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Published online: 14 August 2018 . Achieving effective cooling within limited space is one of the key challenges for miniaturized product

. design. State-of-the-art micro-scale cooling enhancement techniques incorporate flow disturbances

and boiling to reach high performance. However, these methods face the inherent issues of extra
pressure drop, flow instability and dry-out that limits heat flux. Here we demonstrate that substantial
cooling capability enhancement, up to 2.5 times, is realized by introducing the phase separation of a
triethylamine (TEA)/water mixture at the micro-scale. Our experiments show that the enhancement
behavior is closely related to the system’s initial composition, temperature, and flow conditions.
Moreover, the mixture system exhibits reduced pressure drop after separation, which makes it more
promising in serving practical applications. The results reveal new possibilities for liquid coolant
selection and provide the experimental foundation for further research in this area.

Effective thermal management — the ability to control the temperature of a system by leveraging the science
of thermodynamics and heat transfer — has been a key technological pursuit of modern society. Decades of
extensive research and development aimed at enabling the highly efficient operation of equipment, such as gas
turbines, medical devices, and arrays of electronic equipment (e.g., electronic cabinets, computer chips, laser
diodes, power amplifiers, batteries, motors etc.). In recent years, a new set of challenges has been posted by the
miniaturization of powered machines and the development of high performance semiconductor chips, which
require advanced micro-scale cooling methods to ensure operational safety. Traditional convective heat trans-
fer enhancement methods include building extended surfaces for increased solid/liquid contact area, stirring to
induce flow mixing, using the latent heat of phase change, and so forth!-®. Among these strategies, boiling and
condensation two-phase flow heat transfer systems are generally regarded to be most effective. However, phase
change heat transfer systems are vulnerable to some inherent issues, such as flow instability and critical heat flux,
especially at the micro-scale”®. Despite extensive research, these issues often hinder the wide spread use of phase
change processes in practical systems.

The phase separation of a partially miscible liquid system is characterized by the formation and movement
of fluid domains®'2. In several recent publications, it has been shown that this self-propelled motion acts as a
stirring mechanism that positively affects thermal transport'*!. Poesio et al. pioneered the phase separation
heat transfer research by confining the water/toluene system in a closed cell. They observed faster temperature
response when phase separation was induced". Molin and Mauri used the one-parameter Margules correlation
and numerically modeled phase separation process for a quiescent system. Their results indicated that the Nusselt
number increases with the mass transfer Peclet number'*. For convection systems, enhanced thermal transport
was also observed'>!6.

Most phase separation processes are triggered by reducing the system temperature, and thus, they are suita-
ble for heating applications. However, when strong polar interactions are present (such as hydrogen bonding),
some liquid mixtures are only miscible below certain temperatures, termed lower critical solution temperatures
(LCSTs). An LCST system undergoes phase separation when the temperature exceeds a certain threshold value,
and is potentially suitable for cooling applications (See Supplementary Note 1 for thermodynamic point of view
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of solution behavior). Ullmann et al. pioneered the study for phase separation convection cooling with an LCST
system, and successfully demonstrated enhanced heat transfer performance!”. Xing et al. first introduced phase
separation cooling at micro-scale, and provided experimental evidence for improved heat transfer coefficient'®.
Based on the existing studies, more work needs to be conducted to assist more in-depth understanding of the
micro-scale phase separation heat transfer, i.e. geometrical effects, concentration effects etc.

Herein we employ the triethylamine (TEA)/water system, which has an LCST of 18°C and critical composi-
tion of 32.1% TEA mass fraction, to examine its phase separation heat transfer characteristics and multi-phase
flow behavior at the micro-scale (See Supplementary Note 2 for detailed information of the binodal behavior of
TEA/water mixture; the system’s physical/thermal properties are shown in Supplementary Fig. 1). Our results
experimentally demonstrate the feasibility of using an LCST mixture for micro-scale cooling applications, and the
effects of initial composition, inlet temperature and heat flux are studied. We find that, at the micro-scale, phase
separation at the critical TEA/water composition can enhance heat transfer up to 2.5 times with reduced pressure
drop. Two new parameters, an equivalent mass quality, x,,, and an augmentation factor, AF, were defined to rep-
resent the amount of fluid that has separated into two phases and the effectiveness of heat transfer for the phase
separating flow over single phase flow. The phase separating flow morphologies, which indicate the concentration
field, were observed and characterized against the specific flow conditions. Future research directions and chal-
lenges within this subject matter are identified and discussed.

Results

The convection heat transfer coefficient, h, quantifies the effectiveness of a thermal transport process. It measures
the amount of heat transferred per unit area per unit temperature difference between the solid surface and the
fluid at a given flow condition:

_Q
AL, — Tp) e

Here, we apply A to the phase separating flow. The calculation formulas of k are slightly different, depending on
the specific experimental conditions.

