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Abstract: In this article, we present a methodology for conducting measurements based on pulse
heating of a wire probe in partially soluble binary liquids. These liquids, which can be rapidly
transferred to the region of unstable states above the diffusional spinodal, are novel research objects
for the thermophysics of extreme states. Using the example of aqueous solutions of polypropylene
glycol and glycol monobutyl ether having a lower critical solution temperature, the key hypothesis
of the study on the general measurability of the properties of unstable solutions has been confirmed.
The characteristic heating times from 1 to 15 milliseconds corresponded to the thickness of the heated
layer comprising a few micrometers. The pressure was varied from units of MPa to 100 MPa. The
conditions for the transition from measurements on pure components to those on solutions are
formulated. The characteristic thermal patterns of the decay of unstable states depending on pressure
and heating rate are revealed. The general possibility of using partially soluble binary liquids as a
promising coolant in processes involving powerful local heat release is demonstrated.

Keywords: pulse heating; heat transfer enhancement; liquid-liquid phase separation; partially
soluble mixtures; LCST

1. Introduction

Most fluid technologies are based on mixtures. Scientifically, the phase diagrams
of solutions are much more diverse than those of pure substances [1]. In this regard,
research into the properties of solutions containing components with various degrees of
thermo-dynamic compatibility is of particular relevance. In general, the degree of com-
patibility depends on both temperature and pressure [2,3]. The properties of solutions are
conventionally studied in absolutely stable states. For these states, numerous experimental
methods and techniques have been developed for collecting primary data and converting
them into the actual values of properties, in particular, thermophysical properties [4,5]. The
THW technique is a good example of a widely used technique for determining the thermal
conductivity of solutions with the characteristic heating time of 1 s [6,7]. This technique
requires the constancy of the heat release power in a wire probe, which serves as a basis for
the correct recalculation of the primary values into the values of thermal conductivity [8].

Methods for studying the properties of solutions in the region of both not fully
stable [9] states, superheated with respect to the liquid—vapor or liquid-liquid (in the
case of lower critical solution temperature, LCST) equilibrium line, and unstable states,
superheated with respect to the diffusional (or liquid-liquid) spinodal, have received little
attention so far. This circumstance is obviously associated with experimental difficulties [9]
arising due to limitations imposed on the duration of measurements and the volume
of super-heated samples. At the same time, such states can and do arise during the
intensification of the heat transfer process and miniaturization of the device dimensions.
The miniaturization is a modern technological trend [10-12].

Liquids 2021, 1, 36-46. https:/ /doi.org/10.3390/liquids1010003

https:/ /www.mdpi.com/journal/liquids


https://www.mdpi.com/journal/liquids
https://www.mdpi.com
https://orcid.org/0000-0002-1894-6131
https://www.mdpi.com/article/10.3390/liquids1010003?type=check_update&version=1
https://doi.org/10.3390/liquids1010003
https://doi.org/10.3390/liquids1010003
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/liquids1010003
https://www.mdpi.com/journal/liquids

Liquids 2021, 1

37

2. Background

The phenomenon of superheating liquids is attracting research attention due to the
substantial length of the region of superheated states in the phase diagram of substance.
For a number of reasons [13], a considerably extended two-phase equilibrium region of a
mixture with respect to the pure liquid is observed. This characteristic feature has found
application in high-performance technical applications [4]. At the same time, strict limita-
tions on the magnitude of the product V-t are imposed in the corresponding experimental
technique [13]; see Figure 1. Here, V is the volume of a superheated substance; t is the du-
ration of observing the superheated state, including the duration of the emergence of such
a state and the actual time of measurements. In turn, this circumstance imposes stringent
requirements on the speed and size of sensors developed for conducting measurements in
superheated (as well as stretched [14]) liquids.

For the study of superheated states of substances, taking into account the above-
mentioned limitations, methods involving pulse heating of a thin wire probe (resistance
thermometer) and pressure drop in a temperature-controlled volume have been developed,
see Ref. [13] and the bibliography therein. Within the framework of this approach, two
techniques have been developed for collecting the primary data in experiments on not fully
stable solutions, namely the controlled heating of a wire probe [15] and the application of
a micro-optical probe as a waveguide densitometer-reflectometer [16]. The choice of the
probe type and the specific measurement technique is carried out in accordance with the
problem statement. In this study, the wire probe technique is applied.

t

Figure 1. Explanation of the choice of parameters in experiments on the study of the attainable super-
heating of liquids [17]. The volume of superheated substance V versus the duration of observation of
the superheated state ¢. The area of acceptable parameter values is shaded.

