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1  Summary

The alm of the project Heal transfer enhancement in smaell-scale devices: a
collaborative experimental/numerical approach has been the analysis of spin-
odal decomposition of binary liquid mixtures for heat transfer enhancement
in micro-devices. The project was supposed to last three years. AOARD has
sponsored the first vear. The project has been then taken up by EOARD
for the second and third years, and is ongoing. The present document is
therefore at the same time a preliminary report on the overall project and
the final report on the results obtained during the first vear.
The work has followed two main lines and approaches

» experimental investigation of heat traunsfer in small scale heat exchang-
ers. The results (reported in Section 2} show a significant increase
of heat transfer efficiency up to 100% compared to conventional tech-
niques, indicating that spinodal-mixture-based heat exchangers are a
promising way to dissipate high specific heat fluxes in micro-electronics
and small scale devices;

e numerical modeling to build a designing tool. Since the currently avail-
able modeling tools would require years of compntational time to com-
plete the simulation of a practical size device, we started developing
a nevel theoretical modeling approach that eventually will allow us to
design efficient heat exchangers (bhased on the spinodal enhancement
effect). The results of this part are reported in Section 3.

In addition to prof. G.P. Beretta and prof. P. Poesio (faculty), the work
has been done by

o dr. D. Molin, post-doc hired on the funds provided by AOARD, who
worked on the numerical modeling;

e S. Farisé, Ph.-D. student hired on internal funds, who carried out the
experimental work described in the following.

Co-operation with prof. N.G. Hadjiconstantinou (M.1.T.} has proven very
useful in the numerical modeling of the problen.

The work done so far has been presented to three international conferences
{see slides attached to this report)

1. N. Hadjiconstantinou, D. Molin, P. Poesio, and G.P. Beretta, " Multi-
scale modeling of spinodal-decomposition-driven mixing”, invited talk
presented by D. Molin at the 3¢ International Conference "Turbulent
Mixing and Beyond”, Trieste, Italy, 21-28 August 2011
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2. G.P. Beretta, P. Poesio, D. Molin, and N.G. Hadjiconstantinoun, " Mi-
croscale heat transfer enhancement using spinodal decomposition”, in-
vited talk presented by G.P. Beretta at the Workshop on "Dynamics of
Complex Fluid-Fhuid Interfaces”, Lorentz Center Leiden, the Nether-
lands, September 26-30, 2011.

3. P. Poesio, D.Molin, N. Hadjiconstantinou, and G.P. DBeretta.
"Macroscale approach to study heat transfer enhancement in small-
scale devices 7, talk presented by P. Poesio at the 64" Annual Meeting
of APS Division of Fluid Dynamics, Baltimore, Maryland, USA, 20-22
November 2011.

At this moment, we are working on the draft the following paper

1. 8. Farisé, A. Franzoni, P. Poesio, and G.P. Beretta. ”Heat transfer
enhancement by spinodal decomposition in micro heat exchangers”, in
PrepaTation. '

Another paper is in preparation, based on the second part {Section 3) of
this report, which however is still to be considered as work in progress, and
we request that it be kept confidential.



2 Experimental Study of Heat Transfer En-
hancement by Spinodal Decomposition in
Micro Heat Exchangers

2.1 Introduction

With the constant rush for miniaturization, especially in electronics, and the
more widespread use of integrated systems, we need technologies that allow
to exchange a large amount of heat in smail devices and with the highest
~ possible efficiency. :

[Tuckerman and Pease (2001)] first introduced the concept of micro chan-
nel heat sink, and since them several technologies have been developed to
exchange heat more effectively.

An importaut distinction must he made between technologies that nse a
single-phase flow and those that use multiphase Aows. Among these latter
another distinetion is between multiphase Aows of a single constituent and
flows of non-miscible phases.