Average thermal transport at the critical composition. The average rate of thermal transport was
evaluated using a rectangular microchannel structure. The channel was 22 mm long, 2 mm wide, and 0.4 mm
deep. Two resistance heaters of different lengths were deposited at the channel bottom. The long heater was 10 mm
long and 1 mm wide, and the short heater was 3 mm long with the same width (Fig. 1(a) and Supplementary
Fig. 2). The liquid solution entered the heated channel at its critical composition (i.e., at 32.1% TEA mass fraction)
and below its critical temperature. When electrical power was applied to the heater, the mixture’s temperature first
rose to the critical value (T.,;,.,) while the mixture remained single phase. When phase separation occurred, the
mixture absorbed heat to break its hydrogen bonds, and separated into liquid phases of different compositions.
The equilibrium concentration of each phase was determined by consulting the phase diagram!”"® (Fig. 1(b)). At
the critical composition, phase separation occurs via spinodal decomposition.

It can be seen from the long heater flow visualization images (Fig. 1(b)) that the multi-phase flow pattern
changed with the applied heat flux. At low heat flux (e.g. Q" =4 W/cm?), the flow exhibited a mist flow pattern at
the downstream section of the heater, where the fluid temperature was just above the critical value (T,,;.,;). With
the increasing heat flux (e.g. Q” =18 W/cm?), the onset of phase separation propagated upstream, and the phase
separating flow covered a larger heater area. Since the fluid was heated above T.,;;,;, the system was far removed
from its initial equilibrium state. The fluid domains are distinguishable with an elongated droplet flow pattern. As
the heat flux continued to increase (e.g. Q" =74 W/cm?), the onset of phase separation remained unchanged, but
the region of phase separation penetrated deeper into the fluid bulk. The fluid domains are more distinct, and the
flow pattern becomes annular-like (note that no phase separation occurred at the top layer of the flow passage).
The flow field on the short heater resembles the first 1/3 of the long heater.

Figure 1(c and d) depict the average heat transfer coefficient, h,,,, for both the long and the short heaters at fixed
mass fluxes (11"). h,q0ng is characterized by three zones (Fig. 1(c)): Zone I, at a heat flux of Q' ~2 W/cm? was a region
where the mixture remained single phase; in Zone I, A,,/,,,, increased rapidly with heat flux (Q” ~4-18 W/cm?); and
in Zone I1L, A, ,,,, Stabilized at perhaps an asymptotic value (Q” > 18 W/cm?). Because of the smaller area, the total
heat transferred to the fluid from the short heater was much less than that transferred from the long heater when both
operated at the same heat flux. Therefore, h,,, 4. increased, but the three-zone behavior was less apparent. The flow
images provide insight into the three-zone behavior. Zone II corresponds to the expansion of the phase separated
region at the heater/liquid interface, and thus, a larger area of the heated solid surface is experiencing the heat transfer
benefit caused by phase separation. This leads to a rapid increase of f,,,,,,- Once the phase separation region ceases
to propagate upstream and extends into the fluid bulk perpendicular to the heated wall, the enhancement of the
thermal transport slows down. Thus, h,,,,,, increases at a diminishing rate in Zone II1. The phase separation flow
exhibits greater heat transfer coefficient, compared to the case where water is used as the coolant at a similar mass
flux (Fig. 1(c)).

The effect of fluid inlet temperature (T;,) is also examined in Fig. 1(c and d). At low heat fluxes, a mixture with
higher T, is closer to the critical temperature, and thus shows higher h,,,. However, at intermediate to high heat
fluxes, the effect of T}, yields no significant difference in h,,,. Due to the shape of the binodal curve, after the onset
of phase separation, the compositions of the separated phases are nearly independent of the fluid temperature
(Fig. 1(b)). Therefore, the thermal transport performance is nearly independent of the fluid temperature (as well
as the heat flux), once the system temperature is much higher than T,,;.,. The viscosities of the separated phases

SCIENTIFICREPORTS| (2018) 8:12093 | DOI:10.1038/s41598-018-30584-6 2



www.nature.com/scientificreports/

60
H
50 \_
; "=73.8 W/cm?, T,=79.3 °C, annular-like flow
Q'=52.8 W/ck?,
T,=43.3 °C, élongated
. droplet/string Hlow
o 40 :
e
2
o
g
£ v
S Q'=4.0 W/em?,
T,~185°C,
Q"=4.0 Wicm?, T,=19.3 °C. mist flow
20
Short heater Bottom Pyrex
N 7 . Binodal curve from Ref [17]
microfiuidics device = Binodal curve from Ref [19]
Binodal curve correlation [17]|
@ Spinodal curve (hypothetical)!
10
0 0.1 0.2 0.3 04 05 0.6 0.7 08 0.9 1
TEA mass fraction
b,
12000 20000 2000
I I n = = %
xmEE T x = - %,
10000 I!I"l 16000 T x> N
<8000 iii g 5= "agtes,
E £ 12000 73 & "taag iy
z 11 2 i s LR Y N
2 6000 3 TamT g 15
H £ 8000 I 4
000 < oT,=102°C
®T,=11.4°C " 1250 = °f
4000 uT,=14.1°C o T,=114°C
2000 " T,=15.1°C =1%
o A water » T,=15.1°C
A water
0 0 1000
o 10 3 40 50 60 70 80 0 20 40 100 120 0 10 20 30 40 50 80 70 80
Q" (Wicm?)