The essence of experiments on a short-term transition of a liquid from an initially stable
state to a not fully stable state, superheated with respect to the liquid—vapor and/or liquid—
liquid equilibrium temperature, can be conveniently explained using the p—T diagram;
see Figure 2. Heating is carried out along the isobar; pressure p serves as an experimental
parameter. In the course of heating, the temperature T crosses the liquid—vapor equilibrium
line. At this moment, no response of the system is observed. At a sufficiently rapid heating,
a monotonous increase in temperature continues until a spontaneous boiling-up occurs;
see, as an example, [9,13] and the bibliography therein. Spontaneous boiling-up is a process
confined in time, which is repeatable with respect to temperature and accompanied by a
distinct response signal.
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Figure 2. A schematic diagram of a pulsed experiment in the pressure-temperature plane of a simple
liquid. Here, 0—initial state, F—spontaneous boiling-up temperature T*(p), C—critical point, line
1—liquid—vapor binodal Ts(p), 2—spinodal of liquid, 3 and 4—the trajectories entering the region
of superheated states using techniques of pulse heating and pressure drop, respectively. SS—the
region of stable states of liquid, SH—the region of superheated states of liquid, SC—the region of
supercritical states.

The value of the spontaneous boiling-up temperature at a selected heating rate has
been referred to as “the attainable superheat temperature” T* [17]. The attainable superheat
line T*(p) terminates at the critical point of the substance, where the properties of the liquid
and vapor phases become indistinguishable. The transition to the region of supercritical
pressures (p > p.) is accompanied by a change in the polarity of the response signal.
The transition of a compressed fluid (p > p.) to the region of supercritical temperatures
(T > T¢), which is inhomogeneous with respect to the density of its structural elements,
is characterized by a threshold decrease in the instantaneous heat transfer coefficient
k(t) = q/AT(t) [18]. Here, g is the heat flux density, and AT is the probe temperature rise.
This provides a basis for the unambiguous detection of the critical pressure of liquids,
including those that are multicomponent and thermally unstable. When the constant
heating power mode P(t) = const is selected, the probe temperature rise ATj(t) at a given
time is an informative parameter when comparing the heat transfer intensity in a series of
experiments. Here, the subscript “i” is the sample number or pressure value in this series
of experiments. Namely, the higher the AT(t) value, the higher the thermal resistance of
the sample and the lower the heat transfer coefficient in a given heat release mode.

3. Problem Statement

This work sets out to develop an approach to the study of solution properties in not
fully stable and unstable states. At this stage of the study, the term “properties of solutions”
implies their lifetime in an unstable state (depending on the degree of superheating) and
the instantaneous heat transfer coefficient. The values of the instantaneous heat transfer
coefficient are taken with respect to those for a pure component or a solution of the given
concentration, which is determined by extrapolating values from the region of stable states.
Our research is based on the following hypotheses [19]:

e  The short-term existence of a solution in the region of unstable states, along with the
measurability of its properties in such states;

e  The confinement of the unstable state decay process in time (spinodal decomposition),
sufficient for the unambiguous registration of its signs in real time;
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e  The change in the response signal polarity when the pressure value (in the step-by-step
pressure increase course) crosses the critical isobar or its effective value.

4. Experimental Section

The formulated problem was tackled by the pulse heating method equipped with
the function of controlling the heating parameters during a pulse [9]. The method was
selected due to its capability of minimizing the V-t product, detecting the heat-flux density
disturbance (associated, for example, with spontaneous boiling-up against the background
of monotonic heating) and repeating the selected heating mode in a series of high-precision
measurements. The latter circumstance is important for the correct comparison of the
signal-response characteristics in the course of a systematic change in the experimental
parameter. Experimental parameters can be pressure, the solution concentration, and the
degree of its superheat with respect to the diffusional spinodal, T-Tp. In experiments, the
change in the average integral probe temperature was monitored during the pulse T(t) at a
given heat release power P(t). The primary data are the voltage drop across the probe and
the standard resistor U;(t). On their basis, the reproducibility of the set value P(t) in a series
of measurements and, taking into account the standard calibration of platinum resistance
thermometers, the evolution of the temperature of the probe T(t) were monitored.