[Tuckerman and Pease (2001)] optimized the dimensions of the chan-
nels in terms of width and height for single-phase flow of water uncer
the constraint of maximum allowable pressure drop and substrate sur-
face temperature. They found that single-phase water-cooling could re-
move up to 790 W/em?. A similar optimization process was done by
[Upadhye and Kandlikar (2004)]. The main problem with single-phase flow
heat transfer in micro chaunels is the low Nusselt number obtained in laminar
flow — [Shah and London {1978)] - on the order of 4.

Performance rises significantly using multi-phase technology. The study
of hoiling fows in a micro channel leads to much higher heat transfer coef-
ficients clue to the high heat of vaporization. [Mudawar and Bowers (1978)],
[Mudawar (2001)] and {Kandlikar (2005)] showed that flow boiling can re-
move up to 10,000 W/em?. While flow boiling is attractive because it de-
livers high heat flux at the constant temperature of the phase change, it
can be difficult to control due to back fHow, instabilities, and local dry-out
~ [Kandlikar (2002)]. Usually water is the working fluid, but the problem is
that the saturation temperature is higher than the operating temperature of
most electronics. The proposed solution is to use refrigerants, instead of wa-
ter, as working fluids since their boiling temperature is lower. Refrigerants,
however, offer lower cooling capabilities due to a lower specific heat and heat
of vaporization.

[Wang et al. (2004)], to increase the Reynolds number, proposed the
adoption of small nozzles that spray water on the surface to cool. Jet array



helps to achieve uniform cooling on to the chip surface and, on the other
side, a carefully located single jet can provide highly localized cooling of hot
spots on chips with nonuniform heat generation.

|Betz and Attinger {2010)] investigated segmented flow as a way to en-
hance single-phase heat transfer with water in micro channels. Segmented
Aow is a periodic pattern of non-condensable bubbles and liquid slugs created
hy a T-junction with the injection of air in liquid filled micro channels. Fx-
periments and optimization studies have demonstrated that segmented fow
could enhance heat transfer by up to 40% in a micro channel heat sink, in
compatison with single-phase flow at the same liquid flow rate. The increase
in performance is significant, but the system requires the simultaneous use
of both water and compressed air. This complicates the design of the heat
exchanger and the tuning of the flow rate to keep the system stable and
optimized.

In this study we introduce the possibility of using spinodal mixtures to
generate an evenly distributed micro agitation which increases the effective
diffusivity that therefore increases the heat exchange. There are, in our
opinion, several appealing features that motivate the nse of spinodal mixtures
for heat exchange purposes. The wide variety of bi- and tri- component
spinodal mixtures allows one (o find the critical temperature closer to the
design parameters of the device to be cooled. Moreover, since the mixture
remains liquid, there are no instabilities in the flow and no pumping problems.
There is also no need to re-condense gaseous phase. The composition of the
mixture phases changes constantly with the variation in temperature so it is
possible to obtain stiiring at small scale hy controlling where new domains
form and grow hy coalescence.

2.2 Theory

Spinodal decomposition is the spontaneous process whereby an unstable par-
tially miscible liquid mixture relaxes toward a lower free energy (stable) equi-
libriwun state. During this process, an initially homogeneous liquid solution
of a given composition spontaneously changes from a single-phase unsta-
ble to a two-phase stable state consisting of two separated liquid phases, of
different compositions, in mutual equilibrium. This is possible only il the
overall Gibbs free energy of the two separated phases is lower than that of
the initial single phase mixture. When an initially homogeneous liquid mix-
ture at high temperature is cooled rapidly across the coexistence (binodal)
curve into the two-phase region, it undergoes phase segregation (demixing)
either by nucleation or by spinodal decomposition. Nucleation occurs when
quenching takes the system in a metastable equilibrium state (between the
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binodal and the spinodal curve): it is an activated process and a free energy
barrier must be overcome in order to form critical nuclei that later grow
and coalesce. Spinodal decomposition, instead, occurs spontancously, with-
out an energy barrier to overcome (the initial state is below the spinodal
curve): all the concentration fluctuations are amplified regardless of their
size and wavelength. If the mechanism of segregation is convection domi-
nated, as occurs for low viscosity systems, drops move against each others
under the influence of non-equilibrium capillary forces, the so-called Ko-
rteweg stresses [Poesio et al. (2009)]. Recently, it has been shown that this
self-induced disordered bulk flow can be used to increase the heat transfer rate
both in a closed configuration [Poesio ef al. (2007)} and in small pipe flow
[Gat et al. (2008)] and [Di Fede ef al. (2011)1. Also numerical simulations
predict a significant increase in heat transfer - [Molin and Mauri {2007)].