(c)

60 80
Q" (Wiem?)
(d)

Q" (Wicm?)

(e)

Figure 1. Flow visualization and heat transfer results of critical composition experiments. (a) Schematics

of the three-layer testing environment. (b) Phase diagram and flow visualization images. Photos on the left
column are the short heater visualizations (m” =284kg/m?s, T;, = 14.1°C), long heater visualizations are on

the right column (m” =208kg/m?s, T, = 11.4°C). The system’s location on the phase diagram is approximated
using the average wall temperature. For the long heater case with Q" =73.8 W/cm?, T,,=79.3°C, its location is
marked at the topmost location on the phase diagram. (c) Long heater average heat transfer coefficient results at
m" =208kg/m?s, m” ,,.,=190kg/m?s. (d) Short heater average heat transfer coefficients results at m” =284 kg/m?s,
m" e =274kg/m?s. (e) Pressure drop results for the long heater at m” =208 kg/m?s. Full quality flow
visualization images can be found in Supplementary Fig. 7.

are both less than that of the mixture (Supplementary Fig. 1(b)), and so the pressure drop of the system decreases
after phase separation (Fig. 1(e)).

Local thermal transport at the critical composition. The critical composition local thermal transport
process was examined with localized measurements using resistance temperature detectors (RTDs). The RTDs
were located along the flow direction at several locations (Supplementary Fig. 2). The three-zone behavior is
indistinct for hy,,; (Fig. 2(a)), since the total heat input was less from the short heater. Because RTD2 locates at a
more upstream location than RTD3 and RTD4 (Supplementary Fig. 2), the entry length effect results in the great-
est local heat transfer coefficient among all RTDs.

To further analyze the thermal transport characteristics, the data is presented in a non-dimensional form.
Borrowing the concept from flow boiling, an equivalent mass quality, x,,, was defined based on the wall tem-
perature. The flow quality presents the percentage of fluid that has separated into two phases assuming that the
enthalpy of mixing is dependent upon the wall temperature?*-2. An augmentation factor, AF, was defined as
the ratio of h between the phase separated flow and the single phase flow of the same mixture at the same flow
rate and inlet conditions. Figure 2(b) shows the local AF at various locations along the heater. As the mixture
moves downstream and receives more energy, AF,,,; increases due to the enthalpy of phase separation and the
flow mixing effect. The maximum AF,,, is observed at RTD4, where the mass quality peaks. With the aid of the
dimensionless parameters, all experimental data at the critical composition can be superimposed onto a single
plot (Fig. 2(c)). AF and x,, clearly show an asymptotic behavior, and this behavior holds for different heating
lengths, inlet temperatures and flow rates at both the average and local levels. The maximum AF observed during
experiment is about 2.5. The rapid increase for h,,, occurs at mass qualities less than 0.1, indicating that AF,,, is
mainly boosted by phase separation in the vicinity of the wall, not in the bulk of the fluid. Similarly, AF,,, also
experienced a rapid increase in this range of quality. It is proposed that the maximum AF occurs when the flow
quality reaches unity, indicating that all the mixture undergoes phase separation.

Thermal transport at off-critical compositions. Two off-critical concentrations, 15% and 50% TEA
mass fraction, were examined. At off-critical compositions, phase separation proceeds by nucleation and domain
growth, which is a localized and less rigorous process, compared to spinodal decomposition®-2* (See supplemen-
tary Note 3 for more information about nucleation and spinodal decomposition). For the 15% mixture, the phase
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Figure 2. Heat transfer coeflicients and AF data for the critical composition. (a) Local heat transfer coefficients
on the short heater, m” =208 kg/m?s. The fluid flows from RTD2 to RTD4 in local measurement experiments.
(b) AF by locations of RTDs, m"” =284 kg/m?s, T;,=10.2°C. (c) AF vs. mass quality at various experimental
conditions. For clarity, not all uncertainties are plotted.

separation morphology clearly exhibits a nucleation pattern (Fig. 3(a)). As more heat is delivered to the fluid,
the string shape regions coalesce to form thicker strings. Under bulk advection and the shear force, the resulting
flow pattern resembles a droplet/string flow. Flow visualization on the short heater confirms the results from the
long heater and provides a closer look at the drop-like domains. The heat transfer coefficient using a 15% mixture
increased almost linearly (Fig. 3(b and c)) with applied heat flux, both on average and on local basis. However, the
enhancement ratio was weaker than the case of critical composition.

