in the channel.

Once the matrix was filled, the total length of
the channel was scanned backwards from the
end to the beginning of the first row. The
bubbles diameters and positions were then
easily determined. A specific number was
affected to each bubble. By iteration, the same
procedure was applied to all the following
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rows. Moreover, the bubbles positions were
compared between two successive images. If a
bubble has moved below a arbitrary fixed
number of pixels, the bubble keeps the same
number in both of the images, else, the bubble
get a new number (e.g. when bubbles enter the
channel).

At the end of this step, two mains matrices
were created: the first matrix contained the
diameter evolution of each bubble number in
function of the image number. The second
matrix contained the evolution of the center
position of the bubble in function of the image
number.

In a second step, these two matrices were used
together to determine the radius of all the
bubbles that passed through each cross-section
of the channel. To this end, the first cross-
section was considered at the beginning of the
channel (i.e. pixel number equals to 1), and it
was shifted of one pixel by one pixel to reach
the end of the channel (i.e. pixel number
equals to 1024). Considering a given cross-
section, the bubble numbers that passed by this
cross-section were determined. Then, the
diameter of each bubble was calculated by
interpolating its two diameters at its nearest
two positions before and after the considered
cross-section. At the end of this step, another
matrix was filled with the diameters of all the
bubbles along the channel length (i.e. each row
represented all bubbles diameters estimated in
one cross-section).

As the discussion of the results was the same
for the different mass velocities, only one
example is reported, corresponding to a mass
velocity G of 6.65 kg m™ s, illustrating the
most important conclusions of this paper.

3.2.2 Determination of the hydraulic and
thermal parameters

Knowing the spatial and temporal behaviour of
each bubble radius ‘R’ during the overall time
of the experiment I', the time averaged vapour
quality in any cross-section of the channel
along the isolated bubbles zone can be

determined:
N

— Py va’i

I'm 4=

X

where Vy; is the volume of the bubble i.



Owing to the instability mentioned previously,
the spherical bubbles zone fluctuated. A zone
where the spherical and elongated bubbles
alternatively exist was observed (Fig. 4). In
addition, at the beginning of the acquisition
window, the bubbles entering the channel were
not seen as complete bubbles (the left part of
the bubbles is outside the acquisition window).
So, determinations of the beginning of isolated
bubbles zone must be define. We considered
the beginning of this zone to be at the position
where only 5 % of the bubbles were
incomplete.

Intermittent zone
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A
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Figure 4: Example of the fluctuation of the spherical
bubbles zone during time for G=6.65 kg m? s,
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Figure 5: Evolution of the cumulative sum of the
incomplete bubbles end in the first acquisition
window for G=6.65 kg m?s™.

Figure 5 shows the normalized cumulative
sum of the end positions of the incomplete
bubbles in the first acquisition window. The
entrance position of the isolated bubbles zone
was then found to be 63.1 mm. However, this
zone always contained elongated bubbles. The
region where all the bubbles had a spherical
shape was considered to begin at the position
beyond which all the bubbles diameters are
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smaller than the internal hydraulic diameter of
the channel.

The figure 6 shows two quality profiles: the
first was determined when all the bubbles were
taken into consideration (blue line), and the
second was determined when only spherical
bubbles were considered (red line). The parts
of the two profiles where the vapour volumes
of the incomplete bubbles could not be
calculated were not plotted in this figure. The
2 plain vertical lines indicate the beginnings of
the isolated bubbles zone and of the spherical
bubbles zone respectively (according to the
definitions previously indicated).
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Figure 6: Average quality evolutions in the first

acquisition window of the bubbles zone for G=6.65

kg m? s*: the blue line represents the quality

evolution calculated with both elongated and
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Figure 7: Average quality evolution x(z) in the
isolated bubbles zone for G=6.65 kg m?s™.

The vapour quality profile is plotted in the
figure 7 for the isolated bubbles zone. The



order of magnitude of this vapour quality is
very low (< 0.2 %), indicating that phase
change was mainly occurred upstream of this
zone (i.e. in the annular and intermittent
zones). It should be noticed that the
thermodynamic vapour quality is even lower
than this one.

Considering the limiting aspect of the external
heat transfer due to air-cooling process, and
supposing the liquid phase to be at the
saturated temperature, the quality profile
should be almost linear (considering low
spatial variations of the external heat transfer
coefficient). However, the quality evolution
was not linear, as can be seen in the figure 7.
Such behavior indicates thermal non-
equilibrium between the liquid phase (that
should be subcooled) and the vapour phase (at
the saturation temperature). Hence, the role of
the sensible heat transfer appears to be not nil
in this zone and can be deduced from the
energy balance.

Regardless of the low rate of phase change in
the isolated bubbles zone in comparison with
the upstream zones, it can be noted that the
vapour quality gradient is greater at the
beginning (i.e. about 30 % of the total zone
length) of this zone than in the remaining part,
reflecting a great released part of the latent
heat in comparison with the remaining zone
length. Indeed, during condensation process,
the bubble interface and the thermal diffusion
move in opposite directions, increasing the
thermal boundary layer thickness until the
complete condensation of the bubble. This
process decreases the conductive heat transfer
density between the bubble and the
surrounding subcooled liquid [13-15].