2.3 Experimental setup

We have used an ‘upper CST’ bi-component system made up by acetone and
hexadecane. This mixture has been selected as it is an isopycnic system,
i.e., the two phases have almost the same density and, therefore, buoyancy
elfects are negligible. The components are also non-toxic and can he safely
used in relatively large volumes. The excess volume of this mixture has been
considered negligible as it is lower than 5%. The minimal complete miscibility
tenperature as shown in Fig.1 is 27°C and it is obtained using equal volume
parts of the two components (Y, = 0.799 in mole fraction of acetone).

Because of the shape of the spinodal curve, the heat transfer enhancement
effect is maximized when the mixture is used lor heating. We have developed
a close loop experimental set-up that allows ws to pump the mixtuwre from a
hot thermostatic reservoir to the experimental section.

Our experimental section consists of a mini heat exchanger and a Peltier
cell used to set and maintain the temperature of the cold side of the exchanger
thronghout the test. The temperature of the cold side of the Peltier cell is
kept constant by a PID computer controlled (which regulates the duty cycle
of the electric power given to the cell). A thermostatic bath is used to cool the
hot side of the cell. With these devices the temperature on the cold side of the
Peltier cell can be kept in a range of + 0.08°C compared to the temperatures
set by the PC. Since we used this technology (that requires electric power
and some sort of cooling) and not a second fluid to cool the mixture, we have
no information about the real amount of the heat exchanged. We also need a
controlled temperature at the inlet of the heat exchanger that must be above
27°C. So we built and used a second heating thermostat, also controlled
by the PC and agitated with a magnetic stirrer, to keep the temperature as






uniform as possible and to facilitate the mixing of the mixtuwre. The inlet
temperature imposed to the Auid was measured in an interval of & 0.05°C
compared to the value set by the PC. By measuring how much heat the hot
thermostatic bath gives to the mixture reservoir to keep the temperature
constant we can determine how much heat has been subtracted from the hot
flow. With this procedure we introduce a smaller uncertainty than measuring
the heat given to an hypothetical cold flow because we neecl not to know the
properties of the fluid, the flow rate and the position of the thermocouples.
Our measurement uncertainties arve only due to the voltage applied to the
resistor and to the value of resistance and we are able to measure these
quantities with an accuracy far greater than temperature and flow rate.

Our experiment has been done on 3 different types of heat exchangers.

The first and most simple is the single channel (Fig.3A): we cut a channel
(section of 0.7x0.7mm aund 38mm long) in a piece of copper. The top and
the bottom of the channel are sealed with a thin glass to record with a high
speed camera the test section. We placed a Peltier cell on each side of the
channel to finely control the temperature and to be sure to have no gradient
at all. A gradient would perturh the Row of the mixture and complicates the
mechanics of heat transfer.

We used this heat exchanger for visualization and validation purposes:
the exchange area is small so the difference in heat exchange is small, too.
Therefore the experimental uncertainty is greater than that obtained using
the other heat exchangers.

Despite the single channel is very useful to understand the mechanism of
the spinodal decomposition its industrial applications are limited. We have
built a second heat exchanger with 9 parallel channels (0.7mm wide 1.5mm
tall and 72mm long). As the previous one this also has a glass top to view
the flow pattern of the mixture during cooling. This set-up requires just a
single Peltier cell placed behind the array of channels as shown in (Fig.3B).

The third heat exchanger (Fig.3C) is something very similar to the real
heat sinks used to cool CPU. It is a compact multi-channel array (14 channel)
with a U shape. This too is sealed with a glass and cooled witht a Peltier cell
behind the channels.