Similar to the 15% mixture, the 50% mixture exhibited a droplet/string flow pattern, but the sizes of the
droplets and strings were smaller (Fig. 4(a)). At this composition, & first increased slightly and then dropped to
values below the corresponding single phase flow h. According to the lever rule, after phase separation, the 15%
mixture has more content of the thermally favorable phase (water-rich) than the 50% mixture (Table 1). As a
result, the majority of the solid/liquid interface was covered by the favorable phase for the 15% mixture. On the
other hand, the 50% TEA mixture benefits the most from heat of mixing effects (Table 1). With the onset of phase
separation, latent heat and flow mixing boost the thermal energy transport. However, the solid/liquid interface
was gradually covered by the unfavorable phase (TEA-rich), due to its greater wettability on the device surface
(Supplementary Fig. 3). As a result, the heat transfer process from the wall to the bulk of the fluid is hindered,
i.e., a layer of low thermal conductivity material inhibits thermal energy transport. Consequently, the overall
heat transfer performance deteriorates compared to the corresponding single phase flow at the same mass flux.
It is shown that the 50% mixture yields reduced cooling performance, while the 15% mixture shows good heat
transfer enhancement. However, the heat transfer coefficient for the 15% mixture varies considerably with input
heat flux with no asymptotic behavior, such that h is sensitive to heat flux. For practical applications, the actual
performance is difficult to predict. As a short conclusion, the critical composition mixture seems to exhibit desir-
able performance augmentation.

Similar to spinodal decomposition, the nucleated droplets coalesce to form bigger domains. Interestingly, at
the downstream section of the heater, where the fluid near the wall reaches higher temperatures, the flow pattern
seems to be string flow, which is different from the spinodal decomposition pattern. Generally, as a mixture
reaches higher temperatures, it transitions from a nucleation region into a spinodal decomposition region (as
shown in the phase diagram). However, this was not observed during our experiments. Two scenarios are possibly
involved here. The spinodal curve is narrow, such that spinodal decomposition only occurs at compositions very
close to the critical composition. Alternatively, as nucleation occurs in the heater’s upstream section, the mixture
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Figure 3. Flow visualization and heat transfer results summary of 15% TEA mass fraction experiments.

(a) Phase diagram and flow visualization images. Photos on the left column are the short heater visualizations
(m" =215kg/m?, T;,=14.6 °C), long heater visualizations are on the right column (m"” =241kg/m?s,
T;,=12.8°C). The system’s location on the phase diagram is approximated using the average wall temperature.
(b) Average heat transfer coefficient results at m” = 402kg/m?s, T;,=12.8 °C. (c) Short heater local heat transfer
coefficient results at m” =358 kg/m?s, T, = 14.0 °C. Full quality flow visualization images can be found in
Supplementary Fig. 8.

immediately separates into different phases. As the separated fluids flow downstream, heat is transferred to the
separated phases that are already at concentrations determined by the binodal curve. That is to say, the fluid mix-
ture always stays within the gap between the binodal and spinodal curve.

Observation of the 15% mixture also reveals that the two separated phases (i.e., water-rich and TEA-rich) end
up with larger droplets than the 50% mixture. The size of the droplets is determined by the principle of minimiz-
ing the Gibbss free energy of the system. Therefore, the dependence of Gibb’s free energy on the system’s concen-
tration might be different in both cases. The different droplet sizes might also be linked to the difference in the
systems’ viscosities (Supplementary Fig. 1(b)) and the hydrodynamics of the flow field. The viscous force tends to
tear the fluid domains into smaller droplets, and thus, the 50% mixture (greater viscosity) tends to separate into
domains with smaller sizes.

Flow visualization and image analysis at the critical composition. For spinodal decomposition
of quiescent systems, the morphology of the domains has been shown to be bi-continuous and dendritic'"*%".
However, flow visualization in the current study shows a different result: the morphology during spinodal decom-
position changes with forced advection®®?. At a given flow rate, the overall concentration field evolves with
increasing heat flux and the fluid temperature (Fig. 1(b)). For the same average fluid outlet temperature, the flow
pattern varies at different flow rates (Fig. 5(a)). It is postulated that the flow morphology also depends on the flu-
id’s residence time in the heated channel. Because the TEA-rich phase appears darker (greater turbidity) than the
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Figure 4. Flow visualization and heat transfer results summary of 50% TEA mass fraction experiments.

(a) Phase diagram and flow visualization images. Photos on the left column are the short heater visualizations
(m" =358kg/m?s, T;,= 14.5°C), long heater visualizations are on the right column (m” = 178 kg/m?s,
T;,=12.2°C). The system’s location on the phase diagram is approximated using the average wall temperature
(b) Average heat transfer coefficient results at m” =358 kg/m?s, T, = 11.8°C. (c) Short heater local heat
transfer coefficient at m” =358 kg/m?s, T;, = 13.8 °C. Full quality flow visualization images can be found in

Supplementary Fig. 9.

single phase mixture and the water-rich phase, a gray value, g,,, can serve as an indicator for TEA concentration

in the separated phases.