In order to reduce the influence of approximations inherent in probe methods and
associated with deviations of experimental conditions from the ideal model [8], it is con-
venient to use the mode of relative measurements. In this case, it is advisable to fix one
of the key variables of the method, namely, P(t) ~ const or T(t > t;) ~ const, where ] is
the duration of heating from the initial temperature Ty to its specified value. Then, the
difference in the course of the resulting curves T(f) in the first case or curves P(f > t1) in the
second case, due to a change in the experimental parameter, will reflect the difference in the
heat flux density. Consequently, it will reflect the difference in the coefficient of heat transfer
from the probe to the sample at a selected (generally, arbitrary) timing. Following [20], the
condition for the transition from measurements on pure components to measurements on
solutions will be the repeatability of the heating function in a series of experiments and the
sensitivity of the response signal to a small change in the parameter; see Figure 3.
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Figure 3. Heating curves for water under the constant power mode at subcritical (p = 19 MPa) and
supercritical (the other curves) pressures.
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The latter circumstance makes it appropriate to use the heating mode in the form of
constant current in the probe circuit, I(t) =~ const. The primary variables for this case are
shown in Figure 4. This mode is a natural amplification of differences in the signal-response
amplitude against the background of small parameter changes. Therefore, at a strictly
specified heating mode, the results of such measurements will serve as functions of not
only the process characteristics but also, in a relative mode, of the sample properties.

0.7 4 - 5
0.6
| J4
0.5
0.4 5
< >
0.3 |
02
1 11
0.1
0.0 " \ ; T " \ ‘ 1 ‘ 0
0 1000 2000 3000 4000 5000

I, us

Figure 4. Raw signals of the voltage drop across the probe and the current in the probe circuit in an
experiment at the constant current mode.

The research objects were aqueous solutions of 425-molecular-weight polypropylene
glycol (PPG-425) and glycol monobutyl ether (GME) having a lower critical solution
temperature (LCST); see Figure 5. The estimate of the LCST coordinates for these solutions
known from the literature is as follows: 328 K; 0.27 PPG wt. fr. [21] and 317 K; 0.3 GME
wt. fr. [22], respectively. The initial state of the solution is at a temperature of Ty ~ 295 K,
which is in the region of its stable states.
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Figure 5. A schematic view of the liquid-liquid phase diagram for water /PPG-425 solution: 1—liquid-
liquid binodal; 2—evaluation for liquid-liquid spinodal position; LCST—lower critical solution
temperature; binodal Ts(c; p = 0.1 MPa) is higher than 100 °C and did not hit the shown diagram field.
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5. Results

Typical results of experiments on the fast transition of initially stable solutions to the
region of unstable states are presented below; see Figures 6-10. The main study object was
a 30% PPG solution in water, whose composition was close to the critical concentration. In
this connection, the region of unstable states is separated from the region of stable states
only by a narrow (in temperature) strip of metastable states; see Figure 5. To avoid the
effect of spontaneous boiling up of a solution superheated with respect to the liquid—vapor
equilibrium temperature, the experiments were carried out at elevated pressures. The
pressure in the substance, reduced to the critical value, was varied from p/p. ~ 0.3 to
supercritical values p > p.. The heating rate was varied from 10° K/s (constant power
mode) to 10 K/s (constant current one). The probe was a platinum wire having a diameter
of 20 ym and a length of 1 cm. The probe was connected to a negative feedback loop [9].
This circuit reproduces the specified heating mode, taking into account the change in the
properties of the probe material and substance along with temperature.
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Figure 6. Derivatives of the probe temperature with respect to time for the solution along the isobars
from 6.6 to 13.1 MPa under the constant current mode. The insert shows the subcritical isobar at
11.1 MPa and the first supercritical isobar at 13.1 MPa.

A sign of spinodal decomposition [3,23], as the most probable relaxation process in the
considered part of the phase diagram (T > Tsp), was a disturbance of the signal-response
smooth course in the form of U(t) or T(t). The downward deviation of the signal relative to
the extrapolation of its undisturbed path corresponds to an increase in the heat flux through
the probe surface (for example, in the case of spontaneous boiling-up). In turn, the upward
deviation corresponds to its decrease (in the case of transition of the compressed fluid to
the supercritical region of temperatures). A change in the signal-response polarity during
changes in pressure is a sign of crossing the critical isobar (p = p.) [24]. This circumstance
underlies the technique for assessing the critical pressure of a solution in unstable states; see
Figure 6. For assessing the corresponding value of the critical temperature T. = T(p = p.), a
calibration procedure for the probe with respect to the reference substances is required.