We used a total of 5 (6 in the single channel configuration) thermocou-
ples: the first is placed in the mixture reservoir to constantly monitor the
temperature of the hot mixture and as a feedback for the PID controller of
the hot thermostatic bath; the second and the third are placed at the inlet
and at the outlet of the heat exchanger; the forth is placed at the end of
the outflow hose just before the hot reservoir to verily the heat balance; the
last one (or the last two in the single channel set-up) is placed on the cold
side of the Peltier cell to set and monitar the cold side temperature and as a






e the temperature of the Peltier cell is brought to the desired value for
the run;

e keeping fixed the temperature of the Peltier cell the heated reservoir
temperature is increased to the desired value;

e we wait 5 minutes to reach a stable temperature condition and than
we start the data acquisition;

s data for each flow rate are acquired for & minutes, then the How rate is
increased by 5%;

o the previous step is repeated until the maximum fow rate achievable
in our test facility is reached;

e the temperature of the cold side of the heat exchanger is reduced and
all the steps are repeated for the new temperature;

e the system is cleaned with solvent and diied with an air flow until
complete drying.

The previous steps are repeated for each of the 4 fluids used on each heat
exchanger.

2.5 Set-up validation
2.5.1 Heated reservoir maximum power

The first parameter that we need to know during the validation ol our system
is the maximum electric power converted via Joule eflect into heat power by
the resistance of the heated reservoir. We need to know this exact value
because we do not record step by step the electrical power value but only the
duty cycle value, DC(t}, from which we estimate the converted power:

Qa(t) = DC(E)Q™. (1)

To evalnate this value we recorded a test section with the peristaltic pump

off. By doing so and assuming that all the electrical power is converted into
the heated bath, we can compute its value with this formula:

QN = mcp%g—. (2)

Fig. 4 shows the trend of the temperature of the hot thermostatic bath
during the test. It is, as expected, almost linear because the properties of
water in this temperature range are, with good approximation, constant. We
used 200ml of bi-distilled water and the frequency of the acquisition was 3Hz.
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Fig. 2.5.2.b shows that our ypothesis is quite good and our system can
actually be validated since the difference between the electrical power and
the heat exchanged is always within a 5%. 1t is possible to see that the
error is greater for the lower fluid velocities for two main reasons: first of
all because the heat exchanged is smaller so the percentage error is greater;
secondly it is caused by the imperfect insulation of the hot reservoir. We
prefer to trust the data above 10 ml/min, but we will report all available
data for the sake of completeness. After validating our system using water
(it is the most stable fluid in the temperature range involved) we checked our
agsumption with the other pure fQuids.

2.5.3 Single channel heat exchanger validation

The single-channel exchanger is useful for our analysis because the theory
behind the heat transfer in a square channel is well known, so comparing
ow results with the theoretical ones, we obtain a good feedback about the
accuracy of our work.

The main problem we had in the data evaluation is the correct estimation
of the inner exchange area of the channel. Due to geometry and sealing
problems we could not put the thermocouples at the actual input and output
of the channel, but we put them just outside the heat exchanger. This implies
that the measured temperatures are not referred to the channel ends, but to
the exchanger ones. Thus, the exchange area is greater that the channel area.
Being difficult to measure directly, we measured the actual exchange area via
software by using a 3D model.

The experimental data are consistent with the area measured this way,
therefore, we used it for all subsequent calculations.

Fig. 7 shows the results for the Nusselt nwmber, the points refer to the
experimental data, while the line refers to the theoretical correlation.