The gray value image analysis technique was first applied to the long heater. The average gray values of the
middle 10% and the last 10% length of the heater were calculated (Fig. 5(b)). The sample images were extracted
from 20 different frames from the flow visualization videos. The first comparison was made between different
heat fluxes under the same flow rate. With increasing heat flux, the mean gray value declined, indicating the
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Figure 5. Critical composition flow visualization analysis. (a) direct comparison of flow pattern of similar fluid
outlet temperatures but different flow rates. g, ;94 is the average gray value of the last 10% length of the long
heater. (b) average gray value at the middle and last 10% of the long heater at m” =208 kg/m?s, T;,=11.4°C.

(c) RTD local gray value at m” =567 kg/m?s. (d) separation layer thickness estimation at m” =567 kg/m?s.

presence of darker shades resulting from phase separation. The gray value reached an asymptote at a heat flux
of about 18 W/cm?. The asymptotic characteristics of g,, is consistent with the trend observed for h,,, (Fig. 1(c)).
Figure 5(a) also presents a comparison between different flow rates with similar outlet mean fluid temperature.
Higher flow rates correspond to shorter residence times, which leads to a higher mean gray value in the last 10%
length of the heater.

The separated phases reside in the sub-layer of the thermal boundary layer where the local temperature
exceeds T, The thickness of this phase separation boundary layer, denoted as §,, is linked to the local mass
quality and substantially affects the observed gray value. The local gray value (g,, ;,.,)) analysis was conducted
while assuming that the temperature of the fluid close to the heated wall could be approximately measured by the
wall RTDs. The same gray value acquisition technique was applied at the RTD locations. Due to the absence of a
non-isothermal phase separation flow model, a single phase conjugate heat transfer model was used to evaluate
the separation boundary layer thickness. To match the simulated wall temperatures with measured values, both
the mixture specific heat (Supplementary Fig. 1(a)) and an effective thermal conductivity (k5= 0.68 W/mK)
is used, noting that the value of k. is about twice of the thermal conductivity of the single phase mixture,
and is greater than that of the water (for details of the model see Supplementary Note 4). This indicates that
both the latent heat effect and lateral mixing induced by phase separation are responsible for the heat transfer
enhancement.

Figure 5(c) depicts the mean gray value on top of RTD3 and RTD4 at different fluid inlet temperatures. It can
be seen that the inlet temperature has very little effect on g,,, ;... However, for gray values at RTD3 and RTD4 at the
same inlet temperature and wall temperature, major differences are observed due to different residence times and
separation boundary layer thicknesses (Fig. 5(d)). For RTD3 with T}, =15.0°C and RTD4 with T;,=12.0°C, ¢; is
almost identical. Thus, the difference in residence time accounts for the difference in g,,, ;... However, comparing
gmrrpz LTin=12.0°Cand g, prps» Tin=15.0°C, it can be concluded that both the residence time and the separation
layer thickness affect g, jocr. When Typp=40°C, g, rrp reaches an asymptotic value, which is in agreement with
the shape of the binodal curve.

Another important observation through the flow visualization images (Fig. 5(a)) is that the dark and light
shades are not completely separated apart from one another. It is clearly to see that some dark shades are inside
of the lighter shade domains. As the flow is three-dimensional and the camera was set to provide a top view, the
observation might be due to the overlap of separated domains. Apart from this experiment-induced uncertainty,
the complex flow conditions, i.e. presence of bulk advection, sharp temperature gradient, preferable wetting of
one component, cause a mismatch in time response between the geometrical coarsening induced by hydrody-
namic effect and mass diffusion driven by thermodynamic effect®*-32.
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Discussion

The current work demonstrates that phase separation of a TEA/water mixture can enhance thermal energy trans-
port at the micro-scale by up to 2.5 times compared to a single phase flow of the same mixture. Significant thermal
transport enhancement over water is also observed. At the critical composition, both the local and average heat
transfer coeflicients of the mixture increase asymptotically with heat flux. Data from the critical composition
mixture flow experiments over a range of flow rates, inlet temperatures, heat fluxes, and average and local meas-
urements, suggest a unified heat transfer characteristic. A rapid increase in AF occurs at low x,, values (less than
0.1), demonstrating that enhanced heat transfer is mainly the result of phase separation at the vicinity of the wall,
not in the fluid bulk. The mass quality analysis implies that the theoretical maximum AF is reached when x,, = 1.
However, due to the non-uniform temperature distribution in the flow, the maximum x,, cannot be reached. The
pressure drop decreases after phase separation due to a reduction in the system’s viscosity, which is an additional
benefit. The water-rich (15%) composition shows some heat transfer enhancement, but not as much as the critical
composition. The TEA-rich (50%) mixture yields unfavorable heat transfer performance and is not suitable for
any cooling applications. Critical composition phase separation flow shows a mist flow, elongated droplet flow,
and annular-like flow pattern, while off-critical compositions show a droplet/string flow pattern. It has been
shown in the flow visualization analysis that both thermodynamics and hydrodynamics affect the evolution of
flow pattern and the concentration field.