The time averaged energy balance equation
governing this type of flow is given by:

m dT,(2) .\

rT"IIV dX DEX
Tcp' dz - t

A dz  °D2

mt

(Ta —Ti(2))

Where hy is the global heat transfer coefficient
between the working fluid and the coolant. As
the external heat transfer is limiting, the global
heat transfer coefficient is almost equal to the
external heat transfer coefficient (hg = hex)
determined by the LIF method as mentioned
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previously.

Applying the energy balance equation turns
out the liquid temperature profile in the
isolated bubbles zone. However, the initial
value of the temperature at the beginning of
the isolated bubbles zone was not yet known
because of the unknown heat transfers
occurring in the intermittent zone. So, several
initial values of entrance temperature were
imposed in order to show their impact on the
distribution of the heat transfers (sensible or
latent) existing in this zone. The profiles are
shown in the figure 8. It should be noted that
the entrance temperature could not be
determined by imposing the outlet
temperature, which was measured at a distance
of 1 cm from the channel outlet.

The figure 8 shows that whatever the entrance
temperature of liquid is, the decrease of the
liquid temperature along the isolated bubbles
zone was significant (e.g. about 10 °C for an
entrance temperature of 36 °C). Therefore, the
hypothesis of a single temperature zone (i.e.
saturated temperature) is no longer valid for
such a condensation flow.

36 \ Spherical bubbles zone
—_—

36°C
32°C
28°C
24°C

“=Entrance temperature =
==Entrance temperature =

==Entrance temperature =

"[°cl

Entrance temperature =

5. \

20

[
=

Liquid temperature 'T,

ra
)

62 64 66 68 70 72 74 76 78
Axial position 'z' in the micro channel [mm]

Figure 8: Liquid temperature evolutions T(z, To) in
the isolated bubbles zone for G=6.65 kg m?s™.

The impact of this temperature variation on the
distribution of the latent and sensible heat
transfer is represented in figure 9. This figure
shows the percentage of the latent heat transfer
released in the isolated bubbles zone compared
to the total heat released.

The profiles showed that the heat flux
dissipated by phase change at the origin of the
isolated bubbles zone represents almost 35 %
of the total heat flux in the worst case (i.e. for



an entrance liquid temperature of 24 °C). This
proportion decreases rapidly during bubble
condensation. Beyond a position of about 20 to
30 % of the total zone length, the latent heat
flux becomes minor, representing less than 10
% of the total heat flux. By averaging the
latent heat transfer along the total length of the
1solated bubbles zone, a maximum value of 6
% was found in the worst cases.
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Figure 9: Ratio evolutions of the latent heat transfer
form released to the total heat released in the
isolated bubbles zone for G=6.65 kg m? s™.

Consequently, from heat transfer point of
view, this zone may be considered as a single-
phase (liquid phase) zone for the condensers
design.

Significant discrepancies were detected in the
profiles of figure 9, between the two positions
68.5 and 69.5 mm of the channel. This resulted
from the recovery of the different quality
profiles of the two acquisition windows
(affecting the quality gradient profile and thus
the latent heat profile).

Conclusions

The condensation flow in an air-cooled square
cross-section micro condenser, working at
mass fluxes in the order of magnitude of 10 kg
m> s'l, can be divided into three main zones:
the annular zone, the intermittent zone and the
spherical bubbles zone. Physical definitions
were given to the isolated bubbles and
spherical bubbles zones, allowing the
determination of the beginnings of these two
zones. A specific experimental procedure,
basing on bubble tracking, was developed and
detailed. It allowed the determination of the
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hydraulic and thermal parameters profiles in
this zone such as the average local quality
profile x(z), the average liquid temperature
profile Ty(z), and the ratio profile of the latent
heat flux to the total heat flux
D1atent(z)/Pioal(z). The results showed that the
magnitude of the quality was very small (less
than 0.2 %), implying negligible latent heat
flux in the isolated bubbles zone in
comparison with the annular and the
intermittent zones. The non-negligible liquid
temperature variation in this zone highlighted
the thermal non-equilibrium between the
liquid and the vapour phases. The evolution of
the latent heat flux with respect to the total
heat flux showed that a mean value of less
than 6 % of the heat transfer was in latent form
in the isolated bubbles zone, for the lowest
(i.e. worst) initial temperature hypothesis. So,
from a thermal point of view, this zone can be
considered as a single liquid phase zone.

Outlook

The determination of the real entrance
temperature of the isolated bubbles zone
should be determined. Therefore, the
intermittent zone has to be well investigated. A
further study with larger range of mass
velocities must be conducted in order to find
out the heat transfer laws and correlations.

Acknowledgements
Financial supports from FNRAE (MATRAS) and
from the Microgravity Application Program of the

European  Space  Agency are  gratefully
acknowledged.
Nomenclature
A cross-section area of the m’

tube
Bo boiling number —
Cp specific heat Jkg' K
D hydraulic diameter m
G mass velocity kg m? s
h heat transfer coefficient Wm?K'
1 variable —
ly latent heat of vaporization T kg



m mass flow rate kg s

N total number of bubbles —

R radius m

t time ]

T temperature °C

U velocity ms”

\Y volume m’

X vapour quality —

z axial position of the channel m

Greek symbols

p density kg m™

A instability wave length m

o void fraction —

I' total duration of the S
experiment

Subscripts

b bubble

ext external

g global

int internal

1 liquid

sat saturation

\4 vapour
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