2.6 Experimental Results

To obtain the heat exchanged during phase transition, several experiments
were conducted following the experimental procedure outhned in Section
2.4. The experimental results correspond to various flow rates of the sol-
vent system in the heat exchangers at different inlet temperatures and wall
temperatures. The experiments were conducted with pure fAuids and with
a mixture of critical composition {critical molar composition is y. =-0.799
where ¥ = Yaen s the mole fraction of acetone and, of course, 1 — ¥ = Yhex
that of hexadecane) and with pure fluids.
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Reynolds numbers are always lower than the critical one for the transition
from laminar to turbulent, we see that the correlation for laminar Hows does
not work well. This probably due to the inlet and the outlet hoses being
perpendicular to the channel, causing an instability in the first part of the
channel which maybe changes the motion from the expected laminar con-
dition. The effect seems more pronounced [or acelone, so much that while
water (IYig. 7) and hexadecane {I'ig. 9} we find reasonable agreement with
laminar correlation for simultanecusly developing laminar Aow at constant
wall temperature (Stephan), for acetone the agreement is reasonable only if
we compare with the turbolent Petukhov-Gnielinski corretaltion (Fig. 8)
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Figure 8: Comparison between theoretical and experimental Nusselt numbers
in a single-channel with pure acetone with Ty, =35°C and T, =20°C.

The main result for this test section is presented in Fig. 10, where we
plot the electrical power absorbed by the resistor during a test made with all
our fluids with fAxed values of Tpu,=35°C and T, =25°C. These results are
interesting becanse during this test the temperature in the channel does not
g0 below the UCST value, so there is no decomposition; without decomposi-
tion the properties of the mixture are ideally related only to the properties
of its constituents. This test demonstrates that the power absorbed with
pure acetone, pure hexadecane, and the mixture with critical composition is
almost the same.

Then we imposed a lower temperature on the heat exchanger ( Tpn,=35"C
and T, =20°C) and we calculated the theoretical Nusselt number for laminar
flow using the thermo-physical properties computed with the formulas valid






above the UCST. Fig. 11 shows that the experimental Nusselt number is al-
most a factor of 2 higher than theoretical correlation would predict. We take
this as a demonstration of the enhancement due to micro-agitation induced
by spinodal decomposition.
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Figure 11: Comparison between theoretical and experimental Nusselt num-
bers in a single-channel with mixture with T},,=35°C and T, =20°C. Here
the quench is deep enough that spinodal decomposition induces a heat trans-
fer enhancement of alimost a factor of 2.

2.6.2 Multi-channel heat exchangers

As for the single channel, we tested the mmltichannel exchangers with the
same two quench temperatures of 25°C and 20°C. With 25°C, our visualiza-
tion, do not show spinodal decomposition; with 20°C, instead, the quench
is deep enough that we do observe vigorous spinodal decomposition in the
section. Figs. 12 to 15 show the heat exchanged by the pure fluids and the
critical mixture.

To evaluate the enhancement effect, we compute the Ideal Augmentation
Factor defined in [Di Fede et al. (2011)):

Q.Iau!(: - Qmi:u
Q‘mi:r

Where Q... 15 the heat exchanged measured by the hot reservoir feedback
information during our experiments and ),,;, is the heat that the mixture

AFy = (4)
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Acetcne-Hexadecane mixiure

T=29"C T=28°C

“T=27'C T=26C

%vol. acetone

T=24°C

Figure 17: Quench of acetone-hexadecane mixture.

take better pictures) at different T, temperatures. We can see that there
are two types of Aow. At higher temperatures (above the spinodal region)
we see the presence of relatively large bubbles; these are probably due to the
fact that a little decomposition can be induced by shear in pipes. At lower
temperatures (undet the spinodal curve) there is the formation in situ of a
large number of micro-droplets that induce convective motion because of the
difference in composition of the two phases. Both effects increase the heat
transfer, but the second in much more vigorous way.

2.7 Conclusions

We have reported experimental data on heat transfer enhancement due to
spinodal decomposition in single and multi channel heat exchangers. The
enhancement increases with small channels and with low flow rate. This is a
good point because these are usually the worst condition due to the small Nu
nunbers. In the future we are going to decrease as much as possible the size
of the channel to obtain higher enhancement factors. Decomposition under
temperature gradient is going to be studied too, because we think that a
little gradient can increase the induced convection.
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