The asymptotic thermal transport behavior is mainly caused by the behavior of the binodal curve for the
TEA/water system and might vary depending on the mixture’s content. The domain morphology for forced flow
deviates from the quiescent case due to the presence of inertial and shear forces. Since the flow is non-isothermal,
the temperature distribution determines the concentration field. As the local temperature varies, so do the local
compositions of the separated phases. On the other hand, the fluid away from the heated surface might not reach
the critical temperature and remain single phase. The resulting flow consists of multiple phases with concentra-
tions determined by the local temperature.

Beside the TEA/water mixture, other possible fluid systems need to be studied. The different thermal/physical
properties as well as phase separation characteristics can lead to different thermal transport and multi-phase flow
behavior. While studying various fluid mixtures, the mixture’s physical/thermal properties need to be carefully
measured. It has been proven that the critical solution temperature can be adjusted by adding miniscule amount
of a third component. Therefore, the mixture’s critical temperature can be adjusted to satisfy an application’s
specific needs. Once the desirable liquid/liquid mixture is configured, it can be readily applied without substan-
tial modification to the cooling equipment. This makes the application of such partially miscible fluid systems
promising. The physics of the process requires deeper understanding, as the time scales of the mass, momentum
and thermal transport are interlinked during the process. The transient interactions of the transport phenomenon
are of great interest, and more detailed studies are needed. Meanwhile, the liquid/liquid interface deserves more
attention as strong chemical potential gradient presents.

Methods

Experimental setup for measuring heat transfer coefficient. The TEA/water solution is stored in
a 316 Stainless Steel tank, which is immersed in a cooling water bath. A magnetic stir bar constantly mixes the
fluid solution, which is maintained below its critical solution temperature. The solution temperature in the tank
is monitored by a thermocouple. The fluid is delivered to the test section using a micro pump, and a 60-micron
pore size filter is placed between the storage tank and the pump to protect the gear pump from unexpected con-
taminants. Two pressure transducers are placed at the inlet and outlet of the test section. A flowmeter is placed
after the test section where the fluid mixture reaches the ambient temperature (Supplementary Fig. 4). The test
section is a rectangular micro channel whose cross section is 2mm wide and 0.4 mm high. Two resistance heaters
of length 10 mm and 3 mm are deposited on the channel bottom, and five RTDs are also deposited on the chan-
nel bottom. The RTD layer is separated from the heater layer by a 1 um thick layer of silicon dioxide. The bot-
tom Pyrex substrate, one piece of 0.4 mm thick silicone rubber, and the top transparent Pyrex cover are pressed
together to form the microchannel. The test section is enclosed in a device package to allow for fluid flow and
electrical connections (Supplementary Figs 2 and 4).

Heat transfer coefficient calculation. The average heat transfer coefficient calculation for critical com-
position is performed according to:

/!
hoo— Q

R @)
where Q" is the effective heat flux after subtracting heat loss; T,,,,, is the average wall temperature measured by
the heater resistance, note that the higher T,,,,,, achieved in experiments at a given flow was about 80 °C; T}is the
average fluid temperature inside the channel, and it is calculated as half of the sum of fluid inlet temperature, T},
and mean fluid outlet temperature, T,,,. T;, is measured by RTDO assuming the local wall temperature is in equi-
librium with the fluid bulk. T,,, is calculated via a numerical integration using energy balance and specific heat
data of the mixture at critical composition (#1 is the mass flow rate of the mixture), noting that the specific heat
data (Supplementary Fig. 1(a)) takes the latent heat into consideration.

Tout
= ar
Q me “ 3)

The local heat transfer coefficient is calculated according to:
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QII

hl =
o Tw,local - Tf Jlocal (4)

where T, ., is the RTD temperature measurement, Ty, is the mean fluid temperature at the corresponding
RTD location, which is calculated by the inlet temperature and energy balance similar to T,,,. For all off-critical
compositions, due to the absence of specific heat data, T,,, cannot be calculated. Alternatively, only the fluid inlet
temperature is used in the denominators.

Temperature measurements. Besides the RTDs, the heaters are also used as temperature sensors. During
experiments, two Digital Multi-Meters (DMMs) measure the current and voltage across the heater, thus the
heater resistance is obtained. The RTD resistance is measured by an excitation module, which provides a con-
stant DC current of 100 pA and a sensing module, which measures the voltage across a RTD. The heater or RTD
resistance is a function of its temperature. The resistance-temperature relation is obtained through a calibration
process, which is achieved by placing the device in a temperature controlled oven and simultaneously recording
the resistances and temperatures of the device. Typical resistance-temperature relations of heaters and RTDs are
shown in Supplementary Fig. 5.