The time confinement of the effect due to spinodal decomposition, as expected, turned
out to be less than that of the effect due to spontaneous boiling up; see Figure 7. This
circumstance required the application of a differentiation procedure; see Figures 8 and 9, as
well as procedures for accumulating response signals for a given heating mode. At the ini-
tial, so-called diffusion stage of spinodal decomposition, a decrease in the heat flux density
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is more likely. At the next, convective stage, its intensification is more probable [25,26]. The
scale of the effect systematically decreased with increasing the heating rate; see Figure 7a,b,

which can be explained by a decrease in the thickness of the heated layer I~(a-t)* that

forms the corresponding response signal.

800 —
p, MPa

— : O 4+———F——T7—

8 12 16 0 200 400 600 800 1000
t, us

(a) (b)

Figure 7. Heating curves for the solution under the constant power mode (a) and the constant current mode (b); pressure

serves as a parameter.

Apparently, the very possibility of spinodal decomposition at a selected scale of
characteristic times presupposes a sufficient degree of deepening into the region of unstable
states. The degree of superheating the PPG solution with respect to the diffusional spinodal
was 150 K and higher. In turn, in experiments with an aqueous solution of MBE, having
a closed loop type of the liquid-liquid critical curve, no signs of spinodal decomposition
were revealed. Here, we observe a conventional spontaneous boiling-up of the solution
(p < pc) or its supercritical transition (p > p.); see Figure 10 for an MBE concentration
close to the critical value (LCST). An increase in the duration of crossing the instability
region by the order of magnitude did not change the essence of the observed pattern.
A possible explanation for this result is as follows. The region of incompatibility of
components in terms of temperature (T'ycst-Trcsr) is limited to a much smaller value,
which is approximately 87 K at atmospheric pressure.

For the lowest heating rate in our experiments, the temperature curves have a ten-
dency to level off. In this case, the density of the heat flux in the solution essentially
exceeded the corresponding value for pure water. The latter has been obtained in the heat
conduction mode under comparable conditions. For the highest heating rate, the effect
was significantly “smeared”. Its separation was carried out by comparison with a known
homogeneous “reference substance”, which was selected to be water at the supercritical
pressure. The corresponding selection of parameters of the heating function was performed;
see Figures 7b, 8b and 9b. It should be noted that the comparison of heating function pa-
rameters for the solution under study and pure water, which provides close trajectories of
the probe temperature, makes it possible to calibrate the intensity of heat transfer by the
solution in the appropriate units for water. In particular, at not too short heating times up
to the onset of spinodal decomposition (tsp > 1 ms), a significantly enhanced heat transfer



Liquids 2021, 1

43
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was observed. For the 30% PPG solution discussed above, the enhancement comprised

almost an order of magnitude.
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under comparable heating conditions.

Figure 9. The second derivatives of the probe temperature with respect to time for the solution (see Figure 7) under the
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Figure 10. Heating curves for the aqueous solution of MBE at the constant current mode and their
derivatives (see the insert) with respect to time. The pressure serves as a parameter; the apparent
critical pressure is evaluated at 12.75 MPa. The dashed lines show the values of the lower and upper
critical solution temperatures.

6. Conclusions

Based on the experience of working with not fully stable systems, we propose a
methodology for investigating solutions in thermodynamically unstable states. The po-
tential of the methodology was demonstrated on the examples of PPG-425/water and
GME /water solutions short-term superheated with respect to the diffusion spinodal. In par-
ticular, we have found the conditions for observing the ordinary (non-polymeric) solutions
in unstable states. The attainable degrees of superheat and the characteristic lifetimes of an
unstable solution preceding the onset of its decay have been revealed. It has been found
that the scale of the signal-response, which indicates such an onset against the smooth
background process, is much smaller than the corresponding scale typical of spontaneous
boiling up. This feature required changes in the approach to the primary data processing
developed for the boiling-up process.

Taking into account the diversity of phase diagrams of partially compatible solutions,
the proposed approach applied to other systems may undergo only partial transformations.
Judging by the observed unexpectedly significant enhancement in heat transfer at the
convective stage of decay, the discussed objects can find application in the problems of
removing high-density heat fluxes from local areas of heat-generating surfaces [25-30], for
example, in miniature chemical reactors and microelectronics.
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