Mass quality calculation. At critical composition, an equivalent mass quality, which estimates the fraction
of initial mixture experienced phase separation, is defined as:

x = Qtp - Qsp
" mAhmix(Tw) (5)
Qsp = hspAheuter(Tw - Tf) (6)
Ahmi:c(Tw) = yhmix,l + (1 - y)hmix,h - hmix,critical (7)

where Q,, is the two-phase flow total energy input to the fluid mixture, Q,, is the single phase flow total energy
input based on single phase heat transfer coefficient at the same temperature gradient as in the two-phase flow;
y is the mass percentage of the lighter phase in the separated mixture of the two phases, and is calculated via the
lever rule using the wall temperature; Ah,,,;, is the difference in heat of mixing according to the wall temperature.

Flow visualization. The flow visualization videos are taken using a high-speed camera (phantom vision
research v4.2) and a microscope (Leica TYPE020).

The mixture preparation. The mixture of a certain concentration is prepared using mass scale of accuracy
of0.1g.

Data availability. The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References
1. Steinke, M. E. & Kandlikar, S. G. Single-phase heat transfer enchancement techniques in microchannel and microchannels flows. In
Microchannels and Minichannels (2004).
2. Cho, H. ], Mizerak, J. P. & Wang, E. N. Turning bubbles on and off during boiling using charged surfactants. Nat. Commun. 6, 8599
(2015).
3. Woodcock, C., Yu, X., Plawsky, J. & Peles, Y. Piranha Pin Fin (PPF) - Advanced flow boiling microstructures with low surface tension
dielectric fluids. Int. J. Heat Mass Transf. 90, 591-604 (2015).
4. Wang, Y., Houshmand, E, Elcock, D. & Peles, Y. Convective heat transfer and mixing enhancement in a microchannel with a pillar.
Int. . Heat Mass Transf. 62, 553-561 (2013).
5. Kosar, A. & Peles, Y. Convective flow of refrigerant (R-123) across a bank of micro pin fins. Int. J. Heat Mass Transf. 49, 3142-3155
(2006).
6. Ndao, S., Lee, H. ., Peles, Y. & Jensen, M. K. Heat transfer enhancement from micro pin fins subjected to an impinging jet. Int. J. Heat
Mass Transf. 55, 413-421 (2012).
7. Kandlikar, S. G. Fundamental issues related to flow boiling in minichannels and microchannels. Exp. Therm. Fluid Sci. 26, 389-407
(2002).
8. Chang, K. H. & Pan, C. Two-phase flow instability for boiling in a microchannel heat sink. Int. J. Heat Mass Transf. 50, 2078-2088
(2007).
9. Tanaka, H. & Sigehuzi, T. Spinodal decomposition of a symmetric binary fluid mixture in quasi two dimensions: Local orientational
ordering of fluid tubes. Phys. Rev. E 52 (1995).
10. Tanaka, H. New Coarsening Mechanisms for Spinodal Decomposition Having Droplet Pattern in Binary Fluid Mixture: Collision-
Induced Collisions. Phys. Rev. Lett. 72 (1994).
11. Anders, D. & Weinberg, K. Numerical simulation of diffusion induced phase separation and coarsening in binary alloys. Comput.
Mater. Sci. 50, 1359-1364 (2011).
12. Santonicola, G., Mauri, R. & Shinnar, R. Phase Separation of Initially Inhomogeneous Liquid Mixtures. Ind. Eng. Chem. Res. 40,
2004-2010 (2001).
13. Poesio, P, Lezzi, A. & Beretta, G. Evidence of convective heat transfer enhancement induced by spinodal decomposition. Phys. Rev.
E 75, 66306 (2007).
14. Molin, D. & Mauri, R. Enhanced heat transport during phase separation of liquid binary mixtures, 1-11, https://doi.
org/10.1063/1.2749810 (2007).

SCIENTIFICREPORTS| (2018) 8:12093 | DOI:10.1038/s41598-018-30584-6 9


http://dx.doi.org/10.1063/1.2749810
http://dx.doi.org/10.1063/1.2749810

www.nature.com/scientificreports/

15. Di Fede, E, Poesio, P. & Beretta, G. P. Heat transfer enhancement in a small pipe by spinodal decomposition of a low viscosity, liquid-
liquid, strongly non-regular mixture. Int. . Heat Mass Transf. 55, 897-906 (2012).

16. Gat, S., Brauner, N. & Ullmann, A. Heat transfer enhancement via liquid-liquid phase separation. Int. J. Heat Mass Transf. 52,
1385-1399 (2009).

17. Ullmann, A., Lipstein, I. & Brauner, N. Applying phase separation of a solvent system with a lower critical solution temperature for
enhancement of cooling rates by forced and free convection. Proc. 15th Int. Heat Transf. Conf., 1-15 (2014).

18. Xing, W. et al. Liquid/liquid phase separation heat transfer at the microscale. Int. J. Heat Mass Transf. 107, 53-65 (2017).

19. Kohler, E. & Rice, O. K. Coexistence curve of the triethylamine-water system. J. Chem. Phys. 26, 1614-1618 (1957).

20. Bertrand, G. L., Larson, J. W,, Hepler, L. G., Larson, J. W. & Heplerlb, L. G. Thermochemical Investigations of the Water-
Triethylamine System. J. Phys. Chem. 72, 4194-4197 (1968).

21. Chand, A., Handa, Y. P. & Fenby, D. Excess volumes of triethylamine + chloroform at 298.15 and 308.15 K The. J. Chem. Thermodyn.
7,401-402 (1975).

22. Kartzmark, E. M. System triethylamine-water: the equilibrium diagram and some physical properties. Can. J. Chem. 45, 1089-1091
(1967).

23. Lamorgese, A. G. & Mauri, R. Nucleation and spinodal decomposition of liquid mixtures. Phys. Fluids 17, 34107 (2005).

24. Lamorgese, A. G. & Mauri, R. Diffuse-interface modeling of phase segregation in liquid mixtures. Int. . Multiph. Flow 34, 987-995
(2008).

25. Mauri, R., Califano, E, Calvi, E., Gupta, R. & Shinnar, R. Convection-driven phase segregation of deeply quenched liquid mixtures.
J. Chem. Phys. 118, 8841 (2003).

26. Leptoukh, G. & Strickland, B. Phase separation in Two-Dimensional Fluid Mixtures. Phys. Rev. Lett. 74, 18-21 (1995).

27. Vladimirova, N., Malagoli, A. & Mauri, R. Two-dimensional model of phase segregation in liquid binary mixtures. Phys. Rev. E. Stat.
Phys. Plasmas. Fluids. Relat. Interdiscip. Topics 60, 6968-77 (1999).

28. Hashimoto, T., Matsuzaka, K., Moses, E. & Onuki, A. String phase in phase-separating fluids under shear flow. Phys. Rev. Lett. 74,
126-129 (1995).

29. Berthier, L., Barrat, J. & Kurchan, J. Phase Separation in a Chaotic Flow. Phys. Rev. Lett. 86, 36 (2001).

30. Tanaka, H. & Araki, T. Spontaneous double phase separation induced by rapid hydrodynamic coarsening in two-dimensional fluid
mixtures. Phys. Rev. Lett. 81, 389-392 (1998).

31. Araki, T. & Tanaka, H. Hydrodynamic delocalization of phase separation in a locally cooled fluid mixture. Europhys. Lett. 65,
214-220 (2004).

32. Tanaka, H. Interplay between wetting and phase separation in binary fluid mixtures: Roles of hydrodynamics. J. Phys. Condens.
Matter 13, 4637-4674 (2001).

Acknowledgements

This study was supported through generous funds provided by the Israel Ministry of Defense (IMOD) under
contract number 4440715854 and the Office of Naval Research (ONR) under grants number N00014-15-1-2071
and N62909-15-1-2032. The authors also thank Dr. Yingying Wang, Dr. Xiangfei Yu, Dr. Corey Woodcock, Dr.
Ashwin Vutha and Dr. Sameer Rao for insightful discussions and suggestions.

Author Contributions
W.X. designed and performed the experiments, and analyzed the data. A.U., N.B., ].P. and Y.P. supervised the
research. W.X. and Y.P. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30584-6.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12093 | DOI:10.1038/s41598-018-30584-6 10


http://dx.doi.org/10.1038/s41598-018-30584-6
http://creativecommons.org/licenses/by/4.0/

	Advancing micro-scale cooling by utilizing liquid-liquid phase separation

	Results

	Average thermal transport at the critical composition. 
	Local thermal transport at the critical composition. 
	Thermal transport at off-critical compositions. 
	Flow visualization and image analysis at the critical composition. 

	Discussion

	Methods

	Experimental setup for measuring heat transfer coefficient. 
	Heat transfer coefficient calculation. 
	Temperature measurements. 
	Mass quality calculation. 
	Flow visualization. 
	The mixture preparation. 

	Acknowledgements

	Figure 1 Flow visualization and heat transfer results of critical composition experiments.
	Figure 2 Heat transfer coefficients and AF data for the critical composition.
	Figure 3 Flow visualization and heat transfer results summary of 15% TEA mass fraction experiments.
	Figure 4 Flow visualization and heat transfer results summary of 50% TEA mass fraction experiments.
	Figure 5 Critical composition flow visualization analysis.
	Table 1 Comparison of water-rich phase percentage (xh), TEA-rich phase percentage (xl) and enthalpy of mixing between critical composition, 15% and 50% TEA mass fraction, assuming the system’s temperature is 50 °